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 Hazardous chemicals are released into the environment by a number of 

natural and anthropogenic activities and may cause adverse effects on human 

health and the environment.  Air pollutants such as volatile organic compounds 

and respirable particulate material differ in chemical composition and reaction 

properties, but both can induce acute and chronic effects on human health.  

Methyl tertiary butyl ether (MTBE) and diesel exhaust particles (DP) are materials 

that are representative of these two classes of air pollutants.  Although MTBE 

and DP differ physically and chemically, both have the potential to affect the 

vasculature.   

 Previous studies in this laboratory reported that exposure to MTBE halted 

embryonic vascular formation in the model teleost Japanese medaka (Oryzias 

latipes). The embryonic vasculature failed to develop while other non-vascular 

tissues developed normally.  Based upon these findings, studies were 

undertaken to determine if MTBE would alter vascular formation in other model 

systems.  Exposure of cultured rat brain endothelial cells to MTBE (0.34 -  

34.0 mM) resulted in a dose-dependent reduction of microcapillary formation, 
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with the LOAEL at 0.34 mM.  Tertiary butyl alcohol (TBA), a major metabolite of 

MTBE, was also tested.  TBA (0.34 - 34.0 mM) had no effect on microcapillary 

formation.  In a mouse Matrigel plug implantation assay, Matrigel plugs 

containing MTBE (34.0 mM) showed a complete lack of vessel formation 

compared to plugs containing Endothelial Cell Growth Supplement without 

MTBE.  Treatment of HUVEC grown on Matrigel with 34 mM MTBE resulted in a 

decrease in phosphorylation of VEGFR-2 at both the Tyr951 and Try996 

phosphorylation sites.  In addition, a rat reproductive study was used to test the 

antiangiogenic effects of MTBE in vivo.  Timed-pregnant Fisher 344 rats were 

dosed orally by gavage with MTBE (500 - 1500 mg/kg) from implantation through 

gestation.  Tissues from one half of the pups of each sex from each litter were 

examined histologically on post partum Day 1 for developmental vascular 

changes. The remaining pups from each litter continued to be dosed at the same 

level as the respective dam on post partum Days 1 to 10, and then were 

examined as described above. No vascular changes were observed in any of the 

tissues examined.  The in vitro data demonstrated that the vasculature is a 

primary target of MTBE in several model systems if sufficiently high vascular 

concentrations are obtained and that the observed changes in vascular 

development may be in part due to inhibition of activation of VEGFR-2.  

However, in the rodent reproduction assay no histological vascular lesions were 

observed, which may reflect the inability to achieve high enough circulating 

MTBE levels.   
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 In addition to the work with MTBE, studies were undertaken to explore the 

possible effects of DP on vascular formation.  Exposure of human umbilical vein 

endothelial cells (HUVEC) in vitro to DP at concentrations of ≥ 25 μg/mL resulted 

in decreases in capillary-like tube formation.  Additional in vitro studies in HUVEC 

determined that an organic extract derived from DP also inhibits vascular 

formation with a LOAEL of 20 μg/mL and complete inhibition of vascular 

formation at 40 μg/mL and that the effects are reversible except at the highest 

concentration of DP tested (100 μg/mL).  Through the use of several assays and 

immunocytochemical staining techniques, it was determined that neither 

apoptosis nor chemical-induced cell death are responsible for the observed 

inhibitory effects.  However, studies did indicate that decreases in activation of 

Rho GTPases may be involved in the inhibition of HUVEC vascular tube 

formation.  Vascular formation would appear to be a sensitive target for both 

MTBE and organic compounds absorbed onto diesel exhaust particles.  One of 

the mechanisms by which they prevent proper endothelial cell migration and tube 

formation may be due to disruption of the VEGF pathway in association with the 

cytoskeletal structure of the cells. 
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INTRODUCTION 

 

Hazardous chemicals are released into the environment by a number of 

natural and anthropogenic activities and may cause adverse effects on human 

health and the environment.  Combustion of fossil fuels is one of the major 

sources of pollutants in the atmosphere.  Air pollutants such as volatile organic 

compounds and respirable particulate material differ in chemical composition and 

reaction properties, but both can induce acute and chronic effects on human 

health.  Methyl tertiary butyl ether (MTBE) and diesel exhaust particles (DP) are 

materials that are representative of these two classes of air pollutants and were 

examined in this thesis. 

Although MTBE and DP differ physically and chemically, both have the 

potential to affect the vasculature.  The studies reported in this dissertation 

attempt to identify the mechanism by which vascular endothelial cells are the 

target for MTBE and DP.  The physical, chemical, and biological properties of 

these compounds are discussed below. 

 

MTBE - Overview of Use 

MTBE is an organic solvent that has been used primarily as an octane 

booster since 1977 in the production of gasoline.  More recently, MTBE has been 

added to gasoline to increase the oxygen content to meet certain requirements of 

the Clean Air Act (Hakansson, et al., 2001; Wang, et al., 2002).  MTBE has 

historically ranked third as the most produced organic chemical in the United 
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States.  In 1995 17.6 billion pounds were produced.  Due to numerous reports of 

MTBE being detected in both surface and groundwater across the country, 

MTBE is being phased out within the United States.  Wintertime oxygenated fuels 

contained as much as 15% by volume, while reformulated gasoline contained 

11%.  Levels in conventional grade gasoline ranged from 2 to 8%.  MTBE is also 

approved for therapeutic use for dissolving cholesterol gallstones in the 

gallbladder (Leuschner, 1986). 

With the increased use of MTBE over recent years by both the medical 

community and the petroleum industry there is potential exposure to organisms 

in the environment and the human population.  Workers in the petroleum industry 

exposed to MTBE began reporting a high incidence of neurologic symptoms, 

including headaches, dizziness, and nausea (Moolenaar, et al., 1994; Prah, et 

al., 1994).  While these symptoms are suggestive of vascular involvement, little 

information is available on the direct effects of MTBE on vasculature.  Studies 

examining the effects of MTBE at concentrations from 10 – 300 ppm in the 

Japanese medaka (Oryzias latipes) developing embryo resulted in a unique 

lesion of the developing vasculature.  The embryonic vasculature failed to 

develop, while other non-vascular tissues developed normally until 

vascularization became essential for further development (Kozlosky, et al., 

1996).  This initial observation was the justification for examining MTBE’s effect 

on the vascular system in higher organisms and whether there was a risk of 

damage to developing blood vessels. 
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 In the 1970's, MTBE started being used as an octane booster replacing 

tetraethyllead, primarily in mid and high grade gasoline.  In this role MTBE has 

been added to gasoline at concentrations as high as eight percent by volume.  In 

1990, the Clean Air Act Amendments began requiring the use of reformulated 

and oxygenated gasoline in an attempt at reducing atmospheric carbon 

monoxide levels in areas that were not meeting National Ambient Air Quality 

Standards set by the USEPA.  Since MTBE was already being used as an 

octane enhancer, use at even higher concentrations as an oxygenating agent 

was an easy solution toward meeting the new regulations. 

The combustion of gasoline in motor vehicle engines is not complete.  

Products of this incomplete combustion include the emission of carbon 

monoxide, volatile organic compounds, and nitrous oxides.  From these, and 

other emission products, hazardous chemicals are produced through reaction 

with ultra-violet light and other reactive substances.  These compounds can 

cause a variety of health and air quality problems.  The addition of oxygen in the 

form of MTBE promotes a more complete combustion of the gasoline resulting in 

the emission of carbon dioxide instead of carbon monoxide.  

