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Epidemiological studies suggest that an increase of diesel exhaust particles (DEP)
in ambient air corresponds to in an increase in hospital recorded myocardial infarctions
within 48 hr after exposure. Among the many theories to explain this data are endothelial
dysfunction and translocation of DEP into the vasculature. We hypothesized that
translocation of DEP occurs because endothelial cells become permeable after exposure.
To support this hypothesis, in vitro-assembled endothelial tubes were used to evaluate how
DEP affected parameters influencing permeability, i.e., cell-cell junction integrity, and
proinflammatory and oxidative stress-induced upregulation of Vascular Endothelial
Growth Factor (VEGF, also known as Vascular Permeability Factor). Our first
experiments demonstrated that the adherens junction molecule, VE-Cadherin, becomes
redistributed from the membrane at cell-cell borders to the cytoplasm in response to DEP,
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separating the plasma membranes of adjacent cells. DEP were occasionally found in the
endothelial cell cytoplasm and in the tube lumen. A second set of experiments
demonstrated that DEP induced the generation of ROS, such as H2O2 in the HUVEC tube
cells. Transcription factor Nrf2 was translocated to the cell nucleus and activated
transcription of the antioxidative enzyme HO-1. ELISA assays determined that DEP
increased secretion of pro-inflammatory cytokines IL-6 and TNF-α. The oxidative and
pro-inflammatory responses both induced secretion of VEGF, a factor known to enhance
permeability. Usually, vascular permeability is associated with activation of the Akt
pathway leading to increased cell survival. A third set of experiments found that
DEP-induced permeability was instead associated with increased apoptosis. This was the
associated with deactivation of the Akt pathway. These results suggest mechanisms for
how DEP may affect in vivo capillaries.
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Introduction

1. Air Pollution in General and Adverse Health Effects
Air pollution is a complex mixture containing gaseous chemicals, liquids, and solid
phase particles of various sizes, shapes, surface area, and chemical composition. In urban
areas, the main source of air pollution is the combustion of fossil fuels from automobiles,
diesel trucks, ships, and construction equipment. However, the specific composition of the
pollutants is variable, and depends on geography, climate, and emission source (Brook et
al. 2003). Air pollution levels parallel the incidence of allergies, asthma, and rhinitis, as
well as cardiovascular disorders (Sydbom et al. 2001). Diesel exhaust is a common
pollutant in the air of cities in industrialized countries.

1.1. Chronic Effects of Diesel Exhaust
Epidemiology indicates that long term exposure to ambient PM (particulate matter),
a major component of diesel exhaust, adversely affects the health of those exposed.
Chronic bronchitis, chronic obstructive pulmonary disease (COPD), asthma, heart failure,
and even lung cancer can result, due to the carcinogenic or mutagenic components in the
inhaled air (Wichmann 2007). Furthermore, for people living in areas where air pollution
levels are high, the long-term exposure correlates with higher levels of atherosclerosis
(Suwa et al. 2002). Chronic exposure to air pollution indirectly places a tremendous burden
on the health care system, and is a significant cause of morbidity and mortality.

1.2. Acute Effects of Diesel Exhaust
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Short term effects, observed within 48 hr after exposure, include acute eye and nose
irritation, neurophysiological symptoms, respiratory symptoms, headache and fatigue.
Ambient particulates have also been correlated with serious cardiovascular events, such as
myocardial infarctions or strokes (Brook 2008; Pope 2007). Short-term elevations of
particulate matter with diameters 2.5 µm and smaller (PM2.5), in the air at a concentration
as little as 10 μg/m3, increase mortality by 1% (Pope and Dockery 2006). An acute
exposure to a concentration of 50 μg/m3 of PM2.5 causes an average of 1.2 deaths per day in
a population of 1 million (Pope and Dockery 2006).

1.3. Tissue Targets of Particles
Several organ systems are adversely affected by exposure. These include the lungs,
the brain, the blood, the vasculature, and the heart (Brook 2008; Pope and Dockery 2006).
Lungs are affected by many substances in diesel exhaust, such as nitric oxides that can lead
to ozone production, which injures lung tissue (Krivoshto et al. 2008). Traffic pollution
triggers asthma symptoms (Mamessier et al. 2006). Several diesel-related hydrocarbons,
such as PAH and quinone, are potentially carcinogenic. Long-term DE exposure increases
the risk of lung cancer (Ishinishi et al. 1986; McClellan 1987) and non-neoplastic lung
lesions including fibrosis, edema, bronchitis, chronic alveolitis and asthma (Heinrich et al.
1986; Iwai et al. 1986; McClellan 1987).
Air pollution affects the brain. A possible connection between pollutants and
Parkinson's disease has been investigated, and has shown decreases in the number of
dopaminergic neurons in the brain tissue of exposed mice (Block et al. 2004). Residents in
Mexico City who were chronically exposed to a complex mixture of air pollutants had
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histopathologic changes in their brains similar to those seen in patients with Alzheimer's
disease (Calderon-Garciduenas et al. 2002). Also, dogs exposed to severe air pollution
exhibited chronic inflammation and acceleration of Alzheimer's-like pathology
(Calderon-Garciduenas et al. 2004). The results suggested that chronic exposure of
ambient air exposure may affect learning ability, coordination, memory, and judgment in
both children and adults.
Blood is not immune from the effects of air pollution. Two components in air
pollution, CO and NO2, reduced the prothrombin time (PT) for clotting blood for 1218
healthy people from the Lombardia Region of Italy (Baccarelli et al. 2007). In addition, air
pollutants may significantly increase fibrinogen, factor VIII, and platelet hyperactivity.
The reproductive system is affected by air pollution as well. Chronic exposure to
ambient air pollution is linked to low birth weight in infants, as well as to premature births,
congenital abnormalities, and elevated infant mortality rate (Dolk and Vrijheid 2003).
Diesel emissions have also been shown to correlate with a decrease in sperm count
(Watanabe 2005), and sperm motility (Fredricsson et al. 1993). Exposure to nitrophenols
in diesel exhaust diminished the number of Sertoli cells in an animal model (Taneda et al.
2004). Other studies have also shown aberrant sex hormone production in female rats
chronically exposed to diesel exhaust, resulting in increased levels of testosterone and
masculinization (Taneda et al. 2004).
Heart and vascular consequences are also observed after exposure to pollution.
There is a higher incidence of ischemic heart disease in smokers who are chronically
exposed to diesel emissions (Finkelstein et al. 2004). Men who had a previous myocardial
infarction, and who were exposed to diesel exhaust during moderate exercise, showed an
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increase in coronary vasoconstriction and altered myocardial energetics (Mills et al. 2007).
Air pollutants reduce heart rate variability, cause ventricular arrhythmia, and increase
left-ventricular end-diastolic pressure in animal models (Anselme et al. 2007; Wold et al.
2006). At levels encountered in an urban environment, inhalation of diesel exhaust
impaired two important and complementary aspects of vascular function in humans: the
regulation of vascular tone and endogenous fibrinolysis by increasing fibrinogen and
plasminogen activator inhibitor-1 (Mills et al. 2007; Mills et al. 2005). A key fact that led
to the hypothesis of this thesis is that with exposure to high levels of diesel exhaust for
times as short as 1 hr, there is an increased risk of myocardial infarction (Peters et al.
2004).

2. Diesel Exhaust Particles (DEP)
2.1. Composition
DEP arise from diesel-powered engines, and are a mixture of chemicals: gases,
water soluble and insoluble components, and particles. Combustion products (nitrogen,
water, and CO2 CO, NOX, aldehydes, ketones, phenols, and sulphur compounds) are
present. Several components have mutagenic and carcinogenic properties. DEP
components also include sulfur compounds, heavy metals and hydrocarbons, such as
aldehydes, quinones, benzo[a]pyrenes, polycyclic aromatic hydrocarbons (PAHs)
(Kumagai et al. 1997; Wichmann 2007). A schematic of DEP is shown in Fig 1-1,
reproduced from Wichmann et al. (Wichmann 2007), as taken from EPA/600/8-90/057F,
May 2002.
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Fig 1-1. Schematic diagram of DEP. Reproduced from U.S. EPA (2002) Health
effects assessment document for diesel engine exhaust. EPA/600/8-90/057F, May
2002.

2.2. Particle Size
The aerodynamic diameter of inhalable coarse particles is around 10 μm (i.e.,
PM10). Combustion typically generates particle sizes smaller than or equal to 2.5 μm in
diameter (i.e., PM2.5). Within PM2.5 are ultrafine PM, or nanoparticles, with diameters
smaller than 100 nm (i.e., PM0.1). As seen in Fig 1-2 below (Cormier et al. 2006), the
smaller the particle, the deeper it can be deposited in the respiratory tract. PM10 deposits
mainly in the upper respiratory tract and may be cleared by mucociliary actions. PM2.5 and
PM0.1 penetrate the alveolar regions of the lung, whereas the ultrafine PM can also
penetrate the epithelium (Oberdorster 2001). Clearance of fine and ultrafine PM is
mediated mainly by phagocytic activity and particle dissolution (Wagner and Foster 1996).
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Fig 1-2. Distribution of PM in the airways. PM ≥10 μm in diameter enter the nose and
mouth. The thoracic fraction, PM10, passes the larynx and penetrates the trachea and
bronchial regions of the lung, distributing mainly at pulmonary bifurcations. The
respirable fraction, PM2.5, and ultrafine PM, PM0.1, enter the nonciliated alveolar
regions and deposit deep within the lungs. Figure adapted from Environ Health
Perspect, 2006, 114:6,810–817.

2.3. Mechanisms for how Particles cause cardiovascular diseases
Many factors are likely to influence how short or long term exposure to diesel
particles cause adverse cardiovascular effects. Autonomic control could be altered (Peretz
et al. 2008); proinflammatory (Tornqvist et al. 2007), and pro-thrombitic responses could
be initiated (Brook et al. 2004; Pope and Dockery 2006); or the endothelium could fail to
function properly (Tornqvist et al. 2007). Such activities could lead to myocardial
ischemia (Mills et al. 2007) and platelet aggregation, resulting in thrombosis (Brook et al.
2003; Nemmar et al. 2003), and potentially an acute coronary infarct. These are discussed
in more detail below.
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Fig 1-3. Putative biological pathways show how PM may cause cardiovascular events.
AT2, angiotensin II; CVA, cerbrovascular accident; CHF, congestive heart failure;
ET, endothelins; MI, myocardial infarction; PSNS, parasympathetic nervous system;
ROS, reactive oxygen species; SNS, sympathetic nervous system; UFP, untra-fine
particles; WBC, white blood cells. Adapted from Brook, Clinical Science, 115,
175-187, 2008.

2.3.1. Autonomic Dysfunction
The autonomic nervous system plays a huge role in cardiac rhythm, and has been
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hypothesized to be a critical mechanism for how DEP cause cardiovascular events. In
general, reduction of heart rate variability reflects a disturbance of cardiac autonomic
function and predicts an increased risk for sudden death or mortality. Pope et al. (1999)
reported that higher levels of ambient air pollution significantly reduced the overall heart
rate in elderly humans (Pope et al. 1999). Impaired and increased cardiac vagal autonomic
tone has been correlated with the frequency domain in heart rate variability (Pope et al.
1999). Inhalation of PM2.5 can cause a systemic sympathetic stress response affecting heart
rate variability and causing tachyarrhythmias (Brook et al. 2003). Long-term exposure to
PM2.5 can trigger inflammatatory responses that can damage cardiac myocytes and
electrophysiological function (Stone and Godleski 1999).

2.3.2. Pro-inflammatory and Oxidative Damage
Many reports have suggested that DEP initiate an inflammatory response that
ultimately causes injury. In vitro studies have demonstrated that PM2.5 up-regulate the
secretion of pro-inflammatory cytokines such as interleukin-1β (IL-1β), interleukin-6
(IL-6), and tumor necrosis factor-α (TNF-α) in macrophages, as well as epithelial, and
endothelial cells (Auger et al. 2006; Jalava et al. 2005; Rusznak et al. 2000; Veranth et al.
2008). Additionally, cultured bronchial epithelial cells exposed to DEP also released
interleukin-8 (IL-8) and granulocyte macrophage colony stimulating factor (GM-CSF) in a
time and dose dependent manner. Both of these are known to be involved in allergic
diseases (Bonvallot et al. 2001; Takizawa et al. 2000).
Exposure to DEP also induces generation of free radicals that lead to a state of
cellular oxidative stress. This has been shown to causes significant damage in both cell
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cultures and animal models (Hiura et al. 1999; Hiura et al. 2000; Li et al. 2002; Sagai et al.
1993). In vitro studies demonstrate that DEP upregulate antioxidant enzymes in various
types of cells, including bronchial and pulmonary epithelial cells (Sugimoto et al. 2005;
Takizawa et al. 2000), macrophages, lymphocytes (Al-Humadi et al. 2002) and endothelial
cells (Bai et al. 2001). DEP induce the generation of H2O2 (Park et al. 2006), a powerful
oxidizer which can be converted into hydroxyl radicals (.OH). In organisms, hydrogen
peroxide is naturally produced as a byproduct of oxygen metabolism, therefore enzymes
such as catalase catalyze conversion of hydrogen peroxide to water and oxygen. In fact,
catalase is the most abundant enzyme in the human body.
DEP have a carbonaceous core onto which the toxic components of exhaust are
absorbed. These chemicals contain two main families of organic compounds: polycyclic
aromatic hydrocarbons (PAHs) and quinines, which can be oxygenated to quinone
derivatives that produce ROS in the cells via redox cycling. PAHs desorbed from DEP bind
the cytosolic aryl hydrocarbon receptor and induce phase I metabolization enzymes
cytochrome P450 1A1 (CYP1A1) and cytochrome P450 1A2 (CYP1A2) in the lung
(Bonvallot et al. 2001; Rengasamy et al. 2003). This mechanism produces electrophilic
and reactive metabolites such as 1-nitropyrene (1-NP), 1,3-dinitropyrene (1,3-DNP), and
1,8-dinitropyrene (1,8-DNP). Such oxidative stress can induce DNA damage (Landvik et
al. 2007). Furthermore, in the lung, DEP-induced chemical derivatization of quinones
cause free radicals and diminish the antioxidant capacity of redox cycling via the enzymes
CYP reductase and NADPH oxidase. Quinones are suspected to be responsible for the
production of superoxide anion (O2–) and hydroxyl radicals (Kumagai et al. 1997; Risom et
al. 2005). This can occur as follows: Redox cycling quinones undergo a one electron
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reduction to form semi-quinones (Monks and Lau 1992), then semi-quinones are recycled
to the original quinones with the formation of O2–. The detoxification of quinones occurs
by a two electron reduction initiated by the phase II reaction with NADPH-quinone
oxidoreductase-1 (NQO-1). Quinones are electrophilies that are able to participate in ROS
damage by inducing covalent modification of proteins and DNA strands. Thus, the
modification of DEP organics results in DNA adducts, DNA strand breakages, and can
result in cell death.
DEP exposure has been shown to generate an ROS response that can overwhelm
the antioxidative proteins (Bai et al. 2001). To maintain redox cycling equilibrium for cell
survival, the cells release antioxidants such as glutathione S-transferase (GST), superoxide
dismutase (SOD), NADPH-quinone oxidoreductase-1 (NQO-1), and hemeoxygenase-1
(HO-1). These help neutralize the potent injuries ROS can cause. For example, in response
to a 24 hr free radical stimulation, endothelial cells upregulate heme-oxygenase-1 (HO-1)
(Fredenburgh et al. 2007). This is accomplished by cytoplasmic nuclear factor erythroid
2-related factor 2 (Nrf2) translocating from the cytoplasm to the nucleus where it binds to
the antioxidant response element (ARE) that resides in the promoter regions of anitoxidant
genes. This upregulates HO-1 mRNA levels via Nrf2/ARE-enhancement of transcription
(Chen et al. 2003; Hsieh et al. 2009).
It is important to realize that ROS and proinflammatory responses go hand in hand.
For example, in the bloodstream, TNF-α has pro-oxidative properties, and stimulates
generation of ROS in the cardiac muscle of patients with heart failure (Eleuteri et al. 2009).
In patients with heart failure TNF-α enhances platelet superoxide anion (O2–) production
(De Biase et al. 2003). Also, in airway epithelial cells, the components of DEP adsorbed on
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particles elicit inflammation through CYP reductase and NADPH oxidase (Baulig et al.
2003). These activate cytokine secretion as well as an oxidative stress response.

2.3.3. Pro-thrombotic Effects
DEP exposure contributes to activation of leukocytes and platelets, and these may
ultimately play a role in promoting the progression of atherosclerosis, of which a sequela is
life-threatening thrombosis (Pope and Dockery 2006). Pro-thrombotic effects of DEP
have been shown by the direct addition of DEP to hamster blood causing platelet
aggregation (Nemmar et al. 2002). In addition, thrombus formation was increased in
evaluations of hamster femoral veins after intratracheal installation of DEP (Nemmar et al.
2002; Nemmar et al. 2004b).

2.3.4. Endothelial Dysfunction
Endothelial dysfunction is a reduction or loss of normal physiological processes
carried out by the endothelium, the cells that line the inner surface of blood vessels. Normal
functions of endothelial cells include mediation of coagulation, platelet adhesion, immune
function, blood volume control and electrolyte balance of the intravascular and
extravascular spaces. Endothelial dysfunction can result from disease processes, such as
septic shock and diabetes, or from environmental insults, such as air pollution and tobacco
smoke (Pope and Dockery 2006). Importantly, particulate air pollution has been associated
with increased blood pressure in cardiac rehabilitation patients (Zanobetti et al. 2004) and
in those with chronic obstructive pulmonary disease (Ko and Hui 2009). PM-related
endothelial dysfunction could be a key event in the development of atherosclerosis, having

12

effects long before clinically obvious vascular pathology is found.
The aspect of endothelial dysfunction that caught our attention is endothelial
permeability. There is evidence that PM2.5 is more toxic because of the larger surface area
of small particles (Ferin and Oberdorster 1992; Oberdorster et al. 1994; Peters et al. 1997).
To investigate how PM2.5 might cause pro-thrombotic effects leading to myocardial
infarctions, particles were followed for whether or not they crossed the pulmonary
epithelium and entered the systemic circulation, putting them in a position to cause direct
toxic effects on vascular endothelium and the heart (Brook et al. 2003). Ultrafine
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C

labeled carbon particles, in whole body inhalation chambers showed that particles could
deposit in the lung, reach the blood compartment, and travel to the liver (Oberdorster 2002).
However, intratracheal installation of

192

Iridium particles showed that the amount of

material reaching the systemic circulation was very low, although translocation did occur
(Kreyling et al. 2002). In a multi-particle study,

99m

Tc labeled carbon particles were

inhaled by humans and radiolabel was found in blood within minutes, while intratracheal
installation of DEP in animals enhanced venous thrombus formation (Nemmar et al. 2002;
Nemmar et al. 2004b). Inhaled ultrafine titanium dioxide showed particles within and
beyond the alveolar epithelial barrier, on the luminal side of airways and alveoli, and even
some within capillaries (Geiser et al. 2005). Rats who were ventilated with aerosols of 20
nm or 80 nm iridium, or with 25 nm 192iridium-labeled carbon particles demonstrated that,
24 hr later, most of the particles were in the peripheral lung, although small percentages
(typically less than 1%) reached other organs. Slightly more than 1% of the 20 nm-sized
particles ended up in the blood compartment (Kreyling et al. 2009). Overall, these
observations suggest that translocation into the systemic circulation is a real, if infrequent,
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phenomenon. It is possible that the infrequency of translocation of inhaled particles to the
circulation is overshadowed by the toxicity of the interaction of particles with platelets in
the blood. This idea has led us to design experiments to investigate what mechanisms
might be involved in DEP reaching the circulation.
Vascular Endothelial Cell Growth Factor-A (VEGF-A), initially discovered
functionally and termed vascular permeability factor (VPF) (Connolly et al. 1989; Dvorak
2002; Ferrara and Henzel 1989; Keck et al. 1989; Senger et al. 1983) is a likely candidate
for making endothelial cells permeable enough to allow translocation of DEP into the
vasculature. HO-1 induces VEGF-A expression (Dulak et al. 2008), thereby modulating
vasculature permeability (Deramaudt et al. 1998; Freitas et al. 2006). Oxidative stress in
endothelial cells after DEP exposure should increase VEGF-A secretion, and contribute to
endothelial dysfunction by making capillaries permeable.

3. Model systems used to study DEP-induced health effects
Studies have been performed in humans, animals and in culture to attempt to
understand how DEP cause injury. Below are just a few examples of these model systems,
highlighting some of the types of results one can obtain.

3.1. Human studies
Human exposure studies have been carried out by using inhalation chambers with
controlled DEP emission. The exposure chamber is a critical system that is designed to
maintain the same size of experimental particle, and obtain consistent chemical properties
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of DEP components. In other studies, volunteers in areas of pollution have been recruited
to wear personal monitors. Monitors have also been placed in public areas to collect
measurements on pollutants to correlate with a local population. The goal is to correlate the
level of pollution with as many kinds of physical measurements as possible. These can
include lung function, heart function, with blood pressure and other assessments, as well as
cognitive function.
BAL fluid collected from exposed patients has shown that 18 hr after diesel exhaust
exposure there is a significant decrease in the number of mast cells in the bronchi and an
increase in neutrophils in the bronchoalveolar region (Rudell et al. 1999). Exposure to
diesel exhaust caused increases in airway resistance as well as airway inflammation with
BAL neutrophilia, and macrophage phagocytosis was reduced (Rudell et al. 1996).
Nasal lavage and nasal scraping have been useful to study the inflammatory
response to DEP and the relation of DEP to allergies. The effect of DEP exposures (1, 0.3
or 0.15 µg DEP in 200ul saline) has been examined by nasal lavage (Diaz-Sanchez et al.
1994). After 0.3 mg DEP treatment for 4 days, IgE was increased significantly in the nasal
lavage, but other Ig-classes were not detected. When combined with an allegen, DEP acted
as an adjuvant. A combination of 0.3 mg DEP and the ragweed allergen Amb a I increased
not only IgE production, but also expression of immunoglobulin-G4 (IgG4) in the lavage
fluid. Cells in the lavage mRNA for Th2-type cytokines, IL-4, IL-5, IL-6, IL-10, and IL-13
(Diaz-Sanchez 1997). The limitation of the studies is that it only accounts for components
that are collected into the lavage fluid.