The Oxygenated Fuel (Oxyfuel) and Reformulated Gasoline (RFG) 

programs were initiated by the USEPA in 1992 and 1995 respectively to meet 

ambient air quality standards set by the 1990 Clean Air Act Amendments.  The 

Oxyfuel Program requires the use of gasoline with 2.7% oxygen by weight in 

areas with high levels of carbon monoxide during the fall and winter seasons.  

The RFG Program, designed to reduce the emission of volatile organic 
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compounds and nitrogen oxides, requires 2.0% oxygen by weight throughout the 

year in those areas with the highest levels of air pollution.  To meet the Oxyfuel 

oxygen weight requirement, MTBE has been added at a concentration of 15% by 

volume into gasoline, while to meet the RFG oxygen weight requirement, MTBE 

is added at a concentration of 11% by volume (USEPA, 1998).   

In addition to use as a fuel oxygenate and octane enhancing agent, MTBE 

is used clinically as a cholesterol gallstone solvent.  Patients treated in this way 

have MTBE delivered directly to their gall bladders through catheter tubes that 

are surgically inserted (Leuschner, 1986).  It is also used in the manufacture of 

isobutene (Budavari, 1996). 

 

MTBE - Physical and Chemical Properties  

MTBE is a clear, colorless ether with a molecular weight of 88.15 g/mole, 

density of 0.7404 g/mL, and a structural formula of (CH3)3C-O-CH3 (Budavari, 

1996).  It has a specific gravity of 0.744, a boiling temperature of 53.6-55.2OC, 

and a vapor pressure of 245 mm Hg at 25OC (NSTC, 1997). 

 MTBE has a high water solubility of approximately 50,000 mg/L (NSTC, 

1997).  This solubility can result in high concentrations of MTBE from gasoline in 

surface and ground water.  For example, the water solubility of MTBE in gasoline 

containing 10% MTBE would be 5,000 mg/L whereas the total hydrocarbon 

solubility of non-oxygenated gasoline is approximately 120 mg/L (Poulsen, et al., 

1992). 



 

 

5

 Taste and odor thresholds for MTBE range between 5 and 15 ug/L.  

Based upon these thresholds and animal toxicity data, a drinking water advisory 

for MTBE has been set by the USEPA in the range of 20 to 40 ug/L (USEPA, 

1997).  A drinking water advisory is a recommended guideline but it is not 

enforceable by the USEPA.   

 In a USEPA fact sheet (USEPA, 1998), several reasons were listed to 

demonstrate why MTBE is preferred as a gasoline oxygenate over others such 

as ethanol.  MTBE is especially favorable in warm weather because it produces a 

reduction in the vapor pressure of gasoline.  This reduction decreases the 

volatility of the components which leads to a reduction in smog producing 

chemicals.  MTBE is also less expensive to distribute and is easier to blend than 

other oxygenates.  It can be produced at the refinery and the gasoline can be 

transferred through existing pipelines (Squillace, et al., 1997). 

 

MTBE - Environmental Fate and Transport 

Releases of MTBE into the environment can occur from many sources.  

The sources can be classified into two categories, point sources and non-point 

sources.  A point source is a discharge from a discrete point location such as a 

pipe or a leaking underground fuel storage tank.  Non-point sources are more 

extensive and include urban runoff, automotive emissions, and atmospheric 

deposition.  Some of the major release sources for MTBE include industrial 

manufacturing or gasoline blending sites; spills during the storage, distribution, 

and transfer of blended gasoline; from spills, leaks, and emissions at service 
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stations; and from incomplete combustion (Brown, 1997).  Petroleum refineries 

account for approximately 1.4 million kilograms of the MTBE released into the 

atmosphere each year.  Amounts from sources such as vehicle emissions and 

evaporative loss were estimated to have totaled approximately 43 tons of MTBE 

per day in California alone (USEPA, 1998). 

If MTBE is released into the atmosphere it will exist almost entirely in the 

vapor phase.  The fate of most of the MTBE in the atmosphere will be dispersion 

and dilution in the troposphere where it will then be photooxidized.  The half-life 

of MTBE in the atmosphere has been calculated to be between 2.8 and 6.1 days 

depending upon the hydroxyl radical concentration in the air (Bennett, et al., 

1990).  Direct photolysis by UV absorption is not expected to be an important 

removal process because MTBE will not absorb light above 290 nm (Calvert, et 

al., 1966).   

MTBE in the atmosphere tends to partition into atmospheric water, 

including precipitation (Squillace, et al., 1997).  MTBE removed from the 

atmosphere by precipitation will be directly introduced into surface water and 

shallow ground water (Pankow, et al., 1997).  If MTBE-contaminated air comes 

into contact with uncontaminated water, the MTBE will be expected to condense 

from the atmosphere into the water.  Volatilization and condensation are 

complementary processes that allow the exchange of MTBE across an air-water 

interface.  Volatilization refers to the movement of MTBE from water into the 

atmosphere, while condensation refers to the movement of MTBE from the 
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atmosphere into water.  Both processes are driven by the concentration gradient 

between the air and the water.   

MTBE is expected to volatilize into the atmosphere when contaminated 

surface water comes in contact with uncontaminated air.  The rate of 

volatilization from surface water is affected by several factors including the flow 

rate of the water, air and water temperature, wind velocity, and water depth 

(Pankow, et al., 1996).  The estimated half-life of MTBE from streams, rivers, and 

lakes are 2.5 hours, 9.5 hours, and 137 days respectively (USEPA, 1993).  

Summer conditions of air and water temperatures can decrease the half life of 

MTBE in a body of water by a factor of two or three (Pankow, et al., 1996).  

MTBE is not expected to significantly adsorb to sediment or suspended 

particulate matter (Fujiwara, et al., 1984). 

In groundwater, the mobility of MTBE is high.  The mobility of a compound 

in groundwater can be described through that compounds retardation factor (R).  

The retardation factor is the ratio of the velocity of the water to the velocity at 

which a compound is being transported within that water.  MTBE exhibits a 

retardation coefficient of 1.0 which indicates the compound will migrate through 

the soil at the same rate as groundwater (Hubbard, et al., 1994).  Other 

compounds commonly found in groundwater contaminated with gasoline, such 

as members of the BTEX group (benzene, toluene, ethyl benzene, and xylenes) 

all exhibit retardation coefficients higher than 1.0 and tend to move slower than 

the flow of groundwater.  Should groundwater become contaminated with fuel 

containing MTBE, the leading edge of the plume will contain mainly MTBE with 
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little or no BTEX contamination.  Also, the vertical distribution of MTBE within the 

plume will be slightly deeper and wider than BTEX compounds (Davidson, et al., 

1996).  MTBE will be one of the first contaminants to be detected in drinking 

water wells following a gasoline leak or spill. 

MTBE is very water soluble compared to the BTEX compounds and other 

components in gasoline.  The solubility of pure liquid MTBE in water is about 

50,000 mg/L whereas the next most-soluble component of gasoline, benzene, 

has a water solubility of 1,780 mg/L (Mancini & Stubblefield, 1997).  However, 

the water solubility of MTBE is reduced when it is present in a mixture such a 

gasoline.  This is due to a cosolvency effect for MTBE with the remaining 

components of the gasoline mixture.  With a gasoline-water partitioning 

coefficient of 15.7, MTBE will tend to partition preferentially to the gasoline 

(Poulsen, et al., 1992).  A gasoline that is 10 percent by weight MTBE, reduces 

the solubility of MTBE in water to about 5,000 mg/L (Squillace, et al., 1997).   

Water solubility is the most important chemical property affecting the 

partitioning of organic compounds between water and subsurface solids.  In a 

sand aquifer having an organic carbon content of 0.1% and assuming a MTBE 

concentration in the groundwater of 3.0 μg/mL, only about 8% of the total MTBE 

present would adsorb to the aquifer organic material.  In contrast, under the 

same conditions, about 40% of the total benzene would be adsorbed to the 

subsurface solids (Squillace, et al., 1997).  

MTBE released into the soil will be expected to volatilize rapidly.  It will be 

expected to exhibit very high mobility and may leach into ground water.  It will not 
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be expected to hydrolyze in soil and sorbs only weakly to subsurface solids 

(Fujiwara, et al., 1984).  In one study by Shaffer and Uchrin (1997), the sorptive 

and degradative characteristics of MTBE were examined in three (Cohansey 

sand, acid washed sand, and Neshaminy clay) water/soil systems under both 

oxic and anoxic conditions.  All three soil systems exhibited uptake of MTBE 

under oxic conditions.  This uptake was attributed to aerobic activity in the acid 

washed sand and clay samples.  The only soil to exhibit uptake under anoxic 

conditions was the Cohansey sand sample.  This uptake was attributed to 

sorption because the Cohansey soil also readily adsorbs to other gasoline 

components (Uchrin, et al., 1992).  

The biodegradability of MTBE in the subsurface soil is substantially slower 

than BTEX fuel components.  MTBE will persist in the groundwater under both 

aerobic and anaerobic conditions because of it's resistance to physical, chemical, 

and microbial degradation (Squillance, et al., 1996).  This slower degradation is 

due, in part, to the relatively unreactive tertiary carbon bond structure of the 

molecule (Sulflita and Mormile, 1993). 

 

MTBE - Exposure  

For the general population, the activities that lead to the highest possibility 

for exposure to MTBE were those involving the use of automobiles.  Refueling, 

commuting to work, and operating an automobile as part of employment 

accounted for the highest MTBE exposure levels (Lioy, et al., 1994).  In one 

study, during refueling, the highest concentrations of MTBE in the personal 
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breathing zone of the individuals tested were found to be 0.11 ppm (Lindstrom, et 

al., 1996) while in a similar study, Lioy, et al. (1994) found the mean MTBE 

concentrations to be 0.3 ppm.  In automobile cabin interiors, Vayghani and 

Weisel (1999) found the MTBE concentration during refueling exceeded 1 ppm.  

The estimated mean dose for the general population exposed through the air 

while commuting, refueling, and during residential exposure was found to be in 

the range of 0.004 – 0.06 mg/kg-day (Lin, et al., 2005; Hakkola and Saarinen, 

2000). 

The general public may also be exposed to MTBE through the use of 

contaminated water (Ayotte, et al., 2005; Moran, et al., 2005; Kolb and Puttmann, 

2006).  The mean dose through ingestion of drinking water, inhalation during 

showering, and dermal absorption while bathing was found to be  

0.0014 mg/kg-day (Brown, 1997).  Exposure levels to MTBE were 1.2 to 4 times 

higher in individuals living in close proximity to gasoline stations than the levels 

experienced by the general population.  It has also been estimated that the daily 

dose levels to young children are 10 to 20% higher than the doses to adults living 

in the same area due to differences in their levels of activity such as breathing 

and drinking rates (Froines, et al., 1998). 

 Working with MTBE or gasoline containing MTBE in occupations such as 

gas station attendant, automobile mechanic, or fuel production and distribution 

worker can lead to inhalation or dermal exposures at the ppm level throughout 

the entire work shift (Vainiotalo and Ruonakangas, 1999).  In Stamford, 

Connecticut, auto mechanics were found to have daily MTBE exposures ranging 
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from 0.03 ppm to as high as 12.0 ppm (White, et al., 1995).  The exposure of 

Finnish tanker drivers to MTBE during loading and delivery was between 13 and 

91 mg/m3 (Hakkola and Saarinen, 1996).  Predicted doses of MTBE for tanker 

drivers in California were found to be approximately two-fold higher than the 

estimated values listed above for the general population (Froines, et al., 1998).  

Lifetime doses for workers in areas of the United States where MTBE is used 

were calculated to be in the range of 0.01 to 0.1 mg/kg-day (Brown, 1997). 

 

MTBE - Affect on Reproduction and Development 

In one- and two-generation reproductive studies, rats exposed to MTBE 

via inhalation showed no adverse effects at dose levels up to 3000 ppm (Biles, et 

al., 1987; Bevan, et al., 1997).  No reproductive or developmental effects were 

seen in rats dosed via inhalation at concentrations up to 2500 ppm (Conaway, et 

al., 1985).  The results of one in vitro study showed that MTBE inhibited cell 

growth in rat fibroblasts by causing an accumulation of cells in the s-phase of the 

cell cycle (Sgambato, et al., 2009). 

In mice, inhalation exposure levels of 4000 and 8000 ppm produced a 

reduction in implantations.  Embryotoxic effects were also seen including 

decreased pup viability and skeletal malformations such as cleft palate, 

scrambled and fused sternebra, and angulated ribs.  In this study, the NOAEL for 

parental and developmental toxicity was 400 ppm and for reproductive toxicity 

was at least 8000 ppm (Conaway, et al., 1985).  Mice exposed to 8000 ppm 

MTBE via inhalation for 4 and 8 months exhibited decreases in relative uterine 
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and ovarian weight compared to controls (Moser, et al., 1998).  Human 

exposures are expected to be 1000 to 10,000 times lower than the NOAEL's 

found in these studies; therefore, it is unlikely MTBE will cause reproductive or 

developmental toxicity in humans. 

 

Diesel Exhaust Particles (DP) - Physical and Chemical Properties 

Epidemiological studies have shown that, in addition to liquid air pollutants 

like MTBE, particulate pollution has become a major concern both in 

occupational settings and for the population in general.  Exposure to particulate 

matter in ambient air, especially with a diameter less than 10 um (PM10), is 

associated with increased morbidity and mortality caused by respiratory 

diseases, however, particles with a diameter less than 2.5 um (PM2.5) have 

recently been shown to be more closely related to the respiratory effects and 

subsequent mortality (Pope, et al., 1995; Pope, et al., 2004; Samet, et al., 2000; 

Peters, et al,. 1997; Kappos, et al., 2004). 

A predominant constituent of PM2.5 in urban and industrial areas is diesel 

exhaust (Vogt, et al., 2003; Almeida, et al., 2006; Yue, et al., 2006).  Diesel 

exhaust particles (DP) consist of carbon nuclei resembling carbon black that 

absorb a wide array of organic compounds including a variety of polycyclic 

aromatic hydrocarbons (PAH), heterocyclic organic compounds, quinones, 

aldehydes, aliphatic hydrocarbons, and nitro-PAHs (Akiyama, 2006; Bayona, et 

al., 1988; Draper, 1986; Li, et al., 2000; Schuetzle, et al., 1981; Schuetzle, 1983).  

In the diesel engine and exhaust system, particles form in three stages. In the 
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first stage, particles are formed from cracking, pyrolysis, dehydrogenation, and 

pyrosynthesis.  These primary particles range in size from 0.001 to 0.01 μm in 

diameter and represent the carbon nuclei mentioned above.  In the second 

phase, spherical particles of 0.01 to 0.05 μm in diameter form through 

condensation where organic and other compounds condense on the surface of 

the carbon nuclei.  In the last phase, the soot particles form clusters and chains 

in a process termed coagulation forming particles reaching 0.1 to 0.2 μm in 

diameter (Kim, et al, 2002; Kittleson, 1998).  These are the particles that are 

primarily released from diesel engines. 