3.2. Animal studies
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Rodents can be used for chronic and acute diesel exposure studies. In one chronic
study, mice were exposed 6 hr/day to diesel exhaust for 6 months in whole body exposure
chambers. Results showed that exhaust suppressed T-cells proliferation, but increased
B-cells proliferation at 30 μg/m3 exposures (Burchiel et al. 2004).
Many acute studies in animals involve intratracheal installation to study the in vivo
toxicity of DEP. DEP were found to cause severe lung injury and high mortality in mice
when 400-1,000 μg DEP/mouse was instilled intratracheally (Sagai et al. 1993). Death
was caused by endothelial cell damage and pulmonary edema. Furthermore, Inoue et al.
(2006) demonstrated that inhalation of DE on lung inflammation related to
lipopolysaccharide. They treated mice for 12 hr with DEP and lipopolysaccharide. Lung
inflammation and lung expression of pro-inflammatory chemokines including
macrophage chemoattractant protein-1 and keratinocyte chemoattractant were evaluated
24

hr

after

intratracheal

administration.

DEP

inhalation

decreased

lipopolysaccharide-elicited inflammatory cell recruitment into the bronchoalveolar lavage
fluid as compared with clean air inhalation (Inoue et al. 2006). On the other hand, one
experiment was carried out to clarify the roles of chronic DEP exposure on rat lung
tumorigenesis. The male rats were intratracheally administered DEP for 10 months. After
the treatment, lung tumorigenesis and DNA aduct formation were observed in the animals
administered DEP with exposure to NO2 and/or SO2, but not in the administered DEP
alone. These findings demonstrated that DEP cause DNA damage in alveolar epithelial
cells, and that long term exposure to components like NO2 and/or SO2 in air pollution
promotes induction of lung tumors (Ohyama et al. 1999).
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Pertinent to our studies are the animal studies showing ultrafine particles may pass
from the lung into the systemic circulation (Kreyling et al. 2002; Kreyling et al. 2009;
Nemmar et al. 2006; Nemmar et al. 2002; Nemmar et al. 2004b; Nemmar et al. 2003;
Nemmar et al. 2001; Oberdorster 2002).

3.3. In vitro Studies
To look more closely at cell-type specific responses of DEP-induced cytotoxicity,
and mechanisms for how DEP exposure causes injury, in vitro studies have been
performed on human and animal cells, using lung and nasal epithelial cells, macrophages,
endothelial cells (monolayer), and platelets. While not as biologically relevant as using
animals, cell culture systems avoid the compounded results from multiple cell types, and
assess the contribution of DEP to the transformation, signal generation, or apoptosis, etc, of
a single cell type. The examples below illustrate this point.
Airway epithelial cells play a prominent role in the pathogenesis of respiratory
disease. DEP exposure increased the release of pro-inflammatory cytokines IL-6, IL-8, and
GM-CSF in nasal and bronchial epithelial cell (Devalia et al. 1997). After exposure to DEP
with diameters ranging from 25-35 nm, a human bronchial epithelial cell line, BEAS-2B,
phagocytized the particles and secreted IL-6 and IL-8 (Steerenberg et al. 1998). Nasal
epithelia, cultured in an air-liquid interface to maintain the cells’ differentiation state, were
exposed to DEP for 24 hr and demonstrated a local inflammatory response with IL-8 and
amphiregulin. However, evidence for initiating a systemic inflammatory response was not
observed. No IL-1β secretion was seen, and only weak non-reproducible secretion of
TNF-α. Small nanoparticles (< or =40 nm) were internalized, but not larger ones (Auger et
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al. 2006). DEP induced cell death in normal human bronchial epithelial (NHBE) cells,
mainly by generation of hydrogen peroxide and nitrogen monoxide. Moreover, exposure of
NHBE cells to high concentrations of DEP decreased the cellular levels of glutathione
(GSH) (Matsuo et al. 2003). In another human airway epithelial cell study, DEP induced a
dose-dependent stimulatory effect on eotaxin production by activating NF-κB, but did not
induce signal transducer and activator of transcription (STAT) (Takizawa et al. 2003).
Alveolar macrophage studies on DEP exposure demonstrated that more IL-1β was
secreted after exposure high doses of DEP, but that TNF-α levels were unaffected by
varying DEP concentrations. Furthermore, the organic extracts of DEP inhibited
LPS-stimulated production of IL-1β and TNF-α (Yang et al. 1997).
Monolayer cultures have been the only endothelial cell model used to study the
effects of DEP (until our work). Human pulmonary artery endothelial and human umbilical
vein endothelial cells (HUVECs) have been shown to respond to DEP by generating ROS.
Antioxidant enzymes, such as SOD and catalase, as well as the compounds N(2-mercaptopropionyl)-glycine (MPG) and ebselen (a selenium-containing compound
with glutathione peroxidase-like activity) reduced the cytotoxicity of DEP. Also, inhibiting
NO synthase with L-NAME and L-NMA also attenuated DEP-induced cytotoxicity (Bai et
al. 2001).

3.4. In vitro Capillary-like Tubes
Hundreds of studies have followed angiogenesis by observing the ability of
compounds to induce in vitro endothelial tube formation. We have used these capillary-like
structures after they are fully assembled to evaluate how DEP might affect the vasculature.
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In contrast to endothelial cells plated on plastic as monolayers, endothelial cells applied to
Matrigel for tube formation do not proliferate. In vivo, endothelial cell proliferation is
strictly prohibited and requires specific signals (the “angiogenic switch”) to overcome the
proliferation blockade (Clement et al. 1999; Hanahan and Folkman 1996). Endothelial
tubes replicate this in vivo property of prohibited proliferation. Angiogenesis studies have
demonstrated that endothelial capillary tubes formed in vitro have many similarities with
capillaries in vivo (Donovan et al. 2001; Grant et al. 1991; Zimrin et al. 1995). Lubarsky
and Krasnow (2003) have demonstrated that endothelial cells form lumens and tubular
structures during morphogenetic processes (Lubarsky and Krasnow 2003). To illustrate
these events, Iruela-Arispe and Davis (2009) prepared a movie of in vitro endothelial cell
morphogenesis in which initial endothelial cell invasion was followed by the appearance of
endothelial luminal structure (Iruela-Arispe and Davis 2009). The movie not only showed
that vessel morphogenesis is a highly dynamic process involving invasion, motility, and
lumenogenesis, but also provided direct evidence that in vitro endothelial tubes are more
similar to in vivo capillaries than endothelial monolayers are.

4. Properties of Endothelial Cells
4.1 Endothelial Junctions
Intercellular endothelial cell junctions mediate adhesion and communication
between neighboring endothelial cells or epithelial cells. In the endothelium, junctional
complexes are gap junctions, tight junctions, and adherens junctions. Gap junctions are
communication structures, which allow the passage of small molecule weight (smaller than
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1,000 Daltons) solutes between adjoining cells. The connexins allows for chemical
communication between cells, through the transmission of small second messengers, such
as IP3 and Ca2+ (Olk et al. 2009).
In epithelial cells tight junctions mediate some permeability function and maintain
cell polarity by subdividing the plasma membrane into apical and basolateral domains.
However, tight junctions in endothelial cells have not been as extensively studied. This is
likely because: (1) tight junctions are not clearly localized in endothelia, and they are
mixed in with other junctions; and (2) The organization of tight junctions in the vessels
varies—they are well developed in arteries, but less distinct in veins, venules, and
capillaries. However, in the brain they are well organized and contribute to the blood brain
barrier (Bazzoni and Dejana 2004).
Like other junctional organelles, tight junctions are composed of both integral
membrane proteins and intracellular proteins, each capable of multiple functions
(Stevenson and Keon 1998). The transmembrane proteins include occludin, claudins, and
junctional adhesion molecule-A (JAM-A). The intracellular proteins include ZO proteins
(ZO-1, ZO-2, and ZO-3), and AF-6/Afadin, PAR-3/ASIP, and MUPP-1 (Bazzoni and
Dejana 2004).
Adherens junctions are important structural determinants of endothelial cells that
play a role in permeability. These organelles are also formed by a complex network of
transmembrane proteins linked to the cytoskeleton and to signaling proteins. A major
important characteristic of endothelial adherens junctions is that they are dynamic.
Endothelial cells can quickly change the structure of the adherens junctions to allow the
passage of plasma or circulating blood cells (Dejana et al. 2008). Endothelial junctions
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reorganize in response to whatever is required at a particular time for the tissue they are
found in (Simionescu and Simionescu 1991).
The adherens junctions contains VE-Cadherin, aka cadherin 5 (Lampugnani et al.
1992), desmoplakin, plakoglobin, β-catenin, α-catenin, p120, and VEGFR-2, with minor
amounts of vinculin and alpha-actinin. They do not contain any of the usual desmosomal
cadherins (desmogleins and desmocollins), nor E- and M-cadherin. The arrangement of
adherens junctions from in vivo vessels has been reconstructed from electron micrographs,
and micrographs of capillary tubes formed in vitro demonstrate that the in vivo and in vitro
structures are similar (Schmelz and Franke 1993; Zhou et al. 2004).

4.2. Vascular permeability
Vascular permeability is of medical interest because it is involved in pathological
conditions such as diabetic retinopathy and tumor growth (Folkman and Hanahan 1991;
Folkman and Klagsbrun 1987). Angiogenesis, the spouting of new capillaries from
preexisting blood vessels, has been found to be an important component in the
pathogenesis of these disorders (Folkman and Klagsbrun 1987). During the angiogenesis
process, endothelial cells become permeable, bud from the existing vessel, then are
stimulated to proliferate and extend new capillary tubules in response to soluble
endothelial growth factors (Folkman and Klagsbrun 1987). Vascular endothelial cell
growth factor-A (VEGF-A) is a major mediator in both physiological and
pathophysiological angiogenesis (Ferrara et al. 1993). Initially identified in the media of
tumor cell lines as vascular permeability factor (VPF), VEGF-A is synthesized and
released from normal cells such as endothelial cells, vascular smooth cells, lung epithelial
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cells, and pituitary folliculo-stellate cells. Although VEGF-A and other growth factors
including fibroblast growth factors (FGF) and epidermal growth factor (EGF) are able to
stimulate endothelial cell growth and migration (Unemori et al. 1992), only VEGF-A is
capable of enhancing vascular permeability (Connolly et al. 1989).
VEGF-A is the prototype member of a gene family that also includes placenta growth
factor (PIGF), VEGF-B, VEGF-C, VEGF-D, and orf-virus-encoded VEGF-E (Ferrara et al.
2007). Because VEGF-A is the only one capable of enhancing vascular permeability, we
will limit our discussion to this molecule. As mentioned, VEGF-A was initially discovered
functionally and was called vascular permeability factor (VPF) (Connolly et al. 1989;
Dvorak 2002; Ferrara and Henzel 1989; Keck et al. 1989; Senger et al. 1990; Senger et al.
1983). It can be alternatively spliced into 5 different isoforms including VEGF-A121,
VEGF-A145, VEGF-A165, VEGF-A189, and VEGF-A206 (Breen 2007). Permeability does
not easily correlate with any particular isoform, and it has been suggested that persistent
VEGF-A expression may be the crucial permeability factor to consider (Esser et al. 1998).
The role of VEGF-A in cancer-related angiogenesis has been reported in thousands of
papers, along with VEGF-A inhibitors for therapy. Because VEGF-A increases vascular
permeability to plasma and plasma proteins, cancer-related edema is often also treated with
inhibitors of VEGF-A (Gerstner et al. 2009).
VEGF-A binds to two highly related receptors, VEGFR-1 (aka Flt-1) and
VEGFR-2 (aka KDR or Flk-1). VEGFR-2 is the major mediator of the mitogenic and
angiogenic effects, while VEGFR-1 appears to modulate VEGFR-2 function. Both,
however, contribute to permeability in reponse to VEGF-A (Holmes et al. 2008; Olsson et
al. 2006). Binding of VEGF-A to VEGFR-2 makes the complex undergo dimerization and
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ligand-dependent tyrosine phosphorylation to transmit pro-permeability and pro-survival
(or anti-apoptotic) signals through the phosphatidylinositol 3-kinase (PI3K)/Akt pathway
in endothelial cells (Gerber et al. 1998).
Another big contributor to permeability is the adherens junctions. Intact adherens
junctions are required to prevent capillary leakiness (i.e., permeability) (Gallicano et al.
2001). However, endothelial permeability must be quickly adjustable to be able to respond
to local conditions. This is regulated in part by the dynamic opening and closure of
endothelial adherens junction. Dynamic redistribution of VE-cadherin from the capillary
endothelial cell membrane to patches near the cell-cell junctions occurs in response to
external stimuli such as inflammation (Gabrys et al. 2007; Lim et al. 2001). Dissolution of
these junctions results in relocation of components to cytoplasm, where they do NOT
undergo degradation, but instead they transmit signals or are reused (Guo et al. 2007; Lim
et al. 2001). Agents that increase permeability by affecting the adherens junctions are
inflammatory cytokine IL-6 and H2O2 (Dudek and Garcia 2001; Kevil et al. 1998; Maruo
et al. 1992; Mehta and Malik 2006). A depiction of how adherens junctions open to allow
permeability is shown in Fig 1-4.

Fig 1-4. Factors affecting endothelial junctions and permeability. (A) Under normal
conditions, VE-cadherin, plakoglobin (plako), β-catenin (βcat), p120, and α-catenin
(αcat) cluster at junctions in a zipper-like structure. (B) Phosporylation (P) of
tyrosine residues on VE-cadherin and the other junctional proteins can disrupt cell
to cell interactions. Such disruption would disorganize the VE-cadherin complex and
increase endothelial permeability. (C) Permeabilizing agents may act by causing
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endothelial cell retraction, causing intercellular gaps that break the adherens
junctions. (D) Antibodies against VE-cadherin are known to disrupt cell to cell
adhesion and open intercellular gaps that increases vascular permeability. Adapted
from Dejana et al. Journal of Cell Science, 121:2115-2122, 2008.

Activation of the Akt pathway has been implicated in blood vessel permeability
(Chen et al. 2005). However, this pathway plays a large number of roles in the regulation
of many essential cellular functions, including glycogen metabolism (Skurk et al. 2005),
cellular transformation (Bellacosa et al. 2005), and cell survival (Franke et al. 1997;
Somanath et al. 2006). In normal vasculature, survival is maintained through an
association of VE-cadherin with VEGFR-2. The complex activates PI3-kinase and leads to
the phosphorylation of Akt (Carmeliet et al. 1999; Dejana 2004). A simplified schematic of
elements involved in the cell survival pathway are shown in Fig 1-5.
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Fig 1-5. The association of VEGFR-2 and VE-cadherin facilitates endothelial cell
survival.

The downstream substrates that facilitate cell survival include Bcl-xL/Bcl-2
associated death (BAD), Forkhead factors receptor (FKHR), IκB kinase-α (IKKα), murine
double minute-2 (Mdm2), Yes-associated protein (YAP), caspase-9, and glycogen
synthase kinase 3 (GSK3). Although a variety of pathways can mediate apoptosis, the p53
pathway has a common element with the PI3-kinase/Akt survival pathway: Mdm2 protein.
Mdm2 is a negative regulator of p53-mediated transcription (Alarcon-Vargas and Ronai
2002; Honda et al. 1997; Oliner et al. 1993). PI3-kinase/Akt serves as an important
anti-apoptotic signal by phosphorylating Mdm2 at Ser-166 and Ser-186. This
phosphorylated Mdm2 binds p53, preventing apoptosis (Ogawara et al. 2002). DEP
exposure down-regulates Mdm2, increasing p53 phosphorylation in macrophages (Yun et
al. 2009).

25

Akt-mediated permeability is shown as part of Figure 1-6 (taken from Kowanet and
Ferrara, 2006). VEGFR-2 and VE-Cadherin are in close proximity in the membrane. A Src
(Src or Shb) kinase is associated with VE-cadherin, but does not phosphorylate it until
VEGFR-2 is bound by VEGF and is phosphorylated. By bridging the two transmembrane
molecules, Src allows the phosphorylation of VE-cadherin. This series of events facilitates
VEGF-A-dependent PI3K activation, which facilitates cell survival. In addition, the
VEGF-A-VEGFR-2-VE-caderin interactions may initiate a pathway leading to increased
production of NO, which results in an increase of vascular permeability.

Fig 1-6. Akt-mediated permeability.

Statement of Hypothesis
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My hypothesis is that some of the acute effects caused by inhaling DEP may result
from translocation of particles from the alveolar space to the capillary lumen.
Translocation could occur if DEP were found to cause cell-cell junctional damage, an
event that could allow particles to pass into the vessel lumen. Translocation could also
result if vessels were made more permeable by DEP. If vessels become more permeable, a
likely cause would be induction of Vascular Endothelial Growth Factor-A (VEGF-A, aka
Vascular Permeability Factor) secretion in response to DEP. In addition, DEP may initiate
signaling through the Akt pathway, which has been shown to increase vascular
permeability. Once in the capillaries, DEP would be in a position to directly affect
leukocytes and platelets, cells known to play a role in the acute effects of DEP.
To test the hypothesis, Human Umbilical Vein Endothelial Cells (HUVECs)
assembled into capillary-like tubes were used to address the following three specific aims:

Specific aims
Aim 1: To evaluate whether diesel exhaust particles cause the redistribution of the
permeability-modulating junctional molecule, VE-cadherin, away from the plasma
membrane; also, to assess whether particles gain access to the lumen of preformed
endothelial tubes after 24 hr exposures to DEP. The cytotoxicity of various
concentrations of DEP was assessed and the redistribution of the cell-cell attachment
molecule VE-cadherin was evaluated in human umbilical vein endothelial cell (HUVEC)
tubes. Epifluoresence and confocal microscopic imaging of the cell membrane using a
VE-cadherin antibody verified that the adherens junction molecule is redistributed away
from the cell membrane to an internal location in response to DEP. The data from these
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experiments also demonstrated that particles are found within the endothelial cell
cytoplasm and with the lumen of endothelial tubes. The results suggest that the three
dimensional character of HUVEC tubes is useful for providing information on the
mechanisms of DEP toxicity.

Aim 2: To evaluate whether diesel exhaust particles exposure alters vasculature
permeability by generating ROS and by inducing the secretions of pro-inflammatory
cytokines. In vitro endothelial tubes were evaluated for mechanisms likely to increase
vascular permeability. Examined were the induction of endothelial proinflammatory
cytokines, reactive oxygen species, such as H2O2, and HO-1 dependent VEGF-A secretion
in response to DEP. The oxidative stress induced by DEP caused generation of H2O2,
which is known to cause VE-Cadherin redistribution and to make vessels leaky. As a result
of oxidative stress, hemeoxygenase-1 was induced, as were pro-inflammatory cytokines
TNF-α and IL-6. In addition, induction of HO-1, TNF-α and IL-6 was found to be linked to
an increase in VEGF-A levels. These data suggest that DEP exposure results in vascular
permeability by inducing pathways that generate anti-oxidant and pro-inflammatory
responses.

Aim 3: To identify whether the Akt pathway contributes to endothelial permeability.
Permeability can be increased by the activation of the Akt pathway, as can cell survival.
Because DEP cause apoptosis and permeability, the Akt pathway can contribute to only
one, or neither, of these phenotypes. We hypothesized that DEP activated Akt to favor
permeability. Our results suggest that the hypothesis was incorrect. Increasing levels of
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DEP reduced phosphorylation of Akt, thus inhibiting the survival pathway. However, low
levels of DEP caused lower levels of death, and correlated with upregulation of the
anti-apoptotic protein Mdm2. Binding of Mdm2 with p53 would attenuate the p53
pro-apoptotic activity. At the high dose of DEP, Mdm2 expression was not maintained,
freeing p53 to induce apoptosis.
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Chapter I

Vascular Endothelial Cell-Cadherin is Redistributed Away From the Plasma
Membranes of Endothelial Tubes in Response to Diesel Exhaust Particles
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ABSTRACT
The integrity of the adherens junctions in response to diesel exhaust particles (DEP)
was evaluated in vitro using human umbilical vein endothelial cell (HUVEC) tubes. There
was no net proliferation or net cell death of untreated endothelial tubes in 48 hour cultures.
Increasing concentrations of DEP added to tubes induced increased cytotoxicity. DEP also
increased the redistribution of Vascular Endothelial Cell-Cadherin (VE-Cad) away from
the cell-cell junctions to an intracellular location. Since tubes are three dimensional,
particles could be identified as being on cells, being within cells or being within the tubular
lumen. Endothelial tubes offer a simulated biological-like setting to study the effect of
DEP on the permeability and leakiness of vessels in the absence of inflammatory cells, and
may contribute to the understanding of the acute and chronic cardiovascular effects of
inhaled diesel exhaust.