 

DP - Partitioning in the Environment  

 Source appointment studies of PM2.5 report diesel and gasoline vehicles 

are the major source of particulate matter (Maykut, et al., 2003; Schauer, et al., 

1996; Watson and Chow, 2001; Palmgren, et al, 2003); however, diesel engines 

emit as much as 100 times the elemental carbon and 20 times the organic 

carbon as compared to gasoline engines (U.S. EPA, 2004).  Additional emissions 

result from numerous off-road sources such as lawn mowers, tractors, snow 

mobiles, construction equipment, trains, and marine vessels (U.S. EPA, 2002).  

 Diesel exhaust particles released from a source are immediately diluted 

into the atmosphere.  Diffusion and transport processes occur simultaneously to 

dilute the particles up to 1000 times the concentration exiting from the source 

under typical roadway conditions (Zielinska, 2005).  In the atmosphere, organic 

compounds bound to particles can chemically react with the environment.  
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Important reactions for these particle-bound organics include photolysis, 

reactions with ozone, and nitration with NO2, HNO3, and N2O5.  Examples of 

these reactions are shown through laboratory studies performed using PAHs.  

PAHs and nitro-PAHs are known constituents of the organic layer of diesel 

particles (Akiyama, 2006; Bayona, et al., 1988; Draper, 1986; Li, et al., 2000; 

Schuetzle, et al., 1981; Schuetzle, 1983).  These compounds are also known 

toxicants and may be responsible for many of the toxicities observed with diesel 

particles. 

Photolysis studies performed by Behymer and Hites, showed that the 

extent of photodegradation of PAH absorbed to different types of particulate 

matter varied with the nature of the particle to which they were absorbed.  PAH 

were stabilized if the carbon black content of the particle was greater than 5%.  

On black particles, the half-life of PAHs was on the order of several days 

(Behymer and Hites, 1985, 1988). Since diesel particles consist of a carbon 

nuclei resembling carbon black, the PAH absorbed to these particles should be 

stable under normal atmospheric conditions. 

 Studies have reported the reaction of particle-bound PAHs with ozone.    

Using simulated atmospheric conditions, reactions with ozone were shown to 

occur quickly. Half-lives of one to several hours were determined (Pitts, et al., 

1980, 1986).  In an animal study, instillation of diesel particles that had been 

exposed to ozone for 48 hours prior to dosing into the lung of rats potentiated the 

inflammatory and cytotoxic effects observed with untreated particles (Madden et 

al., 2000).  In addition to reactions with ozone, several studies by Pitts and co-
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workers have shown that nitration reactions occur when PAHs absorbed to 

various substrates are exposed to different simulated atmospheres (Pitts, et al., 

1978; Pitts, et al., 1985a; Pitts, et al., 1985b; Pitts, et al., 1985c).  

 Removal of diesel particles from the atmosphere can occur through either 

dry or wet deposition.  Dry deposition is the settling or impacting of particles from 

the atmosphere on to surfaces such as soil, vegetation, water, or man-made 

structures, and the subsequent physical attachment to, or chemical reaction with, 

these surfaces.   Wet deposition refers to the removal of particles from the air by 

rain, snow, clouds, or fog.  Larger particles can be removed from the air within a 

few hours; however, particles of less than 1 micron are removed less efficiently.  

These smaller particles can have atmospheric residence times of up to several 

days making them readily breathable (Dolske and Gatz, 1985; Zielinska, 2005). 

 

DP - Exposure 

Fine particles penetrate deep in the lung and deposit in the alveolar space 

where the toxic organic compounds can leach from the particles, reach the 

endothelium, and cause direct damage to endothelial cells or be absorbed into 

the blood (Gerde, et al., 2001).  The particles as a whole can also translocate 

from the lungs into the blood where they are barely recognized by phagocytic 

cells (Borm and Kreyling, 2004; Geiser, et al., 2005; Nemmar, et al., 2002; 

Nemmar, et al., 2004).  In the blood, both the organic and particulate 

components can be transported to organs and tissues far removed from the point 
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of initial exposure where they may play a role in diesel particle induced toxicity 

(Elder and Oberdorster, 2006; Ma and Ma, 2002).   

 

DP - Affects on Reproduction and Development 

Examples of extrapulmonary toxicity can be found in epidemiologic studies 

conducted in North and South America, Asia, and Europe where exposure to 

particulate air pollution during pregnancy can be linked with low term birth weight, 

intrauterine growth retardation, preterm birth, perinatal mortality, and birth defects 

(Wang, et al., 1997; Dejmek et al, 1999; Dejmek, et al., 2000; Xu, et al., 1995; 

Pereira, et al., 1998; Ha, et al., 2001; Loomis, et al., 1999; Lipfert, et al., 2000).  

In animal studies, female mice exposed to DP during pregnancy had significantly 

lower uterine weights than the control mice (Tsukue, et al., 2002).  Prenatal 

exposure to diesel exhaust has also been associated with decreases in offspring 

body weight in mice (Fujimoto, et al., 2005).  These findings may be indicative of 

an impairment of blood flow between mother and fetus as a result of altered 

angiogenesis. 

Pregnancy causes changes in maternal circulation that are necessary for 

the supply of nutrients, the excretion of embryonic metabolic products, gas 

exchange, protective immunity, and cardiopulonary function to support growth of 

an embryo.  In the early stages of pregnancy, the blood vessels that link the 

maternal and fetal circulation are not yet formed.  Both DP and organic fractions 

extracted from particulate material have been shown to have direct effects on 

endothelial cells in vitro, possibly due to oxidative stress resulting from the 
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formation of active oxygen species (Bai, et al., 2001; Sumanasekera, et al., 2007; 

Hirano, et al., 2003; Ying, et al., 2009).  In the lungs of mice treated with DP, 

histopathologic evaluations have shown disruption of capillary endothelial cells 

and detachment of endothelium from the basement membrane. (Ichinose, et al., 

1995).  In addition, treatment of cultured human umbilical vein endothelial cells 

(HUVEC) with carbon black, a mimetic for the nuclei of diesel exhaust particles, 

inhibited the formation of gap junctions, induced vacuole formation, and inhibited 

cell proliferation (Yamawaki and Iwai, 2006).  Since an adequate blood supply is 

required for normal development of the fetus, these studies suggest that 

exposure to DP during gestation may impair the early development of the 

placental boundary through the inhibition of blood vessel formation or 

angiogenesis. 

 

Development of Hypothesis 

Workers in the petroleum industry exposed to MTBE began reporting a 

high incidence of symptoms suggestive of vascular involvement, including 

headaches, dizziness, and nausea (Moolenaar, et al., 1994; Prah, et al., 1994).  

In vivo and in vitro experimental studies indicate exposure to MTBE can induce 

production of reactive oxygen species and lipid peroxidation (Li, et al., 2007; Li, 

et al. 2008; Li, et al., 2009; Sgambato, et al., 2009).  Exposure to particulate 

matter in ambient air, especially with a diameter less than 10 um (PM10), is 

associated with increased morbidity and mortality caused by respiratory diseases 

(Pope, et al., 1995; Pope, et al., 2004; Samet, et al., 2000; Peters, et al,. 1997; 
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Kappos, et al., 2004).  As with MTBE, proposed mechanisms for the effects 

associated with particulate matter are related to oxidative stress including 

production of reactive oxygen species (Bai, et al., 2001; Becker, et al., 2005), 

initiating inflammatory responses (Salvi, et al., 1999), and disrupting vascular 

function (Hansen, et al., 2007).  Subsequent to the damage caused to the lung 

and other tissues by these reactive processes, tissue repair mechanisms will be 

initiated.  Angiogenesis is essential for this type of tissue repair and remodeling, 

and chemicals which inhibit this process may result in a prolonged disease state.    

Tissue damage is repaired through replacement of the injured tissue by 

regeneration of native parenchymal cells.  This mechanism involves the close 

coordination and interaction between the various cell types of the tissue, 

including the vasculature to supply essential nutrients.  The tightly regulated 

repair response can be disrupted if toxic agents such as MTBE or DP persist in 

the damaged area.  Chronic exposure to sufficiently high concentrations of these 

toxicants may impair normal revascularization of damaged tissues or normal 

angiogenesis. 

Angiogenesis is a key factor in many human diseases such as cancer, 

diabetic retinopathy, arthritis, and atherosclerosis (Folkman, 1995; Carmeliet and 

Jain, 2000).  The process of angiogenesis is a highly organized sequence of 

events that include initiation, protease production, and the migration and 

differentiation of endothelial cells.  Each step is controlled to meet the 

requirements of the tissue into which the vessel is growing.  Angiogenesis can be 

mediated by growth factor stimulation of endothelial cells.  Vascular endothelial 
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growth factor A (VEGF-A) is one of the most potent pro-angiogenic growth 

factors identified.  VEGF-A is essential for the formation of a normal vascular 

network during embryonic development and the continued development of blood 

vessels during the neonatal period (Dunan, et al., 2003; Carmeliet, et al., 1996; 

Ferrara, et al., 1996; Gerhardt, et al., 2003; Gerber, et al., 1999).  Specific VEGF-

A isoforms and concentration gradients are important for neovessel pattern 

formation as is molecular cross-talk between different cell types for vessel 

maturation (Gerhardt, et al., 2004; Gerhardt, et al., 2003; Benjamin, et al., 1998).  

Two growth factor receptors, vascular endothelial growth factor receptor-1 

(VEGFR-1 or flt-1) and vascular endothelial growth factor receptor-2 (VEGFR-2, 

flk-1, or KDR), participate in VEGF-A signal transduction in vascular endothelial 

cells.  Both receptors are membrane-spanning receptor tyrosine kinases that 

bind VEGF-A, but their effects on signaling are very different.  Mice lacking 

VEGFR-2 have little or no blood vessel formation, suggesting that many 

downstream effects of VEGF on endothelial cells are mediated through this 

receptor (Shalaby, et al., 1995). In contrast, mice lacking VEGFR-1 show 

vascular overgrowth and disorganization (Fong, et al., 1995). 

Microcapillary formation also relies on cell adhesion events mediated by 

cell surface receptors for extracellular matrix (ECM) proteins.  Of these receptors, 

the integrins, have a vital function in the process of angiogenesis.  On the outside 

of the cell, integrins bind to ECM proteins like fibronectin, vitronectin, laminin I, 

and collagen IV.  Inside the cell, integrins bind elements of the cytoskeleton as 

well as various signaling proteins (Vouri, 1998).  Integrins are heterodimeric 
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proteins consisting of one α and one β subunit.  At least 20 combinations of 

these subunits are possible with each recognizing one or several ECM proteins 

(Eliceiri and Cheresh, 1998).  Of these possible combinations, integrin αvβ3, is of 

special interest in the process of angiogenesis. 

Integrin αvβ3 is a receptor for ECM ligands with an exposed Arg-Gly-Asp 

peptide sequence including vitronectin and fibrinogen (Cheresh, 1987; Leavesky, 

et al., 1992; Cheresh, 1993).  In non-dividing endothelial cells integrin αvβ3 is 

expressed only at low levels.  Initiation of angiogenesis promotes expression of 

integrin αvβ3 on the proliferative endothelial cells but not in the pre-existing, 

quiescent cells (Brooks, et al, 1994a).  Antibodies against the integrin αvβ3 will 

inhibit normal vessel growth but do not disrupt pre-existing vessels (Brooks, et 

al., 1994a).  Inhibition of attachment of integrins to the ECM may be one 

mechanism by which compounds disrupt angiogenesis. 

Antagonists of integrin αvβ3 have been shown to selectively activate 

endothelial cell p53 and increase the expression of the p53-inducible cell cycle 

inhibitor p21WAF1/CIP1 (Stromblad, et al., 1996).  Induction of p53 activity in cells 

undergoing DNA synthesis can lead to apoptosis.  Administration of αvβ3 

antagonists has also been shown to induce apoptosis in growth factor- or tumor 

cell-activated blood vessels (Brooks, et al., 1994b).  If integrin binding to the 

ECM is disrupted in endothelial cells leading to the inhibition of angiogenesis, 

investigations into the events involved in the apoptotic cascade can be used as a 

link to identifying this mechanism. 
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During the development of the vascular network, endothelial cells first 

form a solid cord of cells.  These cells eventually form a lumen and become 

capable of carrying blood.  Studies using in vitro models where endothelial cells 

are plated on reconstituted basement membrane or embedded in three 

dimensional collagen gels form cell networks that resemble capillary structures in 

vivo.  These studies indicate that interactions between the extracellular matrix 

and integrins, and signaling events involving cytoskeletal elements, control 

endothelial cell migration and shape and drive the capillary morphogenesis of 

endothelial cells (Davis, et al., 2002; Davis, et al., 2000; Davis and Camarillo, 

1995; Kniazeva and Putnam, 2009).   

The morphogenic changes observed in endothelial cells during capillary 

formation, along with the associated changes in cell shape and migration, have 

been shown to be related to the actin cytoskeleton (Davis, et al., 2002).    

Remodeling of the actin cytoskeleton is controlled by actin binding proteins 

including those involved in monomer sequestering, nucleating, filament severing, 

depolymerizing, and capping activities (Pollard and Borisy, 2003).  Of these 

proteins, the Rho family of GTPases is of major importance.  The Rho GTPases 

cycle between GTP-bound active states and GDP-bound inactive states.  The 

activation is controlled by guanine nucleotide exchange factors (GEFs) that 

catalyze the exchange of GDP for GTP (Schmidt and Hall, 2002).  Inactivation is 

controlled through GTPase-activating proteins (GAPs) that stimulate intrinsic 

GTPase activity (Etienne-Maneville and Hall, 2002).  In endothelial cells, VEGF-A 

has been shown to be responsible for regulation of Rho GTPases and 
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organization of the cytoskeleton.  VEGF-stimulated Rho GTPase activation is 

very short-lived with the levels of the active proteins falling back to baseline 

within minutes (Lamalice, et al., 2004; van Nieuw Amerongen, et al., 2003, Zeng, 

et al., 2002, Ren, et al., 1999). 

Studies indicate that cytoskeletal contractile forces established through 

the actin cytoskeleton may be responsible for the organization of endothelial cells 

into pre-capillary cords and eventually into tubes with a lumen.  During 

morphogenesis, contractility of the cytoskeleton allows endothelial cells to 

transmit mechanical forces through the extracellular matrix.  These forces form 

tension-based guidance pathways that allow for the organization of endothelial 

cells into interconnecting cords and provide pattern organization without the 

requirement of cell to cell contact (Vernon and Sage, 1995; Davis and Camarillo, 

1995; Korff and Augustine, 1999).  These contractile forces can also regulate the 

size and diameter of lumen formation (Sieminski, A.L., et al., 2004). 