Key Words: VE-cadherin; endothelial cells; endothelial tubes; diesel exhaust particles;
toxicity

Abbreviations: DEP, diesel exhaust particles; HUVEC, human umbilical vein endothelial
cells; PM2.5, particulate matter with diameters equal or less than 2.5 μm; VE-Cad, vascular
endothelial cadherin.
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INTRODUCTION
Epidemiological and experimental studies demonstrate an association between
short term exposure to ambient air fine particulate matter and adverse cardiovascular
events (Peters et al. 2001; Pope and Dockery 2006). Well characterized diesel exhaust
particles (DEP) derived from a Japanese automobile engine (Bai et al. 2001; Sagai et al.
1993; Singh et al. 2004) may provide a partial explanation for the epidemiology, since
involuntary aspiration delivery of these particles to mouse lungs caused injury
characterized by vascular leakage. Organic extracts from these particles showed little
effect (Singh et al. 2004), suggesting that injury from these specific DEP reflect a
particle-dependent vascular response. The fraction of particulate matter with diameters
equal to or less than 2.5 µm (PM2.5) has been associated with adverse cardiovascular
effects (Brook et al. 2004; Fan et al. 2008; Pope et al. 2004; Pope and Dockery 2006;
Samet et al. 2000). In general, smaller particle sizes appear to be more toxic (Ferin and
Oberdorster 1992; Oberdorster et al. 1994; Peters et al. 1997). The particulate content of
diesel exhaust is a significant contributor to PM2.5 in urban areas (Franck and Herbarth
2002; Kinney et al. 2000; Yue et al. 2006).
The mechanisms underlying the cardiovascular effects of PM2.5 have not been fully
elucidated. In one hypothesized pathway, ultrafine particles (those with 0.1 µm, which are
a component of PM2.5) cross the pulmonary epithelium and enter the systemic circulation.
This could lead to direct toxic effects on vascular endothelium and the heart (for review,
see Brook et al. 2003). In support of this, inhaled ultrafine 99mTc labeled carbon particles
were shown to reach the lungs (Brown et al. 2002; Nemmar et al. 2002). Particles likely
gained access to the circulation, since within one hour, one group showed they accumulate
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in the liver (Nemmar et al. 2002). Other evidence for translocation of particles to the
circulation was present in Oberdorster et al., 2002; Kreyling et al., 2002; Nemmar et al.,
2004; Geiser et al., 2005; and Kreyling et al., 2009.
As an in vitro model system to dissect the impact of DEP and other particulate
matter on in vivo capillary endothelia, investigators have exclusively used monolayer
cultures of endothelial cells. However, many lines of evidence suggest that a more in
vivo-like differentiated state is achieved when cells in culture are plated on an extracellular
matrix that is similar to their in vivo matrix (Barcellos-Hoff et al. 1989; Hadley et al. 1985).
It has long been known that endothelial cells in culture on a basement membrane matrix
make endothelial tubes, therefore, cultured tubes were used to model the three dimensional
character of in vivo capillaries. Studies of angiogenesis over the last 30 years have
demonstrated that endothelial capillary tubes formed in vitro have many similarities with
capillaries in vivo (Donovan et al. 2001; Grant et al. 1991; Zimrin et al. 1995). Therefore,
endothelial tubes were formed in vitro and were used for the purpose of testing the integrity
of their adherens junctions after exposure to DEP.
Here it is reported that DEP exposure causes cytotoxicity and redistribution of
vascular endothelial cell cadherin (VE-Cad) in human umbilical vein endothelial cell
(HUVEC) tubes. Epifluoresence and confocal microscopic imaging of the cell membrane
using VE-Cad antibody showed the junctional molecule is redistributed away from the cell
membrane to an internal location in response to DEP. Overall, the data demonstrate that
endothelial tube networks offer an additional in vitro tool for evaluating the mechanisms of
DEP toxicity.
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MATERIALS AND METHODS
Cell culture
Normal human umbilical vein endothelial cells (HUVECs) from Clonetics (Lonza
Walkersville, Inc.) at passages 5-15 were cultured in EBM-2 Bulletkit medium (Lonza), an
endothelial cell growth medium containing 2% FBS. In addition, medium was
supplemented with phosphate buffered saline and Tween-80 to make the final
concentration 1x PBS, 0.05% Tween-80 (1x PBS is 137 mM NaCl, 2.7 mM KCl, 10 mM
Sodium Phosphate dibasic, 2 mM Potassium Phosphate monobasic, pH 7.4.). This was
done to minimize differences between non-DEP exposed controls and DEP treated samples,
since the DEP were dissolved in 1x PBS, 0.05% Tween-80. In all cases below, the term
“medium” refers to medium/PBS-Tween-80. Cells were grown in a 5% CO2 atmosphere at
37oC in tissue culture flasks. Medium was changed every day. For cell propagation,
monolayers were subcultured to about 85% confluency. Note that the experiments reported
involve endothelial tubes. However, monolayer cultures were tested in several experiments
for comparison and understanding. Such tests are mentioned in the Materials and Methods
section, but data are not shown in the results.
Endothelial capillary tube cultures
For endothelial capillary tube cell cultures, a basement membrane matrix
substratum, 10 mg/ml LDEV-free Matrigel (BD Biosciences), was used to coat 12-well
and 6-well dishes on ice for tube formation. 120 µl Matrigel per well was used for the 12
well plates, and 150 µl/well for the 6 well plates. The Matrigel was allowed to solidify at
37°C for 30 minutes before adding cells. HUVECs were plated onto 12-well (using 6 X 104
cells per well) and 6-well (using 1.5 X 105 cells per well) in EBM-2 Bulletkit medium
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(Lonza) with the supplemented PBS and Tween as described above. In both cases, this
represented a cell density of 156 cells/mm2. When monolayer cultures were plated for
comparison, HUVECs were plated at the same density on plastic dishes.
Timing of endothelial capillary tube formation
HUVECs were seeded onto Matrigel-coated 6 well plates at 1.5 X 105 cells/well,
and were allowed to form tubes at 37oC. Medium was changed everyday. At 1, 2, 4, 6, 12,
and 24 hours after plating, cells were fixed with 4% paraformaldehyde for 10 minutes at
room temperature. DAPI (1 ml/well of 300 nM final concentration in PBS) was used to
stain nuclei after fixing. Capillary tube formation was observed by phase contrast
microscopy (Zeiss-Axiovert 40 Inverted Microscope), and photos were taken at 100X
magnification. By 12 hours after plating capillary endothelial tube formation was
complete.
Diesel exhaust particles (DEP)
DEP were collected from a Japanese automobile diesel engine by Dr. Masaru Sagai,
Aomori University of Health and Welfare, Aomori, Japan (Sagai et al. 1993) and
characterized in other studies (Bai et al. 2001; Singh et al. 2004). These particles were
dispersed in three different ways to find the best method of achieving a particle size of
PM2.5 and smaller. The first sample was suspended in sterile phosphate buffered saline
(PBS) and vortexed for 3 minutes. The second sample was vortexed for 3 minutes in PBS
containing 0.05% Tween 80, and the third sample was vortexed for 3 minutes and
sonicated at 60 Hz for 5 minutes in PBS containing 0.05% Tween 80. Particles were fixed
with 4% paraformaldehyde, applied to a slide and examined at 630X magnification by
confocal microscopy (Leica TCS SP2 Spectral Confocal Microcope) 24 hours after adding
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them to the culture medium to evaluate sizes. This showed a particle range from around 2.5
µm to 100 nm, the limit of light microscopy. Since smaller particles were likely present,
particle size was also measured using dynamic light scattering on a Zetasizer Nano ZS90
with Malvern DTS software version 5.10 (Malvern Instruments, Malvern, MA), an
instrument in the laboratory of Dr. Kathryn Uhrich, Department of Chemistry, Rutgers
University. Measurements were made with the assistance of Sarah Sparks and Sarah Hehir.
The following conditions were employed: temperature, 25oC; material RI, 1.59; material
absorption, 0.01; dispersant RI, 1.33; viscosity, 0.8881 (cP); measurement position, 4.65
(mm). The mean of 6 runs (120 sec/run) revealed an average diameter of 254.7 nm ±
138.72 SD. Since there is a ten fold difference between the mean and the largest sizes, it is
likely there is a ten fold difference between the mean and the smallest sizes. If true, this
suggests particles range from 2.5 µm to 25 nm.

Proliferation assay (MTS)
Cell proliferation was measured using a colorimetric proliferation assay kit that
measures

mitochondrial

enzyme

activity

via

conversion

of

MTS

(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazo
lium) and phenazine methosulfate to formazan (MTS kit, Promega). HUVECs (6 X 104
cells/well) were seeded onto Matrigel pre-coated 12-well plates to form in vitro capillary
tubes. Once plated, cells were incubated for 12 hours at 37oC prior to starting the
experiment (i.e., defined as the “zero” time point). This timing allowed for complete
formation of tubes, and did nothing adverse to the cultures. One set of cultures were
assayed at the zero time point, another set at 24 hours post zero time point, and a third set at
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48 hours post zero time point. At these times, cells were rinsed 3 times with cold PBS. A
mixture of 60 μl water-soluble kit reagent plus 300 μl fresh medium was added to each
well for a 1 hour incubation at 37oC in the dark. Supernatants (100 μl/well) were collected
and the absorbance of the produced formazan was measured at 490 nm. This absorbance
reflects the total number of live cells in each sample. (Monolayers were used in parallel as
an internal comparison. Unlike tube cells, monolayer cells proliferated every 24 hours until
the dish was confluent. With the addition of DEP, the proliferative capacity of monolayers
decreased after a 48 hours exposure. DEP at 1, 5, 10, 50 and 100 μg/ml showed monolayer
cell proliferation levels of 95%, 71%, 40%, 0% and 0% respectively, compared to the
proliferative level of untreated cells. Data not shown.)
Cytotoxicity assay
Cytotoxicity was evaluated using the CytoTox-Homogeneous Integrity Assay Kit
(Promega). This assay measures lactate dehydrogenase (LDH), a stable cytosolic enzyme,
that is released into medium when cells are lysed. HUVECs (6 X 104 cells/well) were
seeded onto 12-well plastic plates or onto 12-well Matrigel pre-coated plates for the assay
(156 cells/mm2, as in all experiments). For some experiments no DEP were used. For
others, capillary tube cells were treated with DEP as described in the proliferation assay. At
0, 24 and 48 hours after DEP exposure, cells were collected by centrifugation, separating
them from the LDH in the supernatant/medium released by dead cells. The pellet of cells
was lysed by a 1 hour incubation in 200 μl lysis solution (Promega). The relative
fluorescence (described in RFUs, relative fluorescence units) of LDH at 490 nm was
measured. The fluorescent value of an unexposed sample was used as the positive control,
defining the maximum amount of LDH released (defined as 100%). The absorbance level
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of test samples was expressed as a percentage of this maximum. These represent surviving
cells. (For comparison, monolayer cultures with 1, 5, 10, 50, and 100 µg/ml DEP showed
survivability of 99.3 +/- 2.26%, 91.2 +/- 4.15%, 82.0 +/- 2.33 % , 67.1 +/-4.24% 29.2 +/3.78 %, and 9.1 +/- 1.63%, respectively--data not shown.)
Tube Immunofluorescence Permeability assays
HUVECs (6 X 104 cells/well) were seeded onto Matrigel coated 2-well chamber
slides for tube formation prior to DEP exposure. After a 24 hour DEP exposure, tubes were
rinsed with PBS and fixed with 4% paraformaldehyde for 10 minutes at room temperature.
Nonspecific reactivity of tubes was blocked by addition of 2% normal goat serum with
0.02% sodium azide (NaN3) in PBS for 1 hour at room temperature. The capillary tube
cells were then incubated with primary anti-human VE-Cadherin (BD Biosciences)
monoclonal antibody at a 1:50 dilution (20 μl in 1 ml blocking buffer, i.e., 2% normal goat
serum) for 1 hour at room temperature. Goat anti-mouse secondary antibody labeled with
Alexa 488 (green color, Jackson Immuno Research) was used at a 1:100 dilution (10 μl in 1
ml PBS) for 1 hour at room temperature. When confocal microscopy was used, nuclei were
stained by adding 1 ml 20 μM DRAQ5 (Alexis) to each well for 10 minutes at room
temperature. Slides were covered with Prolong Gold (Invitrogen) anti-fade mounting
media and incubated at 4oC overnight. All images were observed at 100X and 400X
magnifications on an epifluorescence microscope (Olympus IX71 Inverted Microscope) or
at 630X magnification (water lens, N.A. 1.3) on a Leica TCS SP2 Spectral Confocal
Microscope.
Semi-quantitation of discontinuties in VE-Cad was assessed on confocal images by
counting the number of interruptions in the fluorescence pattern residing in a stretch of 20
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µm or more of plasma membrane in the plane of focus. Such regions were also used to
determine the number and size of VE-Cad globules, i.e., regions where VE-Cad was
pulling away from the membrane toward an intracellular position. Globules were scored as
equal to or under10 µm, or greater than 10 µm.
Western Analyses
After 24 hours DEP treatment, tube cells were collected with the Matrigel and
sonicated for 1 minute in lysis buffer (20 mM Tris-HCl, 0.5% deoxycholate, 0.5% SDS,
1% Triton X-100, 1% Nonidet P-40, 1 mM Na3VO4 and 0.1% protease inhibitor). The
Matrigel, which hardens at room temperature, was pelleted by centrifuging at 10,000 rpm
for 10 minutes. The protein concentration of the supernatant was measured at absorbance
540 nm using the bicinchoninic acid method (BCA Protein Assay, Pierce). Samples were
loaded at 20-30 μg/well onto SDS polyacrylamide gels for electrophoresis. The proteins
were transferred to 0.22 μm PVDF membrane using electrophoretic transfer (Bio-Rad).
Nonspecific reactivity was blocked for 1 hour at room temperature with standard 1x TBST
buffer containing 3% BSA and 0.02% NaN3. Primary antibodies against VE-Cad (BD
Biosciences), β-catenin, (Abcam), actin and GAPDH (Sigma), diluted 1:1000, 1:2000,
1:1000, and 1:5000, respectively, with blocking buffer, were added to the blots and
incubated overnight at 4oC. After washing in 1x TBST, secondary antibodies conjugated
with horseradish peroxidase (HRP) were diluted 1:5000 in 5% milk, 1x TBST, and applied
to the blots for a 1 hour incubation at room temperature. Blots were then reacted with ECL
reagent (Pierce) containing luminol, a substrate of HRP, and exposed to X-ray film.
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Statistics
For statistical analysis, each experiment was performed in triplicate 3-5 times. The
results were expressed as means ± SD for three independent experiments, and analyzed by
using Student t-tests. A value of p < 0.05 was considered statistically significant.

RESULTS
Culture of human umbilical vein endothelial cell tubes
In vitro endothelial tubes were used to model how DEP might affect capillaries in
vivo. To begin, the parameters of tube formation in culture were established. HUVECs
were seeded into wells of Matrigel-coated plates at a density of 156 cells/mm2. Phase
contrast microscopy was used to determine how long it took for all cells to be incorporated
into tubes, visualizing network formation at 1, 2, 4, 6, 12, and 24 hours after plating (not
shown). At 1 hour, many cells had attached to the Matrigel, and by 2 hours the cells had
sent out processes and had begun connecting to neighboring cells. By 4 hours, formation
was extensive, and was very nearly complete by 6 hours. By 12 hours (Fig. 2-1), the tube
formation process was totally complete, therefore this time point was used as the “zero”
time point for all subsequent experiments adding DEP to tube cultures. Nuclear staining
supported the observation that by 12 hours every cell was indeed incorporated into the in
vitro capillary network. The phenotype of the capillary tubes remained the same for the
longest time tested, which was 8 days after plating (not shown).
To evaluate whether culturing adversely affected endothelial tubes, cultures were
assessed for their proliferative capacity in culture. Using an MTS assay, 6 X 104 HUVECs
were plated as monolayers on Matrigel-coated dishes at a density of 156 cells/mm2. Cell
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proliferation was evaluated at 0, 24, and 48 hours after plating. Unlike traditional
monolayer cultures, the tube endothelial cells did not show net proliferation after tubes
were formed, even though large areas of the plate were unoccupied and available to the
cells. The LDH cytotoxicity assay measures cell survivability. By comparing the LDH
value of the cells at the end of the experiment (48 hours) with that at the beginning of the
experiment (i.e., the number of cells initially added to the dish at the zero time point), one
can determine the difference in cell number between the time points. The LDH assays
demonstrated that the endothelial tube cell number was stable with time, i.e., the cells did
not die as a response to being cultured (not shown).
Diesel Exhaust Particles (DEP)
The present study employed DEP derived from a Japanese automobile engine
(Sagai et al. 1993), which have been characterized and used in other studies (Bai et al.
2001; Singh et al. 2004). An advantage of using these particles is that, despite being stored
for years, delivery of 25 µg and 100 µg to mouse lungs by involuntary aspiration caused
inflammation and injury (vascular leakage of microalbumin), while organic extracts of
these particles showed little effect (Singh et al. 2004). This suggests that any observations
that were made reflected a particle-dependent vascular response. Because particulate
matter with diameters less than or equal to 2.5 μm (PM2.5) is considered to cause adverse
health effects, prior to applying DEP to cells, methods were evaluated for dispersing the
particles to this size. One method suspended particles in PBS, with vortexing for 3 minutes
before usage. Doing this, the resulting average particle size was estimated to be
approximately 30 µm (Fig. 2-2A). A second method suspended particles in PBS containing
0.05% Tween 80, followed by vortexing for 3 minutes. This dispersed particles to an
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average diameter of 10 µm (PM10), as shown in Fig. 2-2B. The third method proved to be
the best, vortexing particles in PBS containing 0.05% Tween 80 for 3 minutes, then
sonicating them at 60 Hz for 5 minutes. As shown in Fig. 2C, particles were dispersed to
microscopic sizes. While a few particles were about 5 μm (~1%), the preponderance of
particles were under 2.5μm (PM2.5). Many particles were as small as 0.1 μm (100 nm), the
limit of light microscopy (see Fig. 2-2D, a higher magnification of the boxed area in panel
C). Magnified views were used to count the number of 0.1 μm DEP in the total number of
particles in randomly selected fields. This suggested that 0.1 μm DEP (PM0.1) represented
about 15% of the total particles visible by light microscopy. To measure particle size in a
different way, dynamic light scattering was performed using a Zetasizer Nano ZS90. The
mean diameter of dispersed DEP was 254.7 nm. DEP dispersed by this
Tween/vortexing/sonicating method were used for all subsequent experiments comparing
the impact of the particles on the behavior of tube culture cells.
LDH assays were used to evaluate how cytotoxic DEP were to tube cells. The
percentage of cell survival was evaluated after 24 hours by comparing the amount of LDH
at the end of the experiment with values of comparable controls representing the
pre-exposure cell levels. As shown in Table 1, after 24 hours with no added DEP,
essentially all of the cells were alive. Using 1 μg/ml DEP, 89% of the tube cells survived a
24 hour exposure, while at 5 μg/ml, 83% survived. At 10 µg/ml, 50 µg/ml, and 100 μg/ml
DEP, the 24 hour survival rate was 79%, 59%, and 49%, respectively.
Although DEP toxicity is apparent from the LDH assays, tubes retained the
skeleton of their tube structure (Fig. 2-3), even with the highest DEP concentration. A
phase contrast image of a 100 µg/ml DEP treatment sample (Fig. 2-3D) shows that about
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half of the tube cells are elongated, similar to cells treated with no or low concentrations of
DEP, and about half of the cells are rounded up, looking like freshly plated, newly attached
cells (Fig. 2-3D). All, however, remain in the pattern of the original endothelial tube.
Response of VE-cadherin to DEP
The integrity of the endothelial cell-specific adherens junction, of which vascular
endothelial cell cadherin (VE-Cad, aka cadherin-5) is a component, is a measure of how
leaky capillaries are (Gallicano et al. 2001). Therefore the cell-cell junctional integrity of
tubes was examined after DEP exposure using VE-Cad antibody. Three separate
experiments were performed using this antibody, to evaluate by epifluorescence the
localization of the junctional molecule after DEP treatment. As seen in Fig. 2-4A-C,
VE-Cad clusters at the cell borders of non-treated cultures, outlining the cells in a regular
pattern. The pattern of VE-Cad after a 24 hour exposure of HUVEC tubes to 1 µg/ml of
DEP is similar to the untreated control tubes (Fig. 2-4D-4F), but the 10 µg/ml DEP samples
shows some changes in distribution of VE-Cad (Fig. 2-4G-4I, see arrows). These changes
in VE-Cad distribution are local. While much of the VE-Cad is found sharply localized to
the plasma membrane, small spherical globules of VE-Cad were sporadically observed
(Fig. 2-4, arrows), and were frequently associated with a loss of sharpness at the cell-cell
junction. This more amorphous appearance indicated loosening of the VE-Cad from the
membrane with expansion into the intracellular space. At the 100 μg/ml concentration of
DEP (Fig. 2-4J-L) the VE-Cad is internalized, with very little remaining at the cell
junctions. Such phenotypes have been correlated with endothelial cell leakage (Bazzoni
and Dejana 2001; Dejana et al. 2008).
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Because wide field epifluorescence microscopy is a sum of all the planes of a 3D
image, local small changes in cell-cell junctions are masked. To evaluate whether VE-Cad
was redistributing after exposure with the lowest DEP concentration, 1 µg/ml, single
optical planes were viewed by confocal microscopy. Untreated controls (Fig. 2-5A-C)
show that VE-Cad outlines the endothelial cell membranes where they are in the plane of
focus. Many cells had only a portion of the membrane in the plane of focus. With 1 μg/ml
DEP, occasional globules or discontinuities were seen in the VE-Cad staining (arrows in
Fig. 2-5D-F) more frequently than in the non-treated sample. Such discontinuities were not
discernible in the wide field epifluorescence micrographs. At 10 µg/ml (Fig. 2-5G-I) many
more punctate spots of VE-Cad are observed. These punctate patterns indicate local
alterations in the adherens junctions. At 100 μg/ml (Fig. 2-5J-L) the VE-Cad is totally
intracellular, indicating dissolution of the adherens junctions, just as observed with the
wide field epifluorescence microscopy. A semi-quantitation of the changes in VE-Cad was
compiled from the images in two ways. One method was to measure discontinuities in
plasma membranes that were in the plane of focus, as indicated in Figure 2-6A. While
some discontinuities represent the natural fluctuating of plasma membrane in and out of the
plane of focus, the number of discontinuities increased with increasing DEP concentration
(Fig. 2-6B). The second method was an assessment of the number and size range of
fluorescent globules of VE-Cad being internalized, as indicated in Fig. 2-6C. Globules of
10 µm or less, as well as those greater than 10 µm were measured. Smaller globules
increase with increasing exposures, and are the predominant size in 1 and 10 µg/ml DEP
exposures. At 100 µg/ml, there are many smaller and larger sized globules, with the >10
µm being more abundant (Fig. 2-6D). This semiquantitative data demonstrates an
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increasing trend in plasma membrane discontinuities and VE-Cad aggregation into
globules after exposure to increasing concentrations of DEP.
The fact that the intensity of the VE-Cad fluorescent signal merely relocalized, but
did not seem to diminish with increasing DEP concentration, was of interest. To examine
this further, untreated and DEP-treated tubes were collected and lysed for protein
extraction. Western analyses showed that the levels of VE-Cad, as well as β-catenin, were
not significantly altered with increasing DEP concentration (Fig. 2-7). VE-Cad appeared as
2 bands, the full length 130 kDa form, and a product ~95 kDa which could be either the
shed product or the degradation product after internalization. Both forms were present in
the untreated control endothelial tube extracts, as well as the DEP-treated extracts, thus
DEP had no net affect on the levels of each form of VE-Cad. Total β-catenin levels were
also unchanged by DEP exposure.
Next, the location of DEP in HUVEC tube cultures after 24 hours was examined.
Many images visualized DEP in the vicinity of, or touching, tubes. Because endothelial
cells in tubes are in a three dimensional structure, confocal micrograph Z stacks were
useful for localizing particles. Fig. 2-8A shows several particles in a phase contrast image
from a 10 μg/ml DEP exposure. The cross lines in Fig. 2-8B show where Z stack images
were captured from the confocal planes of focus. The z plane image in panel B is taken in
the center of the cellular structure, and shows 2 diesel particles at the level of the nuclei
(arrows). This indicates they are in the interior of the cells, and not in the lumen of the tube.
In another area (Fig. 2-9), a phase contrast image is overlapped with the confocal images
focused at the top of the tube (panel A), at the middle of the tube (panel B), and at the
bottom of the tube, close to the Matrigel (panel C). The particle is in sharp focus when the
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z-section is focused on the middle of the structure, suggesting the particle is in the tubular
lumen. As seen in the bottom z plane image, the particle appears to be surrounded by the
green fluorescence of the VE-Cad detected by immunoreactivity. The side y and bottom z
plane images show further support that the DEP particle is contained in a tubule’s lumen
(Fig. 2-9B). Therefore, the confocal images in Figs. 2-8 and 2-9 suggest that added
particles can be translocated to sites either within the tube cells, or possibly within a tubular
lumen.