The contractile forces generated within endothelial cells and transmitted 

through the extracellular matrix are mediated by actin filaments.  The forces are 

controlled through actin polymerization and bundling of polymerized actin into 

stress fibers (Whelan and Senger, 2003; Hong, et al., 2004).  Bundling of 

polymerized actin into stress fibers is induced by the GTPase RhoA (Liu and 

Senger, 2004; Hong, et al., 2004).  Inhibition of RhoA activity inhibited VEGF-A 

induced organization of endothelial cells into blood vessels and resulted in 

disorganized growth patterns and disruption of capillary blood vessels (Hoang, et 

al., 2004; Cascone, et al., 2003).   
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Other members of the Rho GTPase family have been shown to be 

involved in endothelial cell and capillary vessel morphogenesis and stability.  

Rac1 promotes assembly of the VE cadherin-catenin-actin complex to stabilize 

endothelial cell-cell junctions and stimulates motility through formation of 

lamellipodia, Ccd42 regulates the polymerization of actin to produce hair-like 

protrusions called filopodia, and both Rac1 and Cdc42 are required for lumen 

formation (Bayless and Davis, 2002; Cascone, et al., 2003).  Inhibition of Rac1 

function in endothelial cells in vivo inhibited growth factor-induced angiogenesis 

in vivo and activated Rac1 promotes recruitment of integrin αvβ3 to lamellipodia 

(Dormond, et al, 2001; Kiosses, et al, 2001).  Compounds that disrupt the proper 

assembly of the actin cytoskeleton can play a role in inhibition of endothelial cell 

migration and vascular tube formation. 

From the discussion above, one can deduce that VEGF, VEGF receptors, 

integrins, integrin binding to the extracellular matrix and cytoskeleton, the 

cytoskeleton itself, and the Rho family of GTPases all provide possible target 

mechanisms for antiangiogenic effects of toxicants. In addition to the earlier 

discussion of the involvement of angiogenesis in tissue repair, inhibition of 

vascular development is also important in regard to the developing fetus.  Fetal 

growth and development can be altered by maternal exposures to air pollutants 

(Maisonet, et al., 2001; Rogers, et al., 2000; Dejmek, et al., 2000).  MTBE and 

DP are two environmental pollutants that have received a considerable amount 

of attention during the past decade.  Epidemiologic and experimental studies 

have shown that both MTBE and DP have the potential to affect vasculature as a 
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target of toxicity.  This has led to formulation of the following hypothesis to direct 

this research: MTBE and DP alter angiogenesis through VEGF-related pathways 

leading to disruption of the endothelial cytoskeleton.  A series of studies were 

carried out to examine whether MTBE, DP, or the extractable organic 

components from DP result in disrupted vascular tube formation.  The hypothesis 

was tested by the following specific aims: (1) MTBE and DP disrupt vascular 

formation in in vitro models of endothelial cell tube formation; (2) inhibition of 

vascular formation observed following exposure to MTBE in vitro can be 

duplicated in vivo and result in vascular lesions in the rat; (3) inhibition of 

vascular formation observed following exposure to MTBE in vitro in rat 

endothelial cells can be duplicated using alternate models and species; (4) 

inhibition of vascular formation observed following exposure to MTBE is 

mediated through the VEGFR-2; (5) inhibition of vascular tube formation 

observed following exposure to DP observed in vitro is due to the extractable 

organic component, not the carbon core; (6) inhibition of vascular tube formation 

observed following exposure to DPE is due to cells undergoing apoptosis or cell 

death; and (7) inhibition of vascular tube formation observed following exposure 

to DPE is due to effects on the organization of the actin cytoskeleton which can 

be mediated through VEGF.  
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CHAPTER I: 

Effects of Methyl Tertiary Butyl Ether on Capillary Endothelial Tube 

Formation 

 

INTRODUCTION 

 MTBE is an organic solvent that has been used primarily as an octane 

booster since 1977 in the production of gasoline.  More recently, MTBE has been 

added to gasoline to increase the oxygen content to meet certain requirements of 

the Clean Air Act.  MTBE has historically ranked third as the most produced 

organic chemical in the United States.  In 1995 17.6 billion pounds were 

produced.  Due to numerous reports of MTBE being detected in both surface and 

groundwater across the country, MTBE is being phased out within the United 

States.  Wintertime oxygenated fuels contained as much as 15% by volume, 

while reformulated gasoline contained 11%.  Levels in conventional grade 

gasoline ranged from 2 to 8%.  MTBE is also approved for therapeutic use for 

dissolving cholesterol gallstones in the gallbladder (Leuschner, 1986). 

 With the increased use of MTBE over recent years by both the medical 

community and the petroleum industry come parallel increases in the potential for 

exposure of the environment and the human population to MTBE.  Workers in the 

petroleum industry exposed to MTBE began reporting a high incidence of 

neurologic symptoms, including headaches, dizziness, and nausea (Moolenaar, 

et al., 1994; Prah, et al., 1994).  While these symptoms are suggestive of 

vascular involvement, little information is available on the direct effects of MTBE 
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on vasculature.  Studies examining the effects of MTBE at concentrations from 

10 – 300 ppm in the Japanese medaka (Oryzias latipes) developing embryo 

resulted in a unique lesion of the developing vasculature.  The embryonic 

vasculature failed to develop, while other non-vascular tissues developed 

normally until vascularization became essential for further development 

(Kozlosky, et al., 1996).  The resulting unique lesion found in piscine embryonic 

vasculature prompted further investigation to determine if MTBE would alter rat 

brain microvessels and blood vessel growth and development in vivo. 

 As a part of the present study, primary cultures of rat brain endothelial 

cells were used to evaluate the effect of MTBE on angiogenesis in vitro.  Isolated 

endothelial cells from rat brain grown on Matrigel elaborate cytoplasmic 

processes which, after two days in culture, form microcapillaries (Doron, et al., 

1991).  Pregnant Fisher 344 rats and a mouse Matrigel plug implantation assay 

were used to examine the effects of MTBE on vascular development in vivo.  In 

addition, HUVEC grown on Matrigel were used to evaluate the contribution of the 

VEGFR-2 to the effects on vascular formation observed following treatment with 

MTBE.  The results of these studies provide evidence that exposure of vascular 

endothelial cells to MTBE results in a decrease in vascular tube formation in vitro 

and angiogenesis in vivo and that these effects may be due in part to decreased 

activation of the VEGFR-2. 
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MATERIALS AND METHODS 

Chemicals and cell culture supplies 

Methyl tertiary butyl ether (MTBE), tertiary butyl alcohol (TBA), sodium 

heparin, collagenase (type II), percoll, Triton X-100, and dextran were purchased 

from Sigma-Aldrich (St. Louis, MO).  M-199 media, penicillin/streptomycin, and 

fetal bovine serum (FBS) were purchased from Gibco (Invitrogen, Carlsbad, CA).  

EGM-2 culture media and supplements (EBM-2 BulletKits) were purchased from 

Clonetics (Lonza Walkersville, Inc., Walkersville, MD).  Matrigel (phenol red free) 

and Endothelial Cell Growth Supplement (ECGS) were purchased from  

BD Biosciences (San Jose, CA).  Tissue culture plates were from Falcon  

(Becton Dickinson Labware, Franklin Lakes, NJ). 

 

Primary cultures of endothelial cells from rat brain and in vitro 

angiogenesis 

Endothelial cells from the brains of Fisher-344 rats (3 to 4 days old) were 

isolated by centrifugation on dextrose and percoll density gradients following 

enzymatic treatment with collagenase type-2 and maintained in culture following 

the procedures described by Doron, et al. (1991).  Primary cultures were 

maintained in Medium 199 containing HEPES (10 mM), L-glutamine (2 mM), 

20% FBS, sodium heparin (90 μg/mL), ECGS (20 μg/mL), and  

1X penicillin/streptomycin in 24-well culture plates containing glass cover slips 

precoated with Matrigel. Primary cultures of endothelial cells grown on Matrigel 

elaborate cytoplasmic processes which, after two days in culture, form capillary-
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like tubes.  A sterile, round, glass cover slip was placed in each well of a twenty-

four well culture plate.  Each cover slip was then coated with 100 μL Matrigel and 

the plate was placed at 37°C for 30 minutes to allow the Matrigel to polymerize. 

Immediately following the isolation procedure, endothelial cells were seeded into 

the prepared plates at 5 x 104 cells/well.  After 48 hours at 37° C in a humidified, 

5% CO2 atmosphere, the treated cells were fixed in 4% paraformaldehyde, 

immunostained for α-tubulin, and each cover slip was mounted to a microscope 

slide.  Images were acquired from random fields on each slide at 200X 

magnification.  Cord formation was quantified by counting the number of tubes in 

random photos from each treatment. Statistical significance from control was 

determined by Dunnett’s Test and the results were expressed as means ± SEM.  

A value of P < 0.05 was considered statistically significant. 

 

Murine Matrigel plug implantation assay for in vivo angiogenesis 

The Matrigel plug implantation assay was based on the method of 

Passaniti, et al. (1992). The assay was performed using two groups of five 

female mice (C57BL/6NCr Charles River) 6 to 8 weeks of age.  A test group was 

implanted with plugs of Matrigel premixed with 100 ng/mL ECGS to which  

34.0 mM MTBE was added.  A control group received plugs of Matrigel 

containing 100 ng/mL ECGS only.  The Matrigel (0.5 mL) was injected between 

the skin and abdominal muscle of each mouse in the groin area close to the 

dorsal midline.  After 10 days, the plugs were dissected from the mice, 

embedded and sectioned in paraffin, and the sections were stained using 
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hematoxylin-eosin.  Angiogenesis was considered to be indicated by the growth 

of blood vessels into the solid plug of Matrigel. 

 

Chick chorioallantoic membrane (CAM) assay for in vivo angiogenesis 

The CAM assay is one of the most widely used methods to study 

angiogenesis in vivo.  Through the use of this assay, changes in the growth of 

capillary vessels can be observed.  Fertile hens’ eggs were prepared for sample 

application by first removing approximately 2 mL of albumen from the egg using 

a 21G needle.  A small hole is then cut in the shell to puncture the air sac.  

Finally, a 1-cm square hole is cut in the shell.  This procedure causes the CAM to 

drop as the remaining egg contents fill the void left by the collapse of the air sac 

and removal of the albumen.  The square hole was covered with adhesive tape 

and the eggs were placed in a 37oC incubator until sample application. 

On day 10, surviving eggs were organized into dose groups and 0.3 mL of 

34.0 mM MTBE in sterile saline or sterile saline alone (control) was administered 

through the adhesive tape using a needle and syringe.  The treated eggs were 

then returned to the 37oC incubator.  After 24 hr of exposure, the CAM from each 

egg was fixed using ice-cold 4% paraformaldehyde.  Each CAM was then 

excised and mounted on a microscope slide.  Angiogenesis was considered to 

be indicated by an increase in the vascular network covering the CAM. 
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Reproductive vascular development in the rat 

MTBE in corn oil was given to four groups of five pregnant female rats 

(Harlan Sprague-Dawley), orally by gavage, once daily from implantation (day 6 

of pregnancy) through gestation at 500, 1000, 1200, or 1500 mg/kg/day.  An 

additional group of five pregnant rats given corn oil alone served as a control.  At 

birth, approximately one half of the animals of each sex from each litter were 

sacrificed and necropsied, and any gross observations were recorded.  

Representative samples of brain, lung, liver, kidney, heart, and stomach from 

these animals were collected and fixed in 10% neutral buffered formalin.  Tissues 

were processed, sectioned, stained with hematoxylin and eosin, and 

subsequently examined by light microscopy for deviations in vascular 

development.  The remaining animals from each litter were given MTBE in corn 

oil orally by gavage once daily from birth through post partum Day 10 at the 

same level as their respective dam.  These animals were then sacrificed on post 

partum Day 11 and examined as described above.  Statistical significance from 

control was determined by Dunnett’s Test and the results were expressed as 

means ± SEM.  A value of P < 0.05 was considered statistically significant. 

 

Immunofluorescence - Phosphorylated VEGFR-2 

 HUVECs (2.5 x 105) were incubated at 37°C in a humidified 5% CO2 

atmosphere following treatment with 34 mM MTBE and without treatment in  

4-chamber glass cell culture slides (100 μL Matrigel/chamber) for 4 hours.  After 

4 hours, the cells were fixed with 4% paraformaldehyde for 10 min, and then 
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permeabilized with 0.05% Triton X-100 for 10 min at room temperature. 

Nonspecific reactivity was blocked by incubation with 5% normal goat serum in 

PBS for 1 hr at room temperature. Endothelial tubes were incubated with the 

either Phospho-VEGF Receptor-2 (Tyr996) or Phospho-VEGF Receptor-2 (Tyr951) 

primary antibody (Cell Signaling #2474 or #2471) at a 1:200 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.  Representative photographs were acquired 

following staining. 

 

Statistics 

 For statistical analysis, each in vitro experiment was performed at least  

2 times. The results were expressed as means ± SEM and analyzed by using 

Dunnett’s tests.  A value of P < 0.05 was considered statistically significant. 
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RESULTS 

In vitro rat brain capillary-like tube formation 

To evaluate the effect of MTBE on angiogenesis in vitro, primary cultures 

of rat brain endothelial cells were isolated and maintained in culture.  When 

grown on Matrigel, the freshly-isolated endothelial cells elaborated cytoplasmic 

processes which, after two days in culture, formed capillary-like tubes.  Cord 

formation was quantified by counting the number of tubes in random photos from 

each treatment using the National Institute of Health (NIH) ImageJ software.  

Exposure of cultured rat brain endothelial cells to MTBE (0.34 – 34.0 mM) 

resulted in a dose-dependent reduction of capillary tube formation (Figures 1 and 

2).  Treatment with tertiary butyl alcohol (0.34 - 34.0 mM), a major metabolite of 

MTBE, had no effect on microcapillary tube formation when compared to control 

(data not shown).  These data suggest that microcapillaries may be a primary 

target of MTBE and that toxicity may be mediated by endothelial cells in vivo.  

MTBE completely inhibited rat brain endothelial cells from forming capillary-like 

tubes in vitro at 34.0 mM with a LOAEL of 0.34 mM. 

 

In vivo murine Matrigel plug assay 

The effect of MTBE on angiogenesis in vivo was also tested using the 

Matrigel plug implantation assay. Matrigel plugs, premixed with 100 ng/mL 

ECGS, were implanted between the skin and abdominal muscle of each mouse 

in the groin area close to the dorsal midline.  After 10 days, the plugs were 

dissected from the mice, embedded and sectioned in paraffin, and the sections 
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were stained using hematoxylin-eosin.  Angiogenesis was considered to be 

indicated by the growth of blood vessels into the solid plug of Matrigel.  Matrigel 

plugs supplemented with ECGS showed a robust angiogenic response  

(Figure 3A).  The addition of 34.0 mM MTBE to the ECGS-supplemented plug 

resulted in near complete inhibition of angiogenesis (Figure 3B). 