DISCUSSION
The mechanisms involved in the adverse cardiovascular responses to inhaled DEP
are as yet unclear. Exposure chambers have yielded crucial animal and human data, i.e.,
demonstrating a diesel-induced increase in thrombus formation after exposure (Lucking et
al. 2008) and endothelial-specific studies with monolayer cultures have unveiled important
vascular-related information (Bai et al. 2001; Furuyama et al. 2006; Li et al. 2009;
Sumanasekera et al. 2007). To elucidate mechanisms for how DEP can cause such effects,
more laboratory research model systems are needed. In the present work an in vitro
HUVEC tube model simulating a capillary structure, is used to study what may occur at the
organizational level of the capillary. Endothelial tubes were treated with well characterized
DEP derived from a Japanese automobile engine ( Sagai et al. 1993; Bai et al. 2001; Singh
et al. 2004). These same particles, delivered to mouse lungs in aspiration studies at doses
of 25 µg and 100 µg, caused lung inflammation and vascular leakage. Organic extracts of
these DEP showed little effect (Singh et al. 2004).
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For this study DEP were dispersed to an average diameter of ~260 nm. As such,
many particle will fit the ultrafine biologically relevant size of PM0.1 (100 nm). Thus, the
particle preparation contains sizes expected to reach deeper into the respiratory tract of the
lung (Nemmar et al. 2006; Oberdorster et al. 1994). It is possible that the most biologically
relevant studies reported here are those in which particles at a concentration of 1 µg/ml
were used, a level of DEP that did not cause appreciable endothelial cell death, but did
show evidence of VE-Cad internalization. This is because in vivo there is no evidence that
particles cause death of capillary endothelial cells. Since VE-cadherin relocation has been
shown to compromise barrier function (Kevil et al. 2001), it is noteworthy that the 1 µg/ml
concentration induced more relocalization of VE-Cad than controls without significant cell
death. A concentration of 5 µg/ml DEP, which allows about 83% of the cells to survive,
may or may not be in the range of biological relevance. Unfortunately, there is no
experimental data available that measures the viability of lung capillary endothelial cells in
vivo after DEP exposure. Damage assessment of diesel-exposed animals consists mostly of
vascular leakage (Singh et al. 2004), which cannot differentiate between endothelial cell
death and separation of cell junctions.
While in vitro endothelial tubes are not a perfect model for in vivo capillaries
(Donovan et al. 2001), they do exhibit similar behaviors. The morphology of endothelial
tubes approximates that of in vivo capillaries, and the lack of proliferation in the tubular
structure is also like that of in vivo capillary endothelial cells (Hadley et al. 1985), where
proliferation is strictly prohibited. In fact, networks of capillary tubes remain healthy and
vital for up to 8 days without any sign of net proliferation. (Homeostasis may be occurring
in tubes, with a small level of proliferation to offset a small amount of cell death; the
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experiments in this study were not designed to detect this.) Because monolayers of
HUVEC cells double every 24 hours until their substratum’s surface is confluent, it is
likely that tubes represent a more differentiated and in vivo-like model for capillaries.
VE-Cad resides in the endothelial adherens junction (Carmeliet et al. 1999; Dejana
2004; Dejana and Del Maschio 1995; Taddei et al. 2008; Zhou et al. 2004). This cell-cell
junction also contains β-catenin, plakoglobin and desmoplakin, but is practically negative
for vinculin and alpha-actinin. The arrangement of adherens junctions from in vivo vessels
has been reconstructed from electron micrographs, and it has been demonstrated that
capillary tubes formed in vitro have the same VE-cadherin-containing structures (Schmelz
and Franke 1993; Zhou et al. 2004). Furthermore, capillary leakiness (i.e., permeability)
has been related to the adherens junctions (Gallicano et al. 2001; Kevil et al. 2001). The
dissolution of the cell-cell adherens junctional molecules results in components of the
junction relocating intracellularly (Guo et al. 2007; Lim et al. 2001). External stimuli such
as inflammation have been demonstrated to cause the dynamic redistribution of VE-Cad
(Gabrys et al. 2007; Lim et al. 2001).
Interestingly, endothelial tubes exposed to DEP in culture recapitulate these
phenomena. The redistribution of VE-Cad in tubes after exposure, displaying a phenotype
that is like that observed in leaky capillaries, is consistent with the observations of vessel
leakiness in animals forced to inhale the same DEP employed here (Singh et al. 2004). In
the experiments of this study, with increasing DEP concentration, increasing levels of
VE-Cad moved from a membrane localization to a cytoplasmic localization. The data
presented suggest that if inhaled DEP reach the alveolar capillaries, they may have some
ability to impact the adherens junction, causing the capillary cell-cell junctions to become
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permeable. Even though it is shown that VE-Cad moved from a membrane localization to a
cytoplasmic localization with the higher DEP concentrations, the tubes still maintained
their three dimensional morphology, suggesting that other types of cell-cell junctions
remain functional. Whether or not DEP has any effect on other junctions has not been
tested. What is clear is that the results with DEP exposure resemble what occurs with
exposure to H2O2, where VE-Cad is internalized and is coupled with barrier dysfunction
(Kevil et al. 2001). It is likely that increasing DEP levels do, indeed, induce increased
generation of reactive oxygen species that lead to a similar internalization of VE-Cad and
membrane leakiness. This will be examined in future work.
The level of VE-Cad at the cell surface is determined by several factors. One is by
cytoplasmic binding partners that modulate whether the cadherin is endocytosed or
degraded (Xiao et al. 2003a; Xiao et al. 2003b). VE-Cad is known to undergo intracellular
degradation after internalization, producing a product of ~95 kDa. Disassociation of p120
catenin from the cytoplamic domain of VE-Cad is thought to trigger internalization of the
cadherin (Xiao et al. 2003a), which can proceed to a pathway where the tail is cleaved,
removing the β-catenin binding domain. It is suspected that this cleavage fates the
molecule for lysosomal degradation (Xiao et al. 2003b). However, VE-Cad has also been
shown to be internalized without being cleaved (Xiao et al. 2003b). Furthermore, VE-Cad
may be shed from the cell surface (Harren et al. 1998). Adding another complication to the
possible molecular events, it has been postulated that recycling of VE-Cad can occur
(Vincent et al. 2004). Support for this idea comes from another cadherin family member,
E-cadherin (Le et al. 2002; Le et al. 1999). It is not known whether degradation or
shedding is the cause of the lower molecular weight VE-Cad band in our endothelial tubes,
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but the two forms of VE-Cad have been shown to be present in Westerns derived from
monolayer cultures of HUVECs (Groten et al. 2000). Because the two forms of VE-Cad
are constant with and without DEP treatment, the favored idea is that the consistency of the
level of the two bands may reflect recycling. If DEP were to induce degradation, the net
levels of the smaller band, representing the degradation product of VE-Cad, would be
expected to increase on the Western; alternatively, if DEP were to induce shedding, the
smaller shed fragment would diffuse into the medium and not be isolated in the cell lysate
preparation. This would result in decreased amounts of the smaller band on the Western
blots. The results, however, show no change in levels of the two bands, and best fit the idea
of recycling.
Finally, confocal microscopy provided the advantage of antibody localization in
three dimensions, demonstrating that DEP can enter endothelial cells and possibly reach
the endothelial tube lumen in the culture model. This was, in fact, the goal of the study. If
this occurs even to a small degree in lung capillaries, it suggests that, in vivo, DEP may
transverse the capillaries and gain access to the bloodstream. Entry into the lumen could
occur in three ways: (a) particles may attach to the external side of the endothelial plasma
membrane, cause damage externally, and penetrate into the capillary; (b) particles may be
endocytosed by the cell where they then cause intracellular damage; and (c) particles may
slip between the cells via disrupted junctional complexes. Once inside the vessel, DEP
could interact with platelets or initiate an immune response. Although cell-cell junction
alterations can be observed in the endothelial tubes, the data cannot definitively
differentiate between translocation of particles by crossing cell membranes or by passage
between interrupted cell-cell junctions.
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Overall, endothelial tubes may be a useful and informative model system to study
the mechanisms of action of DEP on the vasculature. The HUVEC tube data presented here
lends support to the idea that ultrafine particles may cross the pulmonary epithelium,
encounter the alveolar capillary endothelium, and enter the systemic circulation, where
direct toxic effects on vascular endothelium and the heart may be possible (Brook et al.
2003). Endothelial tube studies provide a three dimension type of information different
from what can be obtained using endothelial cells in monolayer culture.
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Table 1. Cytotoxicity of DEP on HUVEC tubes
LDH at 24 hour
Conc. of DEP (μg/ml)

Cell Survivability (%)

0

98.7 ± 0.36

1

89.1 ± 1.87

5

82.7 ± 0.79*

10

79.4 ± 4.31*

50

58.9 ± 0.77*

100

48.3 ± 8.25*

Cell Survivability of HUVECs in tube cultures treated with DEP for 24 hours, as assessed
by LDH assays. Data are expressed as the mean ± SD of three independent experiments,
each performed in triplicate (i.e., 9 plates). *p < 0.05 to the cell control (0 μg/ml).
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FIGURES

Fig. 2-1. HUVEC tube formation, complete by 12 hours after plating, as verified by
comparing the phase contrast images with the images of DAPI stained nuclei. No nuclear
stain is evident in any area on the plate that is not part of a tube, indicating that every cell
was incorporated into the tubular network. This is true for both the 12 hour and the 24 hour
time points. (Magnification 100X).
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Fig. 2-2. Phase contrast images obtained on the Leica TCS SP2 Spectral Confocal
Microscope to determine the distribution of particle shapes, sizes, and diameters at 630X
magnification with magnification bars. Panel A, DEP diluted in PBS to 100 μg/ml and
vortexed 3 minutes. 1 ml was applied to a slide. Panel B, DEP diluted in PBS containing
0.05% Tween-80, then vortexed 3 minutes prior to examination; Panel C, DEP diluted in
PBS containing 0.05% Tween-80, then vortexed 3 minutes, followed by sonication for 5
minutes. The majority of particles are PM2.5; Panel D is an enlarged image of the area
enclosed by the red square in panel C. Many particles are of very small sizes. Several have
diameters of 0.1 µm (PM0.1), the limit of light microscopy. The arrow points to a particle of
this size.

54

Fig. 2-3. Phase contrast micrographs of capillary tubes treated with various concentrations
of DEP for 24 hours. Panel A, non-treated control; Panel B, medium containing a final
concentration of 1 µg/ml DEP; Panel C, medium containing a final concentration of 10
µg/ml DEP; Panel D, medium containing a final concentration of 100 µg/ml DEP. Arrows
in panel C point to individual diesel particles, magnification 100X. Dynamic light
scattering of particles demonstrated the mean diameter was 254.7± 138.72 nm.
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Fig. 2-4. Widefield epifluorescence immunolocalization of VE-Cad in endothelial tubes
treated with DEP for 24 hours. Panels A-C, control, non-treated capillary tubes; Panels D-F,
tubes treated with 1 µg/ml DEP; Panels G-I, tubes treated with 10 µg/ml DEP; Panels J-L,
tubes exposed to 100 µg/ml DEP. Arrows indicate where there is a loss of sharpness to the
VE-Cad antibody staining. Images were obtained on an Olympus IX71 Inverted
Microscope at 400X magnification. All images were obtained with the same digital camera
settings. Scale bar = 30 µm.

56

57

Fig. 2-5. Confocal images of single optical sections to detail the distribution of VE-Cad in
response to DEP exposure for 24 hours. Panels A-C, non-treated control endothelial
capillary tubes; Panels D-F, tubes treated with 1 µg/ml DEP; Panels G-H, 10 µg/ml DEP;
Panels I-J, 100 µg/ml of DEP. Arrows show discontinuities and punctate fluorescent
globules. In J-L, VE-Cad staining was diffuse throughout the cells. Almost none was
discernible as being localized to the plasma membrane. Images were obtained using a
Leica TCS SP2 Spectral Confocal Microscope at 630X magnification using identical
settings for all photos. Scale bar = 30 µm.
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Fig. 2-6. Semi-quantitation VE-Cad discontinuities and globule formation. In panel A, the
left side shows an example of ~25 µm of plasma membrane in the plane of focus that was
magnified (right side of panel) to count the number of interruptions in the fluorescence
pattern. Arrows indicate discontinuities of VE-Cad in the plane of focus. Panel B is a
compilation of such determinations from more than 12 different samples of each DEP
concentration (0, 1, and 10 µg/ml) The VE-Cad pattern of the 100 µg/ml DEP exposed
samples was so disrupted that it was nearly impossible to find ~25 µm of fluorescence
localized to the plasma membrane. *p < 0.05 to the cell control (0 μg/ml) analyzed by using
Student t-tests. Panel C, left, contains an example of an area where VE-Cad was in the
plane of focus and was magnified in the right panel. Panel D, VE-Cad globules of
fluorescence (arrows) from panel C were counted and and scored as either equal to or under
10 µm, or as greater than 10 µm sized. The globules represent VE-Cad pulling away from
the membrane toward an intracellular position.
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Fig. 2-7. Endothelial tubes reacted with 0, 1, 10 or 100 µg DEP for 24 hr were used to
extract protein for Western analysis. (A) Antibodies against the adherens junction proteins
VE-cadherin and β-catenin were probes. Blots were stripped to reprobe with antibodies
against actin and glyceraldehyde-3-phosphate dehydrogenase. The latter assured that equal
amounts of protein were loaded in the wells. (B) Histograms show a quantification of
junction proteins levels after 24 hr exposure to DEP. Bars are the relative fold change
compared to the control with no added DEP.
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Fig. 2-8. Phase contrast image (Panel A) and a z-plane confocal image taken midway
through a tube, focused at the point where lines of the x- and y-planes cross. Green color
indicates VE-cadherin antibody staining, and blue is nuclear staining with DRAQ5. The
diesel particles (arrows) are at the same depth in the tube structure as blue stained nuclei
(Panel B). Scale bars = 30 µm.
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Fig. 2-9. Overlaid phase contrast (gray colored transmitted image) and confocal images of
an unbranched tube containing a diesel particle (VE-Cad detected with green labeled
secondary antibody, and nuclei stained blue with DRAQ5). The x- and y-axis lines cross at
the point where the microscope was focused for the Z stack analysis. In the fluorescent
images, the z-plane was focused at the top of the tube (Panel A), at the middle of the tube
(Panel B), and at the bottom of the tube (Panel C), demonstrating that the particle is not on
the exterior of the tube, nor is it at the base near the Matrigel, but is internal in the tube.
Scale bar = 30 µm.
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Chapter II

ROS and Pro-inflammatory Cytokines Contribute to DEP-Induced Permeability of
Capillary-like Endothelial Tubes
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ABSTRACT
Inhalation of diesel exhaust particles (DEP) is associated with pulmonary and
cardiovascular disease. This effect may result from inhaled particles reaching lung
capillaries and gaining access to the blood stream. Using in vitro endothelial tubes as a
simplified model of a capillary to study this process, it was previously shown that DEP
induce the redistribution of vascular endothelial cell-cadherin (VE-Cad) away from the
plasma membrane to intracellular locations, making the tubes permeable, and allowing
DEP into the cell cytoplasm and tube lumen. Here the mechanisms activated by DEP to
induce such permeability are examined. The results demonstrate that endothelial tube cells
mount an oxidative stress response to DEP exposure. Particles induced relocalization of
Nrf2 from the cytoplasm to the nucleus, upregulating the expression of the enzyme heme
oxygenase-1 (HO-1). Hydrogen peroxide and oxidized proteins were detected after 24 hr
of exposure to DEP. Vascular endothelial cell growth factor-A (VEGF-A), initially termed
“vascular permeability factor” (VPF), was found to be up-regulated in response to the
HO-1 expression induced by DEP. In addition, the levels of cytokines TNF-α and IL-6
were increased after DEP exposure. These also induced upregulation of VEGF-A, but in a
manner that was not apparently dependent on HO-1. These data suggest that the
DEP-induced permeability of capillary-like endothelial tubes is, in part, a consequence of
antioxidant and pro-inflammatory responses ultimately increasing secreted VEGF-A
levels.
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INTRODUCTION
Epidemiological studies have demonstrated a connection between exposure to
diesel exhaust particles (DEP) and adverse health effects (Pope and Dockery 2006; Riedl
and Diaz-Sanchez 2005; Sydbom et al. 2001). While many effects on cardiovascular health
come from long term exposures (Pope et al. 2004), there are also consequences of short
term exposures, where ambient air levels of DEP can be linked to myocardial infarctions
and other cardiovascular incidents (Brook 2008; Peters et al. 2001; Peters et al. 2004; Pope
and Dockery 2006). The particulate components of DEP associated with increased
cardiovascular morbidity and mortality are the fine particles (sizes ≤ 2.5 μm, i.e. PM2.5)
and the ultrafine particles (PM0.1 sizes are ≤ 0.1 μm, i.e., ≤ 100 nm) which are a subset
within PM2.5 (Pope and Dockery 2006).
There is much interest in understanding how DEP cause adverse health effects.
Several mechanisms have been proposed, such as inducing production of harmful ROS
(Bai et al. 2001; Becker et al. 2005), initiating inflammatory responses (Salvi et al. 1999);
disrupting autonomic balance (Pope et al. 2008), and disrupting vascular function (Mills et
al. 2007). It is likely that all are involved in contributing to the final pathology. Support for
endothelial dysfunction as a DEP-induced mechanism has come from many venues.
Notably, vasoconstriction has been demonstrated in humans who inhaled ambient PM2.5
and ozone for 2 hr (Brook et al. 2002), and impairment of vasodilatation was observed 24
hr after a 1 hr diesel exhaust inhalation study (Tornqvist et al. 2007). Also, 24 hr after
intratracheal installation of DEP or DEP extracts, the water content of mouse lungs
increased (Inoue et al. 2006), suggesting an increase in pulmonary endothelial
permeability. Permeability may occur in part because particles injury alveolar epithelia,
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which then release cytotoxic components that injure the capillaries, and it may also occur
because alveolar macrophages become activated and secrete factors potentially harmful to
endothelia. DEP, however, are also likely to have direct effects on capillary endothelia.
Inhaled particles have been shown to reach the circulation (Geiser et al. 2005; Kreyling et
al. 2002; Kreyling et al. 2009; Nemmar et al. 2005; Nemmar et al. 2002; Nemmar et al.
2004b; Nemmar et al. 2001). While this data is largely based on TiO2 and iridium particle
inhalation studies (Geiser et al. 2005; Kreyling et al. 2002; Nemmar et al. 2002; Nemmar
et al. 2001; Oberdorster 2002), a more recent report used labeled 80 nm and 20 nm carbon
nanoparticles, and found them 24 hr after inhalation in many organs, including blood
(Kreyling et al. 2009). This is of particular interest because carbon is a major constituent of
DEP.
Because DEP have been implicated in gaining access to the circulation, and may
have a direct effect on endothelial permeability, in vitro-assembled capillary-like
endothelial tubes were recently used to model the translocation of particles into capillaries.
The permeabilizing effect of DEP on endothelial tubes was visualized with confocal
microscopy, demonstrating that the adherens junction component VE-cadherin moved
from cell-cell junctions to intracellular locations, and that particles ended up in the cells’
cytoplasm as well as in the luminal space of tubes (Chao et al., submitted). The
DEP-induced redistribution of VE-cadherin was highly similar to that which occurs to
endothelial monolayers in response to hydrogen peroxide (H2O2) exposure (Kevil et al.
2001), suggesting that perhaps one effector of DEP-induced endothelial permeability is the
generation of H2O2.
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HO-1 is a ROS-induced antioxidant enzyme that facilitates anti-apoptotic
responses in endothelial cells (Brouard et al. 2002; Silva et al. 2006; Wang et al. 2007).
HO-1 is known to induce expression of vascular endothelial cell growth factor (VEGF-A)
(Dulak et al. 2008). This molecule was first discovered functionally, and named vascular
permeability factor (VPF) (Connolly et al. 1989; Ferrara and Henzel 1989; Keck et al.
1989; Senger et al. 1990; Senger et al. 1983). As a result of its effect in promoting
permeability, cancer-related edema is often treated with inhibitors of VEGF-A (Gerstner et
al. 2009). DEP-induced HO-1 activity is therefore a candidate facilitator of endothelial
permeability via induction of VEGF-A secretion.
Interleukin-6 is a cytokine demonstrated to increase the permeability of endothelial
monolayers (Maruo et al. 1992), and DEP were found to upregulate IL-6 and TNF-α in the
plasma of volunteers 24 hr after controlled exposure inhalations (Tornqvist et al. 2007).
Thus, pro-inflammatory cytokines may also contribute to permeability.
These several correlations prompted the work reported here, where the endothelial
tube model system, a system free of the confounding effects of inflammatory cells, was
used to examine how DEP might modulate endothelial permeability. Mechanisms
examined were induction of endothelial proinflammatory cytokines, reactive oxygen
species, such as H2O2, and HO-1-dependent VEGF-A secretion. The results obtained
indicate that, in capillary-like endothelial tubes, DEP do, in fact, induce antioxidative and
pro-inflammatory responses that are linked to VEGF-A levels. These data suggest a
possible set of pathways initiated by DEP exposure that result in vascular permeability.
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MATERIALS AND METHODS

Cell culture
Human umbilical vein endothelial cells (HUVECs) were cultured in endothelial
cell growth medium EBM-2 Bulletkit (Lonza) as previously described (Chao et al.,
submitted). Medium was supplemented with phosphate buffered saline and Tween-80 to
make a final concentration of 1X PBS, 0.05% Tween-80 (1X PBS is 137 mM NaCl, 2.7
mM KCl, 10 mM Sodium Phosphate dibasic, 2 mM Potassium Phosphate monobasic, pH
7.4). This was done to minimize differences between non-DEP-exposed controls and
DEP-treated samples, since DEP are suspended in 1X PBS, 0.05% Tween-80. Thus,
medium always means that containing PBS-Tween-80. HUVECs at passage 5 to 15 were
used to assemble tubes on 10 mg/ml Matrigel, LDEV-free (BD Biosciences), solidified
onto 2-well chamber slides (120 µl Matrigel/well) or 6-well (150 µl Matrigel/well) plastic
plates. The Matrigel was solidified for at least 30 min before adding cells. HUVECs were
plated at 156 cells/mm2 on both 2-well chamber slides (6 X 104 cells/well), and on 6-well
plastic dishes (1.5 X 105 cells/well). Endothelial tubes were allowed to form for 12 hr prior
to adding DEP. Medium was changed daily. Well characterized DEP (Bai et al. 2001;
Singh et al. 2004) were a gift from Dr. Masaru Sagai, Aomori Univeristy of Health and
Welfare, Japan. Particles were prepared as previously described to create a suspension
resulting in sizes of PM2.5, of which a portion is PM01. (Chao et al., submitted). Since the
density of the cells is the same on both types of wells used, 1 ml of either medium alone
(i.e., 0 µg DEP/ml), or 1, 10, or 100 µg DEP/ml was applied to each well, and unless
otherwise indicated, analysis was performed after a 24 incubation at 37oC.
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Reagents
N-Acetyl Cysteine was obtained from Sigma-Aldrich (St. Louis, MO). Cytokines
TNF-α and IL-6 were purchased from R&D Systems, Inc (Mineapolis, MN). Tin
protoporphyrin IX (SnPP) was bought from Frontier Scientific, Inc. (Logan, UT). Other
reagents employed are incorporated into the appropriate method sections below.

Lactate dehydrogenase cytotoxicity assay
The CytoTox-Homogeneous membrane integrity assay kit (Promega) was used to
assess the number of cells surviving DEP exposure by assessing the amount of cytosolic
lactate dehydrogenase (LDH) released from any cells not killed by the exposure. HUVEC
tubes (6 X 104 cells/well) were treated with DEP (0, 1, 10, 100 μg/ml) in the presence or
absence of 10 mM NAC for 24 hr. After exposure to DEP, cells were rinsed with cold PBS
to remove any LDH released from dead cells. The remaining live cells were lysed by a 1 hr
incubation in 200 μl of the lysis buffer provided in the kit. The relative fluorescence
(described in relative fluorescence units) of LDH at 490 nm was then measured.
Endothelial tubes not exposed to DEP were used as the positive control, defining the
maximum amount of LDH released as 100%. The absorbance of test samples was
expressed as a percentage of this maximum, representing the percentage of cells surviving
DEP exposure relative to the number of surviving unexposed cells.

Analysis of intracellular ROS accumulation
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The ROS detection studies were performed using an Image-iTTM Live Green
Reactive Oxygen Species Detection Kit (Molecular Probes/Invitrogen). The method
involved analyzing the intracellular accumulation of ROS due to H2O2 generation, based on
the

conversion

of

the

non-fluorescent

probe

carboxy-H2DCFDA

(2’,

7’-dichlorohihydrofluorescein diacetate) to green-fluorescent carboxy-DCF. Endothelial
tubes were treated with 0, 1, 10 and 100 μg DEP/ml for 24 hr. DEP were then washed away
with 37oC 1X PBS, and the samples were incubated for 25 min at 37oC with fresh medium
containing 25 μM carboxy-H2DCFDA, which penetrates cells. After washing again with
37oC 1 X PBS, ROS detection was visualized with epifluorescence microscopy at 200X
magnification (emission at 495-529 nm, Olympus IX71 Inverted Microscope), examining
the carboxy-DCF which could not be transported out of the cells.

Measurement of H2O2 production
H2O2 production was assessed with (10-acetyl-3,7-dihydroxyphenoxazine) using a
commercially available Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Molecular
Probes/ Invitrogen), with some protocol modifications. First a standard curve was prepared
using serial dilutions of H2O2. Endothelial tubes were treated with various concentrations
of DEP (0, 1, 10, and 100 μg/ml) for 24 hr, then were scraped from wells and collected in
pH adjusted SDS-PAGE buffer (25 mM Tris, 192 mM glycine, pH 7.4, 0.1% SDS) to
which 1/100 volume of Sigma’s protease inhibitor cocktail (cat. # P2714, containing
AEBSF, Aprotinin, bestatin hydrochloride, E-64, EDTA and Leupeptin) was added. (The
buffer contained no azide, so as not to interfere with the Amplex Red.) The protein in the
lysate was quantitated, and made 4000 μg/ml. A 2.5 μl aliquot of lysate was added to 47.5
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μl 1X PBS, then 50 μl of Amplex Red reagent/0.2 U/ml horse radish peroxidase, 0.5 mM
NADPH solution was added, and the mixture was incubated at room temperature for 30
min. The absorbance of samples was read on an HTS 7000 Plus Bio Assay Reader (540 nm
excitation, 590 nm emission-- Perkin Elmer Life Sciences). The amount of H2O2 was
determined by comparison to the standard curve.

Assessment of oxidative modifications of proteins
ROS-induced oxidative modification of proteins (i.e., amino acid side chains
modified with carbonyl groups by ROS) was detected using an OxyBlot Protein Oxidation
Detection kit (Chemicon). Briefly, the HUVEC tubes were scraped from wells, sonicated
for 1 min with pH adjusted SDS-PAGE buffer (as above) containing a final concentration
of 1% Sigma’s P2714 protease inhibitor cocktail, then cell debris was removed by
centrifugation at 10,000 x g for 10 min. Protein concentrations were determined using the
bicinchoninic acid method (BCA Protein Assay, Pierce) at absorbance 540 nm. Lysate
proteins (5 μg/sample) were derivatized with 1,3-dinitro-phenyl-hydrazine (DNP)
following the manufacturer’s protocol, and subjected to SDS-PAGE on 12% gels. Proteins
were then electrotransferred to 0.22 μm nitrocellulose membranes (Bio-Rad). Blots were
incubated for 1 hr at room temperature in blocking buffer (3% BSA with 0.02% NaN3 in
TBST [25 mM Trizma base, pH 7.3, 3.0 mM KCl, 140 mM NaCl and 0.05% Tween-20,]),
then incubated with the kit’s polyclonal DNP antibody (diluted 1:150) for 1 hr at room
temperature, followed by incubation with goat anti-rabbit HRP-conjugated IgG secondary
antibody (Bio-Rad cat. #170-6515), diluted 1-5000, for 1 hr at room temperature. The
nitrocellulose membrane was treated with Super Signal West Pico chemiluminescence
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reagent (Pierce) for visualizing immunoreactive proteins on X-ray film. The band
intensities of the many carbonyl-modified proteins in DEP-exposed sample lanes was
visually compared with that of the negative control (i.e., endothelial tubes not exposed to
DEP) to make a qualitative evaluation, but differences were not quantitated.

Protein preparation and Western Blot analysis
For Western blots of cell lysates, HUVEC tubes were collected and lysed by
sonication for 1 min in pH adjusted SDS-PAGE buffer supplemented with 1% Sigma’s
protease inhibitor cocktail, then cell debris was separated out by centrifugation at 10,000 x
g for 10 min. The concentration of protein in each sample was measured using the
bicinchoninic acid method (BCA Protein Assay, Pierce). Cell lysate proteins were loaded
(30 μg per well) onto SDS polyacrylamide gels for electrophoresis.
Nuclear protein extracts were prepared from the endothelial tube cells by adapting
a one hour minipreparation technique (Deryckere and Gannon 1994). Briefly, cells were
collected and sonicated 1 min in a relatively low salt lysis buffer (0.6 % Nonidet P-40
[NP-40], 150 mM NaCl, 10 mM HEPES pH 7.9, 1 mM EDTA, 0.5 mM
phenylmethylsulfonyl fluoride [PMSF]), then centrifuged for 30 sec at 2500 rpm. The
supernatant, which contained the nuclei, was next incubated for 5 min on ice, then
centrifuged for 5 min at 5000 rpm. The pelleted nuclei were resuspended in a higher salt
lysis solution (25% glycerol, 20 mM HEPES pH 7.9, 420 mM NaCl, 1.2 mM MgCl2, 0.2
mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, 2 mM benzamidine, and 5 µg/ml of aprotinin),
and incubated on ice for 20 min. Insoluble nuclear debris was pelleted by a 30 sec
centrifugation. The protein concentration of the supernatant containing the nuclear extract
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was determined using a BCA Assay (Pierce), and the samples were frozen in liquid
nitrogen and stored at -80°C until used for SDS-PAGE, when 20 µg protein per lane was
applied to the gels.
Because endothelial tubes are always plated at the same density and incubated in
the same relative volume of medium, for secreted products, 40 μl of medium was used
directly for SDS-PAGE. For all of the three protein preparations mentioned (whole cell,
nuclear, and medium), after electrophoresis the proteins were electrophoretically
transferred to 0.22 μm nitrocellulose membrane. A 1 hr incubation at room temperature
was performed in blocking buffer (3% BSA with 0.02% NaN3 in TBST) to reduce
non-specific reactivity of antibodies. All primary antibodies were diluted 1 to 1000 for use.
These were: rabbit anti-rat HO-1 antibody (SPA-895, Stressgen); rabbit anti-human
anti-Nrf2 peptide antibody (ab31163, Abcam); rabbit anti-human VEGF-A polyclonal
antibody (ab46154, Abcam); rabbit anti-mouse GAPDH antibody (G9547, Sigma). The
respective companies all indicated that the non-human antibodies used cross react with the
corresponding human proteins, and this was, indeed, the case. Incubations were at 4oC,
overnight. The secondary antibody for each was goat anti-rabbit IgG (H+L) conjugated to
horseradish peroxidase (HRP) (Bio-Rad cat # 170-6515), diluted 1 to 5000, and blots were
incubated 1 hr at room temperature. Blots were enhanced with Super Signal West Pico
chemiluminescence reagent (Pierce), and exposed to X-ray film.

Immunofluorescence
HUVECs were seeded onto Matrigel-coated 2-well chamber slides for tube
formation prior to DEP exposure. After DEP treatment for 24 hr, the HUVEC tubes were
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fixed with 4% paraformaldehyde for 10 min, and then permeabilized with 0.05% Triton
X-100 for 10 min at room temperature. Nonspecific reactivity was blocked by incubation
with 2% normal goat serum plus 0.02% NaN3 in PBS for 1 hr at room temperature.
Endothelial tubes were incubated with primary polyclonal antibody against Nrf2 (Abcam
ab31163) at a 1:100 dilution for 1 hr at room temperature, followed by a 1 hr room
temperature incubation with goat anti-rabbit secondary antibody labeled with Alexa 488
(Molecular Probes/ Invitrogen cat # A11008), diluted 1 to 200. To the sections, Prolong
Gold anti-fade mounting media including DAPI (Invitrogen) was added, and slides were
covered for an overnight incubation at 4oC. All images were observed at 630X
magnification on a Leica TCS SP5 Spectral Confocal Microscope.

Measurement of Cytokines IL-6 and TNF-α
Human TNF-α and IL-6 were evaluated using the Human TNF-α Ready-SET-Go!
ELISA Kit with Pre-Coated Plates, and the Human IL-6 Ready-SET-Go! ELISA Kit with
Pre-Coated Plate (eBioscience), following the manufacturer’s instructions. Briefly,
triplicate six well plates were seeded with 1.5 X 105 HUVEC cells/well, and, after tubes
were formed, various concentrations of DEP (0, 1, 10, 100 μg/ml) with or without NAC
(10 mM) were added for a 24 hr exposure. After this, 200 μl medium was collected and
added to the kit’s plate wells, purchased pre-coated with cytokine “capture” antibody. The
plate was incubated overnight at 4oC, and the next day, medium was aspirated, and wells
were washed with 2% normal goat serum with 0.02% NaN3 in PBS for 1 hr at room
temperature. After aspirating off the wash, a biotin-conjugated “detecting” primary
antibody against either IL-6 or TNF-α was added for a room temperature incubation of 1 hr
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duration. Once this was done, the supernantant solution was aspirated off, and the wells
were washed several times. Avidin conjugated-horse radish peroxidase (HRP) was added
for a 1 hr room temperature incubation. Finally, substrate solution (tetramethylbenzidine)
was added for a 15 min room temperature incubation, then plates were read at 450 nm. The
levels of IL-6 and TNF-α were determined by comparison to a standard curve that was
graphed from analyzing the 450 nm readings of 2 fold serial dilutions of each cytokine. For
this, plates whose wells were pre-coated with capture antibody were used, and the
procedure outlined above was used with the serial dilutions rather than sample medium.

Statistics
For statistical analysis, each experiment was performed at least 2 times, and in each
case, samples were always run in triplicate. The results were expressed as means ± SD and
were analyzed using Student t-tests. p < 0.05 and p < 0.01 indicated by * and **,
respectively, were considered statistically significant.

RESULTS

DEP are cytotoxic and induce generation of ROS in endothelial tubes
Our previous work used LDH assays to demonstrate that a 24 hr DEP exposure is
cytotoxic to HUVEC tubes. To evaluate whether cytotoxicity was a consequence of
oxidative stress, as is true with monolayer cultures (Bai et al. 2001; Furuyama et al. 2006),
assays were repeated with the addition to medium of 10 mM N-acetyl cysteine (NAC)
along with the 0, 1, 10, or 100 µg DEP/ml employed. NAC has been shown to increase
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endogenous glutathione levels and reduce the effects of oxidative stress and cytotoxicity
(Furuyama et al. 2006; Olivieri et al. 2001; Pocernich et al. 2000). As seen in Fig 3-1
(black bars), cell death was detectible in particle-exposed cells at all DEP concentrations.
However, in the presence of NAC (white bars), endothelial tube cells were unaffected by
DEP at 1 and 10 µg/ml concentrations. Without NAC, at 100 μg DEP/ml, only 40% of the
cells survived the 24 hr treatment, but when NAC was added, 80% of the cells survived.
These findings support the idea that DEP induce oxidative stress.
Generation of ROS by the HUVEC tubes in response to DEP was evaluated using
an ROS detection kit for live cells (Image-iT Live Green ROS Detection kit, Molecular
Probes/ Invitrogen) coupled with visualization by microscopy (Fig. 3-2A). This method
also allowed evaluation of changes in structural integrity of the capillary-like tubes. As
seen in the left panels, HUVEC tube integrity is unaffected by DEP at 1 μg/ml, and only
slightly affected by 10 μg/ml. At 100 μg/ml the tube cells remain in the same position on
the plate, but round up and lose cell-cell contacts. The right panels of Fig 3-2A shows ROS
generated in response to DEP. The ROS were detected by adding to HUVEC tube cells
non-fluorescent carboxy-DCFH after DEP exposure, and visualizing the amount of
compound converted to fluorescent carboxy-DCF. When 1 μg DEP/ml was used, ROS
production was minimal, with only 5-10 small green punctate areas indicating ROS
generation. Samples treated with 10 μg/ml DEP showed slightly more fluorescence. In the
wells treated with 100 μg DEP/ml for 24 hr, ROS generation was very abundant, with
nearly all the cells fluorescing.
To identify if H2O2 is among the ROS generated in response to particles,
endothelial tube cells were exposed to 0, 1, 10 or 100 μg DEP/ml for 24 hr, then incubated
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with Amplex Red and spectrophotometrically assayed at 540 nm. Comparison to a
standard curve determined the amount of H2O2 generated per well (each containing 1.5 x
105 cells). As shown in Fig 3-2B, cells exposed to 1 μg DEP/ml generated only 1.1 times
more H2O2 (0.18 nmol) than untreated cells (0.16 nmol). At the 10 μg/ml and 100 μg/ml
concentrations of DEP, production of H2O2 in the tube cells was 2.8 times higher (0.51
nmol, p < 0.05) and 12.8 times higher (2.05 nmol), respectively, than controls.
Oxidative modifications to proteins were detected by an OxyBlot assay. HUVEC
tube extracts were made after DEP exposure, and protein carbonyl groups were derivatized
to 2,4-dinitrophenylhydrazone (DNP) moieties using dinitro-phenyl-hydrazine. Proteins
were separated on SDS-polyacrylamide gels, and blotted onto nitrocellulose membrane.
An antibody against DNP was used to detect the level of derivatized carbonyls (Fig. 3-2C).
Compared to cells not exposed to particles, DEP caused increased protein oxidation as
assessed by the intensity of the immunoreactivity against the equal amounts of protein
loaded in each well. The two lower DEP exposures (1 and 10 μg/ml) were not significantly
different from each other, however, the 100 μg DEP/ml exposure greatly increased the
immunoreactivity, indicating increased levels of carbonyl groups in endothelial tube cell
proteins.

Effect of DEP on Nrf2 expression and activation
Detection of H2O2 and oxidative modifications of proteins suggested that cells
would likely mount a detoxification response to enhance their chance of survival. Nuclear
factor erythroid 2-related factor 2 (Nrf2) is a transcription factor known to regulate
detoxification enzymes. This factor responds to oxidative stress by translocating from the
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cytoplasm to the nucleus, where it binds to gene promoter regions, enhancing transcription.
HO-1 gene expression is one that is enhanced by Nrf2 (Buckley et al. 2003; Hsieh et al.
2009). To evaluate whether this occurs in the 3D HUVEC model, endothelial tubes were
assessed for their expression of Nrf2 in response to DEP. Immunoblots of Nrf2 from two
kinds of protein extracts were performed. One was a whole cell extract of DEP-treated
tubes: this blot demonstrated that the overall level of Nrf2 does not change in response to
DEP exposure (Fig 3-3A, lower blot). A separate set of DEP-treated tubes was used to
isolate and prepare a nuclear protein extract. The levels of Nrf2 in the nuclear extract
increased with increasing DEP concentration (Fig 3-3A, upper blot). At 1 and 10 μg
DEP/ml, the amount of nuclear Nrf2 is 3.0 and 5.2 times higher than that of the control,
respectively. At the highest concentration of DEP, it was 9.0 times greater. The shuttling of
the transcription factor from the cytoplasm to the nucleus is shown in situ in Fig. 3-3B,
where the Nrf2 immunofluorescence pattern of untreated endothelial tubes is compared to
those treated with 100 µg DEP/ml. In unexposed capillary-like tubes, Nrf2 (green) was
present predominantly in the cytoplasm after 24 hr in culture. Following a 24 hr exposure
to 100 µg DEP/ml, the transport of Nrf2 to the nucleus was dramatic. Merging the Nrf2 and
DAPI nuclear images clearly shows much of the green Nrf2 colocalizing with the blue
nuclei. These data place Nrf2 in the correct location after DEP exposure for enhancing the
expression of detoxification enzymes.

Expression of antioxidant protein HO-1
The production of ROS and nuclear localization of Nrf2 suggested that endothelial
tubes employ detoxification enzymes, such as heme oxygenase-1 (HO-1), to mount a
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defense against DEP-induced toxicity. Therefore, levels of HO-1 were evaluated as a
representative of ROS-minimizing enzymes. After a 24 hr exposure to DEP, HUVEC tube
proteins were analyzed for HO-1 levels by Western analysis (Fig 3-4A). A strong increase
was observed at the 10 μg/ml exposure, and an extreme response was observed at 100
μg/ml. The presence of NAC in the cultures attenuated the induction of HO-1 expression,
and the more specific inhibitor of HO-1, tin protoporphyrin (SnPP), totally inhibited HO-1
expression. Fig 3-4B shows a quantification of the blots, and accentuates that HO-1 is
around 3.8 times higher after exposure to 10 μg DEP/ml, and 9 times higher after exposure
to 100 μg DEP/ml. NAC and SnPP significantly reduced the HO-1 response, with the
specific HO-1 inhibitor SnPP having more effect at the 100 μg DEP/ml concentration than
NAC did.
To examine the timing of HO-1 expression, HUVEC tubes were treated with 10 μg
DEP/ml for 6, 12 and 24 hr, and HO-1 was evaluated by Western analysis. To attenuate
ROS, 10 mM NAC was added to sister cultures at the same time the 10 μg DEP/ml
treatment was started. DEP caused an increase in HO-1 by 6 hr, which grew stronger at 12
and at 24 hr (Fig 3-4C). Again, NAC totally inhibited the induction of HO-1 in tubes
exposed to 10 μg DEP/ml. Quantification of the blots in histogram form (Fig 3-4D) shows
HO-1 was increased over controls by 1.2 fold at 6 hr, by 1.6 fold at 12 hr, and by ~3.5 fold
at 24 hr. This is in good agreement with the previous experiment, where the 24 hr response
value was 3.8 fold higher than controls. These results suggest that exposure to 10 μg
DEP/ml causes HO-1 induction to begin slowly, taking between 6 and 12 hr to get a 60%
increase over controls, but that the response intensifies by 24 hr, being 350% higher than
controls.
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Affect of DEP on cytokines TNF-α and IL-6
The respiratory system and capillaries have been shown to respond to DEP
exposure by secreting pro-inflammatory cytokines TNF-α and IL-6 (Alfaro-Moreno et al.
2002; Hartz et al. 2008; Inoue et al. 2006; Ulrich et al. 2002). To examine whether this was
true for endothelial tubes, cultures were treated for 24 hr with 1, 10, or 100 μg DEP/ml plus
or minus NAC (10 mM). As determined by comparison to an ELISA-generated standard
curve (not shown), unexposed control HUVEC tubes released 16.6 pg/ml of TNF-α and
11.8 pg/ml IL-6 into the medium (Fig 3-5A). No significant difference was observed in
cytokine levels when HUVEC tubes were exposed to 1 μg/ml DEP. However, at 10 μg/ml
DEP, 22.7 ± 0.6 pg/ml TNF-α and 21.8 ± 0.6 pg/ml IL-6 was found in medium, and with a
24 hr exposure to 100 μg DEP/ml, the HUVEC tube cells expressed 47.5 ± 2.3 pg/ml
TNF-α and 42.4 ± 3.6 pg/ml IL-6, about 3-4 times the control levels. The presence of NAC
significantly suppressed expression of both cytokines. With this ROS inhibitor, 100 μg
DEP/ml induced secretion of only 20.4 ± 5.2 pg/ml TNF-α and 20.2 ± 0.84 pg/ml IL-6.
These values are comparable to those of samples exposed to 10 μg DEP/ml without any
added NAC, and strongly indicate that ROS generated by particle exposure mediate the
secretion of the cytokines from endothelial cells.
TNF-α has been shown to induce expression of HO-1 in HUVEC monolayer
cultures, whereas IL-6 did not (Terry et al. 1998, 1999). Curious about whether this would
be true for cytokine expression in HUVEC tubes after a 24 hr exposure, each cytokines was
tested for how it modulated endothelial tube HO-1 expression. The amount of each
cytokine secreted after a 24 hr exposure to 100 µg/ml DEP (i.e., 47.5 pg/ml TNF-α and
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42.4 pg/ml IL-6) was added to endothelial tubes for a 24 hr incubation, and the level of
HO-1 was assessed. (In this experiment, no DEP was added, just the amount of cytokine
that 100 µg/ml DEP would have induced.) Neither cytokine changed the level of HO-1
expression after 24 hr (Fig. 3-5B). A quantification of the blot is shown in Fig. 3-5C. The
lack of HO-1induction by IL-6 was expected. The fact that TNF-α did not induce HO-1
may be because its effect does not persist for 24 hr in culture unless there is an agent
present, such as DEP, to continuously induce TNF-α expression.

DEP stimulate secretion of VEGF into the culture medium
HO-1 expression has been shown to induce secretion of vascular endothelial cell
growth factor (aka VEGF-A, referred to as VEGF throughout) (Bussolati et al. 2004;
Dulak et al. 2008; Lin et al. 2008). Therefore, to assess whether DEP-induced HO-1
increases secretion of endothelial VEGF, HUVEC tubes were treated for 24 hr with 0, 1, 10
or 100 μg/ml concentrations of DEP, with or without 10 mM NAC, or with and without
SnPP. VEGF-A levels were then assayed by western analysis. As shown in Fig 3-6A, the
level of VEGF-A was increased by DEP treatment, but addition of NAC totally diminished
the effect and SnPP mostly diminished it. This strongly suggests that the effect of DEP is
mediated by ROS, and that HO-1 expression is one of the major effectors of the VEGF-A
secretion. However, the fact that SnPP could not totally inhibit VEGF-A secretion
indicates that factors other than HO-1 must be involved in the elevated DEP-induced
secretion of VEGF-A. Quantification of the VEGF-A levels is shown graphically in Fig.
3-6B.
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Finally, assays were performed to test whether cytokines TNF-α and IL-6 were
factors influencing VEGF-A levels after 24 hr was tested. The amount of each cytokine
produced after tubes are exposed to 100 µg DEP/ml (47.5 pg/ml TNF-α and 42.4 pg/ml
IL-6) was applied to HUVEC tubes, and allowed to incubate for 24 hr (with no added DEP).
As seen in Fig. 3-7A, both cytokines independently upregulate VEGF-A, and together their
24 hr effect is slightly increased compared to each individually. The quantification of the
blot is shown in Fig. 3-7B. The results indicate that VEGF-A secretion is also regulated by
a DEP-induced proinflammatory mechanism.

DISCUSSION

The many similarities between in vitro endothelial capillary tubes and in vivo
capillary structures (Donovan et al. 2001; Grant et al. 1991; Zimrin et al. 1995) prompted
the use of HUVEC tube cultures as a simplified way to gain an understanding of the effects
DEP might have on lung capillaries. This model system cannot target any particular area of
the lung, and is lacking other cell types adversely influenced by DEP, which subsequently
release components injurious to the endothelium. The model system can only evaluate
what may occur if inhaled DEP are translocated to the endothelia. There is significant
evidence in the literature indicating that particles with similarities to DEP do, indeed, reach
the capillaries (Geiser et al. 2005; Kreyling et al. 2002; Kreyling et al. 2009; Nemmar et al.
2002; Nemmar et al. 2004b; Nemmar et al. 2001; Oberdorster 2002). Thus, it is likely that
HUVEC tubes can be effectively employed to model potential effects of DEP on the
vasculature.
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Previous work compared HUVEC monolayers and the HUVEC tube model, and
suggested that endothelial tubes are perhaps a more biologically relevant model system.
(The data on tubes and the discussion of both cultures is presented in Chao et al.,
submitted). The most notable behavioral property that endothelial tubes have in common
with in vivo capillaries is strict negative regulation on proliferation, even while large areas
of the culture dish are empty. Therefore, a three dimensional conformation appears to
confer a more biological context for study. When tubes were exposed to DEP, the
simulated vessels clearly became permeable, as demonstrated by redistribution of the
adherens junction component VE-cadherin to an intracellular location (Chao et al.,
submitted). The aim of the present study was to examine how DEP induce endothelial tube
permeability.
DEP have been shown to induce ROS in animal models, monolayer endothelial cell
cultures (Bai et al. 2001; Sagai et al. 1993), and now from this work, in capillary-like
endothelial tubes. This was determined by (i) demonstrating that N-acetyl cysteine
attenuated DEP cytotoxicity, (ii) observing an increase in protein oxidation, and (iii) by
measuring a DEP-induced generation of H2O2. The importance of H2O2 generation cannot
be underestimated because it has been shown to induce VE-cadherin internalization in
endothelial cell monolayer cultures, causing cell-cell gaps that make the monolayers
permeable (Kevil et al. 1998). Thus, the permeabilization of endothelial tubes via the
DEP-induced reorganization of VE-cadherin (Chao et al., submitted) is, in part, likely due
to the generation of H2O2.
VEGF-A is also known to affect permeability (Connolly et al. 1989; Ferrara and
Henzel 1989; Keck et al. 1989; Senger et al. 1983), and VEGF-A inhibitors are used to
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decrease edema in cancers (Gerstner et al. 2009; Strugar et al. 1994). Thus, another
mechanism warranting consideration was a possible DEP-induced influence on VEGF-A
levels. VEGF-A has been shown to be induced by HO-1 (Cisowski et al. 2005; Dulak et al.
2008; Jozkowicz et al. 2003). Therefore, whether DEP induced HO-1 was investigated.
Nrf2 is a factor controlling expression of HO-1 (Buckley et al. 2003; Hsieh et al. 2009),
and endothelial tubes exposed to DEP transported Nrf2 from the cytoplasm to the nucleus.
In addition, HO-1 expression was induced within 6-12 hr. The link between HO-1 and
VEGF-A secretion was investigated by exposing endothelial tubes to DEP in the presence
and absence of NAC and the HO-1 inhibitor SnPP, followed by measuring the amount of
VEGF-A in the culture medium after 24 hr. VEGF-A secretion was induced by DEP, and
the levels were attenuated by the addition of NAC and SnPP, indicating that DEP-induced
HO-1 is a factor contributing to endothelial VEGF-A secretion.
Several years ago it was demonstrated that IL-6 regulates permeability in
endothelial cells in monolayer culture (Maruo et al. 1992). Pro-inflammatory cytokines,
including IL-6 are stimulated by DEP exposure, whether by intratracheal installation of
DEP into mouse lungs (Inoue et al. 2006), by involuntary whole particle aspiration (Singh
et al. 2004), or by direct application of particles in medium of macrophages in vitro
(Bachoual et al. 2007). To further identify mechanisms for DEP-induced vascular
permeability, the effect of DEP on TNF-α and IL-6 secretion was tested, as was the effect
of these cytokines on VEGF-A secretion. TNF-α and IL-6 secretion by endothelial tubes
was up-regulated by DEP exposure, and this up-regulation was inhibited by NAC. In
addition, the amount of each cytokine induced by 100 µg/ml DEP was capable of
increasing secreted VEGF-A levels in the absence of DEP. However, while TNF-α and
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IL-6 elevated VEGF-A, they did not accomplish this by enhancing the expression of HO-1.
A 24 hr incubation of endothelial tubes with the cytokines had no effect on HO-1 levels.
Times shorter than 24 hr were not tested. Thus, after exposre to DEP for 24 hr, endothelial
permeability was facilitated by the ROS induction of TNF-α and IL-6 cytokines, and this
upregulation is possibly via a mechanism independent of HO-1.
The experiments performed indicated that VEGF-A produced by the endothelial
tubes in response to DEP does not induce angiogenesis, since there was no sprouting of
tubes after DEP addition. Nor did the VEGF-A induce endothelial cell proliferation when
assessed by MTS assays (data not shown). VEGF-A has splice variants, and the factor’s
effects can be mediated by several signaling pathways, one of which leads to chronic
permeability and vasodilation. In any particular instance, the pathway affected may be
modulated by the balance of VEGF-A splice variants present (Harper and Bates 2008),
although other evidence suggests the persistent expression of total VEGF-A is more
important than which variants are used (Esser et al., 1998).
In summary, the in vitro model system of capillary-like endothelial tubes was used
to illucidate how DEP increase the permeability of endothelia. The experiments revealed
that DEP are cytotoxic and cause oxidative stress, and in turn, the ROS that are generated
induce H2O2 production, HO-1 expression and pro-inflammatory cytokines. These are all
components known to contribute to endothelial permeability. HO-1 expression and
pro-inflammatory cytokines may accomplish this by induction of VEGF-A secretion,
which in many situations, particularly cancers, enhances endothelial permeability. A
schematic of how DEP affect permeability is provided in Fig 8. To the figure is added a
feed back loop, based on evidence that VEGF-A also induces HO-1 (Bussolati et al. 2004;
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Fernandez and Bonkovsky 2003; Siner et al. 2007). If VEGF-A were to increase the
amount of HO-1 in endothelia, this would ultimately serve to further induce additional
VEGF-A secretion, and potentially promote endothelial permeability to a greater extent.
Were these phenomena to occur to even a small degree in lung capillaries after exposure to
DEP, it becomes possible to understand how particles might gain access to the bloodstream
and contribute toward precipitation of adverse cardiovascular affects.
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FIGURES

Fig 3-1. Cell survival is decreased by increasing concentrations of DEP (black bars), as
assessed by LDH assays. The cytotoxicity of DEP is attenuated when 10 mM NAC is
added to the cultures with the DEP (white bars). The LDH absorbances are expressed as
relative percent of the untreated control tubes, defined as the 100% survival level. Values
represent means ± SD, n = 3. Statistical analysis was by Student t-tests.
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Fig 3-2. DEP cause generation of ROS in endothelial tubes. (A) HUVEC tubes were
treated with no DEP, or 1, 10, or 100 μg DEP/ml for 24 hr. ROS detection was
accomplished with the Image-iTTM Live Green Reactive Oxygen Species Detection Kit.
Tubes were visualized at 200X magnifications on an Olympus IX71 Inverted Microscope.
Phase contrast images are shown on the left, and the epifluorescence is shown on the right.
The green punctuate fluorescence represents conversion of non-fluorescent DCFH-DA (2’,
7’-dichlorohihydrofluorescein diacetate) to fluorescent DCF by ROS. (B) H2O2 production
generated in endothelial tube cells in response to 0, 1, 10 and 100 μg DEP/ml was assessed
by Amplex Red assays, graphed as relative light units (left Y-axis). The nmol amount of
H2O2 was experimentally determined by comparison to a standard curve (right Y-axis),
calculated from assays run with known nmol amounts of H2O2 from serial dilutions (not
shown). Values are means ± SD (n = 3). A Student t-tests statistical analysis was performed.
(C) Further evidence of ROS was found by detecting an increase in carbonyl groups,
indicating oxidization of proteins in endothelial tubes treated with increasing
concentrations of DEP. Protein lysates were made from HUVEC tubes after exposure to
DEP for 24 hr. Lysates were quantitated, and equal amounts of protein from each treatment
group were used to derivatize carbonyl groups with dinitro-phenyl hydrazine (DNP).
Samples were then electrophoresed and blotted for reaction with a DNP-specific antibody.
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Fig 3-3. DEP induce translocation of Nrf2 from the cytoplasm to the nucleus. (A)
Capillary-like endothelial tubes were incubated with no DEP, or 1, 10 or 100 μg DEP/ml
for 24 hr. Two western blots are shown, one of Nrf2 in extracts of isolated nuclei (top), and
the other of Nrf2 from whole cell protein isolates (bottom). The blots indicate that
increasing amounts of DEP increase the Nrf2 levels that are translocated to the nucleus. (B)
Confocal microscopy of Nrf2 plus or minus DEP: With no DEP, Nrf2 immunofluorescence
is seen mostly in the cytoplasm. With exposure to 100 μg DEP/ml for 24 h, Nrf2 is found to
be translocated to the nucleus. The magnification (630X) in all panels is same. Scale bar =
50 μm).
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Fig 3-4. DEP induce endothelial expression of HO-1. (A) After a 24 hr exposure to no DEP
or 1, 10 or 100 μg/ml, plus or minus 10 mM NAC or 25 µM SnPP, endothelial tubes were
lysed and proteins extracted for Western analysis. Immunoblotting shows HO-1 is induced
by DEP in a dose dependent manner, and that ROS is an intermediary for HO-1 induction,
since HO-1 levels are reduced when NAC is added. Furthermore, SnPP totally inhibits the
HO-1 expression induced by DEP. Equal protein loading was confirmed with GAPDH
Westerns. (B) Histograms show a quantification of HO-1 levels after 24 hr exposure to
DEP. Bars are the relative fold change compared to the control with no added DEP. (C)
Western blotting was performed to determine the timing of HO-1 expression after addition
of 10 μg DEP/ml to tubes, plus and minus NAC. Equal protein loading was confirmed by
GAPDH immunoreactivity. (D) Quantification of HO-1 expression at 0, 6, 12, and 24 hr,
derived from the Western blots. The HO-1 band intensity for the 0 time point was defined
as one, and all other time points are shown as the fold-change relative to this point. *p <
0.05 indicates significance. Values are means ± SD, n = 3. Statistical analysis was by
Student t-tests.
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Fig 3-5. ELISAs demonstrate that DEP increase secretion of pro-inflammatory cytokines
TNF-α and IL-6. (A) After exposing endothelial tubes to no DEP or 1, 10, or 100 μg
DEP/ml, plus and minus 10 mM NAC, medium was collected and was evaluated by ELISA.
Concentrations of TNF-α and IL-6 were found in the pg/ml range as determined by
comparison to a standard curve (not shown). Increasing DEP concentrations increased
cytokine secretion. NAC attenuated the increase of cytokine secretion. Significance was
reached at *p < 0.05 and **p < 0.01 in samples treated with 10 and 100 μg DEP/ml
compared to the same amount of DEP plus NAC. Values represent means ± SD (n = 6).
Statistical analysis was by student t-test. (B) TNF-α and IL-6 do not affect HO-1 levels.
The amount of cytokines secreted after a 24 hr exposure to 100 µg DEP/ml was previously
determined by ELISA. This amount of TNF-α (47.5 pg/ml) and IL-6 (42.4 pg/ml) was
added to endothelial tube cultures to evaluate whether the cytokines had a direct effect on
HO-1 levels. After treatment of endothelial tubes with exogenous cytokines for 24 hr,
Western analysis of HUVEC tube lysates was performed using HO-1 antibody. No
significant increase in HO-1 was observed. Equal protein loading was confirmed with
GAPDH immunoreactivity. (C) HO-1 response to TNF-α and IL-6 was quantificiated by
normalizing the Western band intensities to those of GAPDH. HO-1 expressed by the no
treatment control was defined as 1. Values are expressed as means ± SD (n = 3). Statistical
analysis was by Student t-tests.
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Fig 3-6. DEP induce VEGF-A secretion. (A) Secretion of VEGF from capillary endothelial
tubes is related to DEP-induced HO-1 expression. HUVEC tubes were exposed to no DEP
or 1, 10 or 100 μg DEP/ml plus or minus NAC (10 mM) or plus or minus SnPP for 24 hr.
Medium was collected and run on gels for immunoblotting. Without NAC and SnPP,
VEGF-A secretion increased in a dose dependent manner. NAC totally blocked VEGF-A
secretion, and SnPP partially blocked it, indicating that, while HO-1 is partially an effector
of VEGF-A secretion, factors other that HO-1 are also responsible. To assure that equal
amounts of protein were loaded in each lane, half of each gels was used for the blot and the
other half, loaded in the same order with the same amount of protein, was stained with
Coomassie blue, and is indicated as “loading control”.

(B) Semi-quantification of

VEGF-A secretion from the blots: The relative intensity of VEGF-A bands from the
Western was graphed, with the value of the no DEP treatment sample set as 1. The data
show that inhibiting HO-1 with SnPP does not totally block VEGF-A secretion as NAC
does. Values of *p < 0.05 and **p < 0.01 compared with the control were considered
significant. Values are mean ± SD, n = 3. Statistical analysis was by Student t-tests.
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Fig 3-7. Exogenous cytokines TNF-α and IL-6 increase VEGF-A secretion by endothelial
tubes. (A) To medium of HUVEC tubes (not exposed to DEP) was added exogenous
TNF-α (47.5 pg/ml) and IL-6 (42.4 pg/ml) for a 24 hr incubation. After the treatment, the
medium was collected and subjected to SDS-PAGE. Half the gel was used for Western
analysis, probing with VEGF antibody, and the other identically loaded half served as a
loading control, stained with Coomassie blue. (B) Semi-quantification of the intensity of
VEGF-A bands from the blot indicates that both cytokines together have more effect on
VEGF-A secretion than each individually, although the response to both is not perfectly
addititive.
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Fig 3-8. Schematic diagram depicting mechanisms potentially inducing vascular
permeability. DEP cause capillary-like endothelial tubes to produce ROS. This increases
vascular permeability by upregulating H2O2, which internalizes the cell-cell junctional
VE-cadherin. Also, translocation of Nrf2 to the nucleus, upregulates HO-1 expression, and
DEP trigger the release of pro-inflammatory cytokines TNF-α and IL-6. Both the
antioxidant enzyme HO-1 and the proinflammatory cytokines increase secretion of
VEGF-A, a factor known to increase endothelial permeability. Other reports indicate that
VEGF-A induces the expression of HO-1 (Bussolati et al. 2004; Fernandez and Bonkovsky
2003; Siner et al. 2007), thus a feed back loop is included in the schematic.
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Chapter III

Diesel Exhaust Particles Induce HUVEC Tube Apoptosis by Inhibition of the Akt
Pathway and activation of p53
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ABSTRACT
A small percentage of inhaled diesel exhaust particles (DEP) reach the circulatory
system (Nemmar et al. 2002; Nemmar et al. 2004b). Because DEP are implicated in the
acute onset of cardiovascular events, such as myocardial infarction (Brook 2008), we have
been exploring how DEP gain access to the lumen of endothelia by using in vitro cultures
of pre-assembled endothelial tubes. In previous experiments, the factors involved in
DEP-induced permeability were found to be redistribution of VE-cadherin from
endothelial cell membranes to the cytoplasm, and pro-inflammator and pro-oxidative
induction of VEGF-A secretion. In addition to inducing permeability, VEGF-A is often
associated with cell survival. However, in DEP exposed samples, permeability has been
correlated with cell death as assessed by MTS and LDH assays. Here we show that, while
DEP cause VEGF-A levels to rise, they also induce the dissociation of VEGFR-2 from
VE-cadherin in endothelial adherens junctions, an event that disfavors cell survival. The
Akt-1 signaling pathway, often a player in permeability, was not activated by DEP. Our
results indicate that DEP-induced cell death occurs by p53-mediated apoptosis. At low
DEP concentrations, Mdm2 is expressed and likely helps offset the pro-apoptotic effects of
p53, but at high concentrations, Mdm2 expression is absent and apoptosis is extensive.

Abbreviations: DEP, diesel exhaust particles; VEGFR-2, vascular endothelial growth
factor receptor 2
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INTRODUCTION

Epidemiological studies have demonstrated that vehicle emissions from diesel
engines are a major source of ambient air particulate matter (PM), which can cause acute
cardiovascular problems within 48 hr of exposure (Pope and Dockery 2006; Samet et al.
2000). PM is composed of solid and liquid particles which are predominantly produced
from vehicle exhaust (Nel 2005). These particles and have a large surface area and contain
a high content of potentially toxic components (Oberdorster and Utell 2002). Fine PM
diesel exhaust particles (DEP, diameter ≤ 2.5 µm, PM2.5) have been observed to reach the
alveoli, and a small percentage of the particles are translocated to the systemic circulation
(Mills et al. 2006). Our previous work using in vitro endothelial tubes has shown that DEP
induce endothelial permeabilty. Permeability occurs by disruption of adherens junctions,
and by pro-inflammatory and pro-oxidative induction of VEGF-A. Usually VEGF-A is
also associated with cell survival, but in our system, MTS and LDH assays have shown that
DEP are cytotoxic to HUVEC tubes. Since Akt-1 activation is involved in both cell
survival and endothelial permeability, whether this was true at least for DEP-induced
permeability was tested. In this report we show that it is not. In addition, we have identified
the DEP-induced mechanism responsible for apoptosis: disruption of the association of
VEGF receptor-2 from VE-cadherin and activation of the p53 pro-apoptotic pathway.
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MATERIALS AND METHODS

Cell culture
Human umbilical vein endothelial cells (HUVECs) were cultured in endothelial
cell growth medium EBM-2 Bulletkit (Lonza) with 2% FBS. Subculturing was performed
when cell confluence has reached approximately 85%. Cell at passages 5 to 15 were used
for assays. Medium was changed everyday. For endothelial capillary tube cell cultures, 10
mg/ml Matrigel (LDEV-free, BD Biosciences), a basement membrane extracellular matrix,
was coated onto each well of 2-well chamber slides (120 µl/well) and 6-well (150 µl/well)
plastic plates on ice, respectively. The Matrigel was allowed to solidify at 37°C for 30 min
before adding cells. HUVECs were plated at 156 cells/mm2 onto 2-well chamber slides (6
X 104 cells/well) and 6-well (1.5 X 105 cells/well) plastic plates for 12 hr before DEP
exposure. Cells were grown in a 5% CO2 atmosphere at 37oC.

Reagents
DEP were collected from a Japanese automobile diesel engine by Dr. Masaru Sagai
(Aomori University of Health and Welfare, Aomori, Japan). DEP were dispersed by
vortexing for 3 min then sonicating at 60 Hz for 5 min in Tween 80/PBS solution. Various
concentrations of DEP dispersed in medium were applied to the tube cells for the assays.
To verify inactivation of PI3-kinase and Akt, the pathway inhibitors Wortmannin (1 µM
final concentration, Alexis) and LY294002 (20 µM final concentration, Alexis) were
added to the medium of HUVEC tubes, and the resulting phenotypes were compared with
the phenotype induced by DEP exposure.
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Western analysis
For total protein extraction, 24 hours after DEP treatment HUVEC tubes were
collected and sonicated for 1 min in 1 ml lysis buffer [25 mM Tris, pH 7.4, 0.1% SDS, 192
mM glycine, 1% protease inhibitor (Sigma)]. Debris was pellet by centrifuging at 10,000 x
g for 10 min and the supernatant collected. Protein concentrations were measured using the
bicinchoninic acid method (BCA protein assay, Pierce) and read at 540 nm. After
denaturation for 5 min at 95oC, 40 μg protein was loaded in the wells of SDS
polyacrylamide gels for electrophoresis.
For secreted proteins, medium from HUVEC capillary tubes was collected after
DEP treatment. Because cell density and medium volume were constant across all samples,
40 μl of medium from each treatment condition was incubated at 95oC for 5 min before
being loaded onto SDS polyacrylamide gels for electrophoresis. Coomassie blue was used
to stain gels to verify equal loading of wells.
For immunoprecipitation, 1.5 mg/50 μl Dynabeads (Immunoprecipitation
kit-Dynabeads Protein A, Invitrogen) were incubated with primary rabbit monoclonal
anit-human VE-Cadherin antibody (1:80 dilution, Abcam) at 4oC, overnight. The
conjugated Dynabeads-antibody were placed on a magnet, the supernatant was removed,
then cell extracts were added. The protein in the extract was quantitated, and made 4 mg/ml,
and a 250 μl aliquot was added to the beads (= 1 mg) for a 10 min incubation with rotation
at room temperature. The Dynabeads-antibody-extracts were then washed and the
immunotargeted protein was eluted from the Dynabead sample following the
manufacturer’s instructions. The eluates were denatured by heating at 95oC for 5 min and

110

loaded onto 7.5% SDS polyacryamide gels for electrophoresis. Dynabeads conjugated with
rabbit IgG (cat # 011-000-003, Jackson ImmunoResearch) were incubated with cell lysates
as negative controls.
Proteins separated electrophorectically on acrylamide gels were transferred to
nitrocellulose membranes. Nonspecific reactivity of the membranes was reduced by
incubation of the blot in blocking buffer (3% BSA with 0.02% NaN3 in TBST) for 1 hr at
room temperature. (TBST = 25 mM Tris, pH 7.4, 3.0 mM KCl, 140 mM NaCl and 0.05%
Tween 20). Primary antibodies were: mouse monoclonal anti-human VE-cadherin (1:250,
BD Biosciences), rabbit polyclonal anti-human VEGF-A (1:500, Abcam), rbbit polyclonal
anti-human VEGF-B (1:1000, Abcam), rabbit polyclonal anti-rat VEGF-C (1:1000,
Abcam), rabbit polyclonal anti-human VEGF-D (1:250, Abcam), rabbit monoclonal
anti-human VEGFR-1 (1:10000, Abcam), rabbit polyclonal anti-human-VEGFR-2 (1:200,
Abcam), mouse monoclonal anti-murine p53 (1:1000, Abcam), rabbit monospecific
anti-human p21 (1:1000, Cell signaling Technology), rabbit monospecific anti-human
PI3-kinase p110 (1:500, Abcam), mouse polyclonal anti-mouse Mdm2 (1:500, Abnova),
rabbit polyclonal anti-mouse Akt (1:1000, Cell signaling Technology), rabbit polyclonal
anti-mouse phospho-Akt (1:1000, Cell signaling Technology), and rabbit polyclonal
anti-mouse GAPDH (1:5000, Sigma). All were verified as reacting with human proteins.
Primary antibodies were added to blots at the appropriate dilutions for a 4oC incubation
overnight. The appropriate secondary antibody conjugated to horseradish peroxidase (HRP)
(i.e., either goat anti-mouse IgG or goat anti-rabbit IgG, Bio-Rad) was diluted 1:5000 in
5% non-fat dry milk, 1X TBST and incubated with blots for 1 hr at room temperature. The
protein products on the blots were visualized after chemilluminescent treatment
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(containing the HRP substrate luminol, fromPierce) by exposure to X-ray film. Protein
preparations made from unexposed cells were use as controls.
The films of Westerns were subjected to identical exposure conditions for
normalization purposes. For cell lysate analyses, the band density of immunodetected
proteins were measured. These were normalized to density to the band from GAPDH
immunoreactivity. The band intensity of secreted proteins were normalized to the density
of the Coomassie blue-stained ~150 kD band in the loading control.

Immunofluorescence
After DEP treatment (0, 1, 10, and 100 µg/ml) for 24 hr, the tube cells were fixed
with 4% paraformaldehyde for 10 min at room temperature. Nonspecific reactivity was
blocked by addition of 2% normal goat serum with 0.02% sodium azide (NaN3) in PBS for
1 hr at room temperature. The capillary tube cells were incubated with primary mouse
monoclonal anti-human VE-cadherin (BD Biosciences), rabbit polyclonal anti-human
VEGFR-2, rabbit polyclonal anti-human p53 (Abcam), and mouse monoclonal anti-mouse
Mdm2 (Abnova) antibodies at a 1:100 dilution (10 μl in 1 ml blocking buffer, i.e., 2%
normal goat serum) for 1 hr at room temperature. This was followed by incubation with
goat anti-mouse secondary antibody labeled with Alexa 488 (green, cat # A21121,
Invitrogen) or TRITC (red, cat # 115-025-146, Jackson ImmunoResearch) of goat
anti-rabbit secondary antibody labeled with Alexa 488 (green, cat # A11008, Invitrogen) or
Alexa 594 (red, cat # A11012, Invitrogen), used at a 1:200 dilution, incubating at room
temperature for 1 hr. Slides were covered with Prolong Gold (Invitrogen) anti-fade
mounting media with DAPI and stored at 4oC overnight. Images were observed at 400X
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magnifications on an epifluorescent microscope (Olympus IX71 Inverted Microscope) or
at 630X magnification on a Leica TCS SP5 Spectral Confocal Microscope.

Quantitation of apoptosis
HUVECs were cultured on 2-well chamber slides precoated with 120 µl Matrigel
per well, incubated 12 hours to allow for tube formation, then tubes were exposed to
various concentrations of DEP (0, 1, 10, 100 µg/ml) for 24 hours. As a positive control for
apoptosis, cells were exposed to UV lights (5 mJ/min) for 10 minutes. Samples were fixed
in 4% paraformaldehyde, 1X PBS for 10 minutes, and apoptosis was detected using a
fluorometric TdT-mediated dUTP Nick End labeling assay kit (TUNEL, Promega). The
samples were incubated in 100 µl Equilibration buffer for 10 min at room temperature,
then 100 µl of TdT (Terminal Deoxynucleotidyl Transferase) buffer was added (98 µl
Equilibration buffer, 1 µl Biotinylated Nucleotide Mix, and 1 µl TdT Enzyme) for a 60 min
incubation at 37oC. Nuclei were stained with DAPI. The incorporation of
fluorescein-12-dUTP at the 3´-OH ends of the HUVEC tube DNA was visualized by
immunofluorescence microscopy (Olympus IX71 Inverted Microscope). Magnification
was at 100X. The percentage of apoptotic cells was calculated by dividing the number of
cells stained with dUTP fluorescein by the total number of DAPI stained nuclei (i.e., the
total number of cells) in the field.

Measurement of Caspase 3 activity
Caspase 3 activity was assessed using the Caspase-Glo 3/7 assay kit (Promega).
HUVEC tube cells were plated onto Matrigel precoated 12-well plates at a density of 156
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cells/mm2 (6 x 104 cells/well). After treatment with 100 µg/ml DEP for 1, 3, 6, 12 and 24 hr,
the plates were removed from the incubator and allowed to equilibrate to room temperature
for approximately 30 min, then the Caspase-Glo 3/7 assay reagent (200 μl/well) was
applied according to the manufacturer’s instructions. Relative light units (RLU) emited by
the product were measured using a luminometer (HTS 7000 Plus Bio Assay Reader Perkin
Elmer Life Sciences, Shelton, CT). The absorbance values were compared with that of
non-treated controls and are expressed as the average fold difference from these controls.

Statistics
For statistical analysis, each experiment was performed in triplicate and repeated 2
or 3 times. The results were expressed as means ± SD for three independent experiments.
Differences between groups were analyzed by using Student t-tests and One-Way ANOVA
with GraphPad statistics software. * and ** are representative of p < 0.05 and p < 0.01,
respectively, and indicated a statistically significant difference.

RESULTS

Increasing concentrations of DEP increase VEGF-A secretions, while VEGFR-2
expression is unchanged
Our previous results have shown that increasing DEP levels induce secretion of
VEGF-A, making endothelial tubes more permeable. To identify which VEGF-A receptor
is involved in mediating the VEGF-A response, and to examine whether other VEGFs are
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involved in a DEP-induced response, these proteins were analyzed by Western blots.
Endothelial tubes were exposed for 24 hr to either no DEP, or to 1, 10 or 100 µg/ml DEP.
After exposure medium was collected for VEGF isoform analysis and protein extracts
were prepared from the HUVEC tubes for receptor analysis. As seen in Fig 4-1, endothelial
tubes do not express VEGF-B or VEGF-C. VEGF-D is expressed, but is unchanged by
DEP exposure. Only VEGF-A responds to DEP. As the DEP exposure concentrations rise,
VEGF-A secretion is increased as well. Of VEGFR-1 and VEGFR-2, only VEGFR-2 is
present, and it does not significantly change in amount after DEP exposure.

DEP disrupt the association of VEGR-2 and VE-cadherin
VEGFR-2 is associated with VE-Cad in the plasma membrane of healthy,
functional endothelial cells. Because we previously demonstrated that VE-Cad is
redistributed in response to DEP, we examined by pull down assays whether the
association of these two molecules was disrupted by exposure to low concentrations of
DEP (1 and 10 µg/ml). By first immunoprecipitating VE-Cad from HUVEC tube lysates,
running the immunoprecipitated product on a gel, then using Western analysis to determine
how muchVEGFR-2 was associated with the VE-Cad, it was observed that the amount of
detectible VEGFR-2 decreased with increasing DEP concentration (Fig 4-2A). This would
be expected if the VE-Cad-VEGFR-2 interaction is broken when VE-Cad is internalized or
if the levels of VE-Cad decreased. As shown previously (Chao et al, submitted), VE-Cad
levels were not significantly altered by DEP exposures, although the molecule was
redistributed in cells. Fig 4-2B quantitates the blot, normalizing the VEGFR-2 levels to
those of VE-Cad, and shows that 10 µg/ml DEP significantly reduced the association of the
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2 molecules. In Fig 2C this is clearly visible by confocal microscopy. Without DEP
exposure, The VEGFR-2 signal (green) overlaps with the VE-Cad signal (red), as shown in
the merged panel. HUVEC tubes exposed to 10 µg/ml, however, show areas in the merged
images where green does not overlap with red, indicating that the internalization of some
VE-Cad with VEGFR-2 remaining at the cell surface.

DEP induce endothelial tube cell apoptosis
The association of VEGFR-2 with VE-Cad has been shown to enhance cell survival.
The loss of association between the molecules should therefore result in cell death. To
examine this, HUVEC tubes exposed to various concentrations of DEP were examined by
fluorescent in situ end labeling (TUNEL) assay to evaluate apoptosis. As seen in Fig 4-3A,
apoptosis is detectible at 10 µg/ml DEP, but is very extensive at 100 µg/ml. Quantitation of
apoptosis is shown in Fig 4-3B. At 10 µg/ml DEP, about 18% of the cells have died, but at
100 µg/ml, 90% are dead. To examine apoptosis in another way, caspase 3 activity was
evaluated at 1, 3, 6, 12 and 24 hr by using a Caspase Glo-3/7 Assay. As shown in Fig 4-3C,
100 µg/ml DEP induced capase 3 activity, reaching a maximum of about 2.5 times the
control at 12 hr. However, the activation decreased between 12 and 24 hr after DEP
treatment.

DEP exposure diminishes Akt-1 activation
The PI3 kinase/Akt pathway is implicated in both cell survival and increased
endothelial permeability. DEP increase permeability, yet cause apoptosis. To examine how
the PI3 kinase/Akt pathway responds to DEP exposure, Western analyses were performed.
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PI3 kinase decreased with increasing DEP concentrations. Total Akt-1 levels remained
constant with increasing DEP levels, but phosphorylated Akt-1 was decreased (Fig 4-4A).
This data is shown as histograms in Fig 4-4B, and suggests that cells undergo apoptosis
probably because Akt-1 is not activated by phosphorylation. This downregulation of PI3
kinase/Akt signaling by DEP was confirmed by comparing the Fig 4-4A blot with one
made from HUVEC tubes treated with the Akt inhibitors Wormannin and LY294002 a blot.
However, DEP did not depress the levels of PI3 kinase and Akt-1 as effectively as the
amount of inhibitors used in the experiment.

Apoptosis occurs via p53 activation
DEP-induced apoptosis was further studied by examining the p53 and p21
pathways using Western analysis. As indicated in Fig 4-5A, p53 levels increase with
increasing DEP concentrations, whereas p21 levels are unchanged (data not shown).
Interestingly, Mdm2 is upregulated in HUVEC tube cells by the 2 lower doses of DEP, but
is not in the highest dose. Mdm2 interaction with p53 likely plays a role in why 1 and 10
µg/ml DEP induce less apoptosis than the 100 µg/ml DEP dose. The histogram
representation of the blot shown in Fig 4-5B indicates that with 0 and 1 µg/ml DEP, Mdm2
levels (white bars) are equivalent to p53 levels (black bars). With 10 µg/ml DEP, the
amount of Mdm2 is about 30% lower than p53, and at 100 µg/ml, it is less than 10% of the
p53 level. This is further highlighted in Fig 4-6, where colocalization of Mdm2 and p53 is
observed with a low DEP concentration (10 µg/ml), but not with 100 µg/ml DEP, where no
Mdm2 is apparent.
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DISCUSSION

The present study demonstrated that, of the VEGF isoforms, only VEGF-A is
responsive to DEP, increasing in amount with increasing DEP concentrations. The VEGF
receptor in endothelial tubes is VEGFR-2, unlike endothelial monolayers where VEGFR-1
is the receptor (data not shown). The level of VEGFR-2 in endothelial tubes remained
relatively constant after 24h exposure to varying concentrations of DEP. VEGFR-2 is
associated with VE-Cadherin in endothelial membranes, and serves to enhance cell
survival (Dejana 2004). Although VEGFR-2 levels did not change in response to DEP, the
fact that VE-cadherin relocalized from the membrane to the cytoplasm reduced the amount
of VEGFR-2 involved in survival-promoting complexes. This was shown both by pull
down assays as well as confocal microscopy. At 10 μg/ml DEP, there was 25% less
VEGFR-2 complexed with VE-Cadherin.

As a consequence, endothelial tube cells

underwent apoptosis in response to DEP, also shown by confocal microscopy.
Previously, we demonstrated that DEP made endothelial tubes permeable, which
allowed particles to gain access to the endothelial tube lumen. The mechanisms
contributing to this were (1) increased permeability from VE-cadherin internalization, and
(2) increased permeability due to VEGF-A secretion that was stimulated by pro-oxidative
and pro-inflammatory responses to DEP. Activation of the PI3-linase/Akt pathway has
been implicated in vascular permeability (Kilic et al., 2006), but in our system, Akt-1 was
not activated. Rather, DEP served to inactivate the Akt pro-survival pathway, inducing
Western patterns that resemble those of normal endothelial tubes treated with Akt
inhibitors Wortmannin and LY294002. Furthermore, the pro-apoptotic p53 pathway
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(Levine 1997; Vousden and Prives 2009) was activated by DEP. However, p21, a known
regulator of cell cycle, was unaffected by DEP exposure.
Phosphorylation of Akt has also been associated with an increased nuclear
localization of Mdm2 (Ogawara et al. 2002). Although in our system Akt-1 was disabled,
Mdm2 levels did increase with the 2 lower concentrations of DEP, as assessed by
immunoblotting and confocal microscopy. Mdm2 is a negative regulator of p53
(Alarcon-Vargas and Ronai 2002; Honda et al. 1997; Oliner et al. 1993). Mdm2 and p53
form an autoregulatory feedback loop in which p53 positively regulates Mdm2 at the
transcriptional level and Mdm2 negatively controls p53 expression at the posttranslational
level (Mayo and Donner 2001). Our findings showed that both p53 and Mdm2 have a fairly
equivalent dose dependent increase at 1 μg/ml DEP. At 10 μg/ml DEP, Mdm2 levels are
somewhat lower than p53, but at the high DEP dose, Mdm2 were a fraction of p53 levels,
and apoptosis levels were very high. It is possible that at low concentrations, DEP induces
p53, which increases Mdm2, which then in turn negatively regulates the p53 activity.
However, the 100 μg/ml DEP appear to inhibit any Mdm2 expression.
In summary, DEP induces changes in endothelial cell-cell junctions that disconnect
the association between VEGFR-2 and VE-cadherin in the membrane. In addition, TUNEL
assays and caspase 3 activity assay indicate that high concentrations of DEP induce
apoptosis. The pathway used likely involves p53, since this molecule is upregulated by
DEP exposure.
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FIGURES

Fig 4-1. Western analysis of VEGF isoforms secreted into culture medium and VEGF
receptors 1 and 2 in protein extracts of HUVEC tube cells. Only VEGF-A is responsive to
DEP concentrations. Equal loading of samples was assured by using ~50 kDa band as a
normalizer from medium proteins, and the GAPDH antibody signal for proteins from cell
lysates.
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Fig 4-2. Effects of DEP on VEGFR-2 colocalization with VE-cadherin. (A) Pull down
assays with VE-Cadherin antibody, followed by Westerns probed with VEGFR-2 antibody
indicate that much of the cells VEGFR-2 is disassociated from VE-cadherin by DEP
exposure. (B) A quantitation of the Western blots is shown as histograms. *p < 0.05
compared with the control, means ± SD, n = 3. (C) Confocal microscopy of VEGFR-2
(green) and VE-cadherin (red) show localization of the two molecules in control HUVEC
tubes (upper panels). In those treated with 10 μg/ml (lower panels), merging the red and
green signals demonstrates a decrease in colocalization, since individual green
fluorescence is easily detectible. Shown are representative images from three independent
experiments. Scale bar = 15 μm.
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Fig 4-3. DEP induce endothelial tube cell apoptosis. HUVEC tubes were treated with 0, 1,
10 and 100 μg/ml DEP for 24 hr. (A) Left panel photos are stained for nuclei with DAPI
(blue). Right panels detect apoptosis using in situ end labeling (TUNEL) of fragmented
DNA with fluorescent dUTP (green). The assays were visualized by immunofluorescence
microscopy at 100X magnifications (Olympus IX71 Inverted Microscope) with emission
at 495-529 nm. HUVEC tubes exposed to UV (5 mJ/min) were used as a positive control
for apoptosis. Shown are representative images from three independent experiments. (B)
Semi-quantitation of the TUNEL assays after DEP exposure. The number of green
apoptotic cells were counted, and divided by the total number of blue nuclei in the field of
view. Histograms indicate the number of apoptotic cells per 100 nuclei. Values were
normalized to the control and showed as the percentage-change relative to control. (C)
Measurement of caspase 3 activitiy in tube cells treated with 100 μg/ml DEP using a
Caspase Glo-3/7 assay kit. Endothelial tube cells were treated with DEP for 1, 3, 6, 12, and
24 hr prior to measuring caspace 3. Values were normalized to the untreated control (0 hr)
and are shown as the fold-change relative to the control. *p < 0.05 and **p < 0.01
compared with the control, means ± SD, n = 3. Statistical analysis was by Student t-tests.
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Fig 4-4. Effects of DEP on PI3-kinase/Akt expression. (A) After 24 hr exposures to DEP (0,
1, 10 or 100 μg/ml), HUVEC tube cells were harvested and lysed. The levels of PI3-kinase,
Akt and p-Akt were determined by Western blot. Equal amount of protein loading was
confirmed based on GAPDH immunoreactivity. (B) Quantitation showed PI3-kinase and
p-Akt were decreased in a dose dependent manner as the relative fold change to the control.
Total Akt was unaffected by DEP. *p < 0.05 and **p < 0.01 compared with the control,
means ± SD, n = 3. Statistical analysis was by student t-test. (C) To compare the effects of
DEP with PI3-kinase/Akt pathway inhibitors, HUVEC tube cells were treated with
Wortmannin (1 µM) and LY294002 (20 μM) for 24 hr, then harvested and lysed. The level
of PI3-kinase, Akt and p-Akt were determined by Western blot. Equal amount of protein
loading was confirmed based on total GAPDH expression.
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Fig 4-5. DEP-mediated activation of p53 and Mdm2 in endothelial tube cells. (A) After 24
hr exposure to DEP (0, 1, 10 and 100 μg/ml), HUVEC tube proteins were obtained by cell
lysis. Levels of p53 and Mdm2 were determined by Western analysis. Equal amount of
protein loading was confirmed based on total GAPDH immunoreactivity. (B) Quantitation
showed a dose dependent increase of p53 and Mdm2 at 1 and 10 μg/ml as the relative fold
change compared to the control. DEP also induced p53 at 100 μg/ml; Mdm2 was not
induced at this DEP concentration. *p < 0.05 and **p < 0.01 compared with the control,
means ± SD, n = 3. Statistical analysis was by student t-test.
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Fig 4-6. Effects of DEP on p53/Mdm2 localization. Images show the distribution of Mdm2
and p53 in response to 24 hr exposures to DEP (0, 10 and 100 μg/ml). HUVEC tube cells
were visualized on a Leica spectral confocal microscopy (TCS, SP5, with water lens, N.A.
1.3) using anti-Mdm2 and anti-p53 primary antibodies and secondary antibodies labeled
with Alexa Fluor 488 (red) and Alexa 594 (green), respectively. Mdm2 is not present in
untreated HUVEC tubes, nor in those exposed to 100 µg/ml DEP. Nuclei were stained blue
with DAPI. Shown are representative images from three independent experiments. Scale
bar = 5 μm. Magnification is 630X.
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Conclusion

To determine how DEP alters endothelial function, thereby contributing to adverse
cardiovascular events, will require epidemiological studies, coupled with human, animal
and cell culture exposure studies. Exposure chambers have verified diesel-induced
increases in thrombus formation in humans (Lucking et al. 2008), as have hamster
exposure studies (Nemmar et al. 2002; Nemmar et al. 2004b), but these are directed at
blood components more than at the capillary endothelium itself. To date, endothelial
responses to DEP have consisted mostly of assessment of vascular leakage or blood
pressure measurements in vivo, or of studies on monolayer cultures of endothelial cells
(Bai et al. 2001; Furuyama et al. 2006; Li et al. 2009; Sumanasekera et al. 2007). In vivo,
an alveolar capillary that would encounter DEP would be a three dimensional tubular
structure with a lumen. To mimic the organizational level of the capillary, we have used in
vitro assembled endothelial tubes. This allowed us to obtain data in the context of a
simulated capillary structure, and thus allowed us to visualize DEP within luminal spaces.
The in vitro capillary-like tube structure is not a perfect model: It cannot reveal blood flow
or blood pressure-induced responses; it cannot model any specific area of the vasculature
other than the capillary in the most general sense; and it has no mural cells which are
always present to some degree in vivo. Future work in the Gordon laboratory will attempt
to add mural cells to the endothelial tubes in culture.
The ways in which endothelial tubes are more like capillaries than monolayers are,
(1) the proliferation profile of endothelial tube cells is restricted as is that of in vivo
capillary endothelial cells (Hadley et al. 1985). Networks of in vitro capillary tubes remain
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healthy and vital for up to 8 days without any sign of net proliferation (although
homeostasis may be occurring). Monolayers of HUVECs, however, doubled every 24 h
until their substratum’s surface was confluent; and (2) In vitro HUVEC tubes are also a
more in vivo-like model because they express VEGFR-2, the main signaling VEGFR used
by in vivo capillary endothelial cells. To be more specific, our data demonstrate that
HUVEC tubes express VEGFR-2, but not VEGFR-1, while HUVEC monolayers express
VEGFR-1, but not VEGFR-2. In vivo, both receptors are present, but VEGFR-1 levels are
usually low compared to VEGFR-2. Their functions have mostly been studied in the
context of angiogenesis, so their roles after vessels are fully formed is not as well
investigated. What is known is that VEGFR-2 is the predominant receptor used by
quiescent endothelial cells. It controls cell proliferation, migration, cell survival and
vascular permeability. VEGFR-1 appears to act as a positive or negative regulator of
VEGFR-2 and also contributes to vascular permeability control (Holmes et al. 2007;
Olsson et al. 2006). The fact that VEGFR-2 is present on endothelial tubes suggests that
the tube phenotype resembles the in vivo capillary phenotype better than monolayers do.
Our studies used DEP generated by a Japanese automobile engine (Sagai et al.
1993). These particles have been characterized and used in several other studies (Bai et al.
2001; Inoue et al. 2006; Ito et al. 2000; Kumagai et al. 1997). Because PM2.5 is considered
injurious, DEP were dispersed to biologically relevant sizes. By light microscopy after
dispersion, particles were found to be as large as 2.5 µm and as small as 0.1 µm (100 nm).
Since 100 nm is limit of light microscopy, smaller particles could not be seen, but were
assumed to be present. Zeta potential sizing of particles demonstrated that the average
diameter of our dispersed DEP was 254 nm. Using the fact that the largest particles are 10
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times larger in diameter than the average to predict a bell shaped curve, the smallest
particles would be about 10 times smaller than the average, being 25 nm in diameter. This
is well within the size range believed to have physiological consequences.
Applying these particles to endothelial tubes allowed determinations of
cytotoxicity and permeability with relation to DEP dose. Capillary leakiness (i.e.,
permeability) has been related to disruption of the adherens junctions (Gallicano et al.
2001). VE-cadherin is required for the proper assembly of adherens junctions and
development of normal endothelial barrier function. Deletion of VE-cadherin in mice
(VE-cadherin

–/–

) was embryonically lethal due to immature vascular development

(Carmeliet et al. 1999; Vittet et al. 1997). Ectopic expression of a VE-cadherin mutant
lacking the cadherin extracellular domain, whether in human dermal microvascular cells
(Venkiteswaran et al. 2002) or in endothelial cells (Nawroth et al. 2002), resulted in a
leaky junctional barrier (Nawroth et al. 2002; Venkiteswaran et al. 2002). Our data in
chapter 1 showed that exposure to increasing DEP concentrations caused increased
redistribution of VE-cadherin away from the HUVEC cell membranes to the cytoplasm, a
phenotype like that observed in leaky capillaries in vivo. If the data can be extrapolated to
alveolar capillaries, it suggests that when particles encounter the endothelium, they may
alter the adherens junction, causing the capillary cell-cell junctions to become permeable.
Animal models and endothelial cells in monolayer cultures (Sagai et al. 1993;
Sumanasekera et al. 2007) have been used to show that DEP induce of ROS. In Chapter II
we show this is also true for capillary-like endothelial tubes. The ROS-induced lethality of
DEP is attenuated by N-acetyl cysteine (NAC) as assessed by LDH assays. Protein
oxidation also was observed in response to DEP, with H2O2 representing at least a portion
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of the ROS generated. H2O2 generation has been shown to induce VE-cadherin
internalization in endothelial cell monolayer cultures, causing cell-cell gaps that make the
monolayer permeable (Kevil et al. 1998). Therefore, the endothelial tube cultures
reorganizing VE-cadherin and becoming permeable in response to DEP may be, in part,
due to the generation of H2O2. Furthermore, the antioxidant enzyme HO-1 was generated
in response to DEP, and specific inhibitors of HO-1 demonstrated that the increased level
of this enzyme was linked to increased VEGF-A secretion. Thus, oxidative stress induces
VEGF-A secretion and favors permeability of HUVEC tubes. Also, several studies have
reported that pro-inflammatory cytokines can be stimulated by DEP exposure in both in
vitro monolayers of endothelial cells (Terada et al. 1999) and in vivo models (Nemmar et al.
2004a). We have shown that endothelial tube cells secrete TNF-α and IL-6 in response to
DEP exposure, and that these are correlated with an increase in VEGF-A secretion. If the
data described in chapter 2 were to also be true in in vivo capillaries, a DEP-induced
induction of VEGF-A can be predicted as a mechanism contributing to capillary
permeability.
Activation of the PI3 kinase/Akt signaling pathway is known to increase vascular
permeability (Chen et al. 2005) and to enhance endothelial cell survival (Amaravadi and
Thompson 2005). Our results presented a dilemma for Akt as a potential signaling pathway.
This is because DEP caused endothelial tube permeability with apoptosis, not with survival.
If the Akt pathway were activated at all, it could contribute to only the permeability
phenotype in the model system used. Therefore, we initially hypothesized that DEP
activated Akt to favor permeability. Our hypothesis was incorrect, since increasing levels
of DEP reduced phosphorylation of Akt, and failed to stimulate this powerful survival
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pathway. At low concentrations of DEP, the anti-apoptotic protein Mdm2 was expressed. It
was not expressed in untreated HUVEC tubes. Mdm2 can bind the pro-apoptotic protein
p53 and inactivate its activity, facilitating survival. This was observed after exposure to the
two low concentrations of DEP. In contrast, at the high dose of DEP, Mdm2 expression
was not maintained. The apoptosis observed likely resulted from p53 activity, facilitated
by the down regulation of Mdm2.
Finding that VE-cadherin and VEGF-A induction were involved in DEP-induced
permeability surprised us. However, in the endothelial literature (but not in the DEP
literature) such a link between the molecules has been described: VEGFR-2 is in close
proximity to VE-cadherin in the membrane. A connection between the two was found
experimentally, and was initially schematicized as a β-catenin-PI3 kinase interaction (i.e.,
a β-catenin bound to the intracellular domain of VE-Cad, interacted with PI3kinase bound
to the intracellular domain of VEGFR-2, Carmeliet et al. 1999). This allowed binding of
VEGF-A to VEGFR-2 to influence endothelial permeability by disrupting VE-cadherin
interactions between individual cells. More recently it was found that Src is bound to
VE-cadherin but does not phosphorylate it (see Fig 1-7). When VEGF-A binds VEGFR-2,
the receptor associates with a distal domain of Src, linking and phosphorylating both
VEGFR-2 and VE-cadherin. (One of these phosphorylations may be through “scr
homology and β cell protein” aka shb.) Phosphorylation of VE-cadherin causes molecular
uncoupling of adjacent cells via disruption of the adherens junctions. This makes the vessel
permeable (Chou et al. 2002; Lambeng et al. 2005; Wallez et al. 2006).
Why should permeability through disruption of adherens junctions be coupled with
endothelial cell survival? Such a system is necessary because separation of the endothelial
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cells is an initial step in angiogenesis. By creating a space between adjacent endothelia,
cells can bud from the vessel to begin forming a vascular branch. Shortly after the bud is
formed, proliferation of the cells is enabled. If separation between endothelial cells were
invariably linked restricted proliferation or to cell death, the forming new vessels,
angiogenesis, could not occur.
The results we present in Chapter III indicate that survival and permeability are not
coupled in DEP-exposed endothelia. Instead, adheren junction separation occurs and
apoptosis is induced, with Akt signaling being attenuated. Another schematic review of
VEGF-A induced VEGFR-2 signaling (without considering VE-cadherin) is shown in
Figure 5.1 (from Kowanetz and Ferrara, et al., 2006). This model separated
VEGF-A-VEGFR-2 mediated activation of PI3 kinase into 3 pathways, all via Shb2 (src
homology and β-cell protein). Two of these pathways lead to activation of Akt, one ending
in cell survival, the other ending in vascular permeability. In addition, there is pathway
toward vascular permeability via Src, mediated by phosphorylation of a different
VEGFR-2 tyrosine than the one interacting with Shb (Kowanetz and Ferrara, 2006). While
details are still sparse, it is important to push forward our understanding of the ways that
endothelial survival and permeability may occur in an unlinked fashion. It is also important
to recognize there are many ways to achieve endothelial permeability.

Fig 5-1. VEGF-A-VEGFR-2 signaling pathways (from Kowanetz and Ferrara, 2006).
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In summary, this thesis demonstrates that DEP are able to interrupt the adherens
junctions of HUVEC tubes, causing VE-cadherin to become internalized. This makes the
cell junctions permeable. In addition, particles can be found within endothelial cells and
within the lumen of HUVEC tubes. If inhalation of DEP were to cause similar events in
lung capillaries, it suggests that, in vivo, DEP may gain access into the bloodstream. Once
inside the vessel, DEP could interact with platelets or initiate an immune or oxidative stress
response. In HUVEC tubes, the endothelial cells themselves mount these responses in the
absence of blood components. These responses lead to the secretion of VEGF-A, which is
a vascular permeability factor. Increasing levels of DEP caused increasing levels of
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endothelial cell apoptosis. In most studies, increases in VEGF-A have been shown to signal
cell survival though the PI3K/Akt pathway, but in the presence of DEP this pathway was
not activated. Overall, the results suggest that the lower amounts of DEP used in these
studies may approach a biologically relevant exposure level since, in vivo after DEP
inhalation, alveolar endothelial cell death has never been reported, but a small number of
particles do appear to gain access to the circulation.
VE-cadherin associates with VEGFR-2 to regulate cell survival and vascular
permeability in vivo and in monolayer cultures of endothelial cells. When VEGF-A binds
to VEGFR-2, the adherens junctions are disrupted. VEGFR-2 is phosphorylated and
dissociated from VE-cadherin, which also becomes phosphorylated. Internalization of
VE-cadherin increases vascular permeability. Cell survival is dependent on the membrane
association of VE-cadherin with VEGFR-2, therefore internalization of these molecules
also disrupts the cell’s survival mechanism, favoring pathways to cell death. Our data
highlights this from several directions. DEP induces ROS generation in endothelial tube
cells, increasing H2O2 production with VE-cadherin internalization. Furthermore,
DEP-induced ROS upregulates HO-1 expression and cytokines TNF-α and IL-6 secretion,
which lead to the induction of VEGF-A secretion. This is another pathway to permeability.
Fig 5-2, shows a model of the events that occur as described by our results. 1. DEP
increases vascular permeability by inducing generation of ROS and cytokines, which result
in secretion of VEGF-A. 2. DEP-induced VEGF-A binds to VEGFR-2. This results in
dissociation of VEGFR-2 and VE-Cad. VE-Cad internalizes, which also causes
permeability by disrupting the adherens junctions. 3. In angiogenesis, the Akt pathway is
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used to induce permeability, however, DEP inhibit the Akt pathway. Therefore the Akt
pathway activation is not a contributor to DEP-induced endothelial permeability.

Fig 5-2. Schematic diagram depicting mechanisms leading to permeability identified
by the thesis.

We conclude that in vitro endothelial tubes are a useful and informative model
system to gain clues about the DEP-induced mechanisms that adversely affect
cardiovascular health. Endothelial tube cultures can provide additional and different
information from what can be obtained using endothelial cells in monolayer culture.
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Regardless of the system used, future work is needed to reveal why DEP-induced VEGF-A
secretion does not activate the Akt survival pathway, as occurs when VEGF-A secretion is
induced by other factors.

Future Work

Examination of the effect of other types of PMs or extracts of DEP on endothelial
tubes
PM air pollution is an air-suspended mixture containing solid and liquid particles,
which vary in size, number, and chemical composition. The size distribution of these
suspended particles includes coarse particles, fine particles, and ultrafine particles. Fine
and ultrafine particles, including DEP, and various heterogeneous chemicals are derived
mainly from the emission of combustion reactions. Although short-term DEP exposure has
been experimentally correlated with adverse cardiovascular events, there is not much
epidemiological evidence to show that cardiovascular effects are the consequence of acute
DEP exposure for residents. Most epidemiology studies show that PM is the main air
pollutant that causes adverse health effects. Thus, other types of particles could be used to
examine what are the specific responses induced by DEP in endothelial tubes, verus what
responses are due to a particulate being a specific size. Carbon nanopartices can be
obtained in very specific diameters, and could be used for such a comparison.
In addition, DEP could be extracted with aqueous or organic solvents to separate
elemental carbon from soluble components. Treatment of endothelial tubes with the
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extracted particles and soluble components could determine what is important for causing
endothelial tube permeability and redistribution of adherens junctional proteins.
Furthermore, it is well known that the composition of DEP varies from region to region due
to the different types of the diesel engines used in specific areas. It might be useful to
perform extractions on DEP generated by several types of engines and perform
experiments that would identify which ones are more likely to cause endothelial
permeability. This could then be correlated with the epidemiology of acute cardiovascular
events reported in the area.

Examination of lower doses of DEP
From our findings, the concentration of DEP (100 μg/ml) is too high to be
biologically relevant, since it kills the endothelial cells. In vivo, there is no evidence that
DEP inhalation causes endothelial cell death. Future work should address using lower DEP
concentrations (between 0.1 and 10 μg/ml), which should be much less harmful to the cells,
but could still show symptoms of inducing permeability.
Some of our work suggested that, not only does particle translocation occur by
penetrating cell-cell junctions, but also by transversing endothelial cells (not shown).
Future work can address translocation by diffusion or endocytosis and exocytosis.

Translocation studies using fluorescently-labeled particles
Our data have indicated that particles can be found within the in vitro capillary-like
endothelial tube lumen and that DEP upregulate factors that result in endothelial
permeability. However, we only directly measured the permeability of endothelial
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monolayers (not shown). This was accomplished by using 70 kDa dextran, which cannot
reach the lower compartment of a trans well chamber when monolayers of endothelial cells
are confluent (i.e., when dextran is placed on top of cells, if junctions are intact, it cannot
pass between the cells to reach a lower chamber). We found that DEP at 1, 10, and 100
μg/ml caused HUVEC monolayer cultures plated on transwell dishes to become permeable,
and allow dextran to reach the lower chamber. However, tube permeability was not
directly measured. Future work in the laboratory will include such experiments, and will
employ fluorescently-labeled dextran to determine whether the material can end up in the
lumen of tubes. The dextran will be left on tubes for various times, aspirated off, then tubes
will be fixed for analysis by confocal microscopy.

Reduction of DEP-induced ROS generation by tocopherols or other antioxidants
Our results show that the endothelial tubes are a useful and informative model
system to study how DEP might gain access to the alveolar capillary lumen, where they can
potentially lead to adverse prothrombotic effects. The model may also serve to indicate
whether antioxidants offset the ability of DEP to induce endothelial permeability. Vitamin
E tocopherols (α-, β-, δ-, and γ-tocopherol) are an important group of dietary antioxidants.
Not only has γ-tocopherol been shown to have antioxidant activity, but also
anti-inflammatory activity (Hensley et al, 2004). Mixed tocopherols have been suggested
as effective cardiovascular disease deterents because of their ability to inhibit apoptosis,
and because of their anti-inflammatory and anti-oxidative activities (Jihyeung et al, 2009;
Liu, 2003). Preliminary work in the Gordon laboratory has pre-treated endothelial tubes
with various concentrations of mixed tocopherols, and has determined that DEP apoptosis
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is reduced. Experiments are being designed to examine whether ROS generation is
decreased and whether factors that favor permeability are attenuated by tocopherol
pre-treatment prior to DEP exposure.

Other uses for the in vitro endothelial tube model system
In vivo, pericytes cover capillary endothelia and contribute to the control of
endothelial proliferation as well as permeability. In general, the more extensively the
capillary is covered with pericytes, the less permeable the capillary is. Future experiments
should include assembling endothelial tubes, followed by attempting to get pericytes to
cover them. This type of system could be used as a more biological representation of
alveolar capillaries. In addition, smooth muscle cells might be added to tubes to possibly
model arterioles, or leukocytes or macrophages could be added to see if co-culturing
altered DEP-induced effects such a permeability. Any type of experiment that would
include other cell types encountered by endothelial cells could add biological relevance to
the model system.
The model system might also be adapted to further study the effect of DEP on
specific adherens junction molecules. Endothelial cells could be stably transfected with
plasmid constructs that would encode junctional proteins tagged with green fluorescent
protein (GFP). Care would be needed to ensure that interactive sites in the junctional
proteins are still functional with the GFP tag, then endothelial cells could be assembled into
tubes for treatment with DEP. The dynamic movement of VE-cadherin, β-catenin,
desmoplakin, or plakoglobin within endothelial tube cells might be possible with this type
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of experiment. This is especially possible now that the Pharmacology and Toxicology
Department has obtained a microscope that can do live cell imaging.
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