 

In vivo chick chorioallantoic membrane (CAM) assay 

The effect of MTBE on angiogenesis in vivo in a non-mammalian system 

was tested using the CAM assay.  The chorioallantoic membrane in fertile hens’ 

eggs was treated with either 34.0 mM MTBE in sterile saline or sterile saline 

alone.  Following 24 hr of exposure, the addition of 34.0 mM MTBE resulted in a 

substantial decrease in the development of small blood vessels and branching off 

the larger vessels (Figure 4). 

 

In vivo rat developmental study 

In an effort to determine if MTBE would affect developing microcapillaries 

in vivo, pregnant female rats were dosed orally by gavage with MTBE in corn oil 

at 500 to 1500 mg/kg/day, from implantation (day 6 of pregnancy) through 

gestation.  Rats receiving 500 or 1000 mg/kg/day MTBE showed no adverse 

clinical signs; however, those animals receiving 1200 or 1500 mg/kg/day 

collapsed approximately 30 seconds following dosing and recovered within  

2 minutes.   
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At birth, one half of the animals of each sex from each litter were 

necropsied and any gross observations were recorded.  Tissues from these 

animals were then examined histologically for deviations in vascular 

development.  The remaining animals from each litter were dosed orally by 

gavage through post partum Day 10 with MTBE in corn oil at the same dose as 

their respective dam.  Narcotic effects, similar to those observed in the dams, 

were also observed in the pups receiving 1200 or 1500 mg/kg/day MTBE.  These 

animals were necropsied on post partum Day 11 and examined in an identical 

manner to that described above.  No changes in body weight or organ weights 

were observed (Figures 5 and 6). In addition, no changes in vascular 

development were observed in any of the rats following either gross or 

histological examination at the light level. 

 

Immunofluorescence - Phosphorylated VEGFR-2 

Preliminary studies were carried out to examine the ability of MTBE to 

inhibit phosphorylation of the VEGFR-2.  During immunostaining, HUVEC were 

very easily washed off the Matrigel.  In addition, placement of a coverslip on the 

slides casued the cells to release from the Matrigel and move to the edges of the 

field.  It was observed that during the process of tube formation, HUVEC are not 

strongly attached to the soft Matrigel matrix.  Several slides did show that 

treatment with 34 mM MTBE resulted in a decrease in phosphorylation of 

VEGFR-2 at both the Tyr951 and Try996 phosphorylation sites (Figure 7).  
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Additional studies are needed to further characterize the dose response and 

reproducibility of these findings. 
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Summary of the Data 

 MTBE at sufficiently high concentrations can prevent angiogenesis in 

several in vitro (rat isolated vascular endothelial cells grown on Matrigel, avian 

CAM assay) and ex vivo (Matrigel plug in mice) model systems.  Exposure of 

cultured rat brain endothelial cells to MTBE (0.34 – 34.0 mM) resulted in a dose-

dependent reduction of capillary tube formation when grown on Matrigel for  

48 hours (Figures 1 and 2).  The LOAEL was at 0.34 mM, and this resulted in 

approximately a 50% decrease in branching.  The addition of 34.0 mM MTBE to 

ECGS-supplemented Matrigel plugs inserted under the skin of mice resulted in 

near complete inhibition of angiogenesis (Figure 3B).  Following 24 hr of 

exposure, the addition of 34.0 mM MTBE resulted in a substantial decrease in 

the development of small blood vessels and branching off the larger vessels in 

the chicken egg CAM (Figure 4).  In addition, treatment of HUVEC grown on 

Matrigel with 34 mM MTBE resulted in a decrease in phosphorylation of VEGFR-

2 at both the Tyr951 and Try996 phosphorylation sites (Figure 7).  This would 

support the hypothesis that MTBE can interfere with angiogenesis by disrupting 

the VEGFR-2 which likely alters actin and cytoskeleton formation that are critical 

in angiogenesis.  However, when MTBE (500 - 1500 mg/kg/day) was given by 

gavage to pregnant rats and then their offspring for 10 days post parturition no 

morphological effects were observed.  There were no observed changes in body 

weight, organ weights, or relative organ weights (Figures 5 and 6).  In addition, 

no changes in vascular development were observed in any of the rat pups 

following either gross or histological examination at the light level.  The striking 
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difference observed between the in vitro and in vivo effects are likely due to the 

inability to achieve high enough circulating levels of MTBE in the pups.  This is 

likely a result of both the exhalation of MTBE and the metabolism in the liver 

converting the MTBE into TBA, a non-toxic metabolite.  Future reproductive 

studies should concentrate on lower doses given in a more chronic dosing 

regiment.  



 

 

38

FIGURES 

 

Figure 1.  Formation of capillary-like structures by isolated rat brain 

endothelial cells grown on Matrigel following treatment with MTBE for  

48 hours:  Representative photographs (200X) of (A) untreated rat brain 

endothelial cells seeded on Matrigel-coated glass cover slips after 48 hours and 

following treatment with (B) 0.34 mM MTBE, (C) 3.40 mM MTBE, or (D) 34.0 mM 

MTBE for 48 hours.  Cells were fixed in 4% paraformaldehyde and 

immunostained for α-tubulin. 
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Figure 2.  Rat brain endothelial cell tube formation following 48 hour 

treatment with 0.34, 3.4, and 34 mM MTBE compared to control tube 

formation.   Images were acquired from random fields at 200X magnification.  

Cord formation was quantified by counting the number of tubes in random photos 

from each treatment using the National Institute of Health (NIH) ImageJ software.  

Statistical significance from control was determined by Dunnett’s Test.   Error 

bars denote standard deviation.  ** P < 0.01 relative to control. 
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Figure 3.  Representative photographs of Matrigel plugs from the murine 

Matrigel plug implantation assay following exposure to saline or 34 mM 

MTBE:  Images are hematoxylin and eosin stained cross sections of Matrigel 

plugs at the boarder of the skin at 100X magnification.  Matrigel plugs containing 

the indicated amount of MTBE and/or endothelial cell growth supplement (ECGS) 

were embedded between the skin and abdominal wall of mice for 10 days, then 

collected and sectioned.  (A) Matrigel plugs supplemented with 100 ng/mL 

ECGS.  (B) with addition of 34.0 mM MTBE to the ECGS-supplemented plug. 
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Figure 4.  Representative photographs of chicken egg chorioallantoic 

membranes (CAM) following treatment with saline or 34 mM MTBE for  

24 hours:  (A) CAM treated with sterile saline.  (B) CAM following exposure to 

34.0 mM MTBE for 24 hours.  The images are 10X magnification. 
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Figure 5.  Body weights in rat neonates from birth (Day 1) through Day 10 

following exposure to 500 - 1500 mg/kg/day MTBE:  Mean of 47 - 53 pups per 

time point. 

 
 



 

 

47

Figure 6.  Tissue weights in rat neonates following exposure to 500 - 1500 

mg/kg/day MTBE:  Mean of 22 - 29 pups per time point.  Tissue weights include 

liver (A), brain (B), kidney (C), stomach (D), lung (E), and heart (F) from Day 1 

(birth) and Day 11. Statistical significance from control was determined by 

Dunnett’s Test.  Error bars denote standard deviation.
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Figure 7.  Representative images of HUVEC immunostained for phosphorylation 

of VEGFR-2 at both Tyr951 and Try996 in untreated cells and following treatment 

with 34 mM MTBE for 4 hours:  Representative bright field (left) and immunostained 

(right) photographs (200X) of (A) untreated HUVEC stained for VEGFR-2 

phosphorylated at Tyr951; (B) untreated HUVEC stained for VEGFR-2 phosphorylated at 

Tyr996; (C) HUVEC treated with 34 mM MTBE for 4 hours then stained for VEGFR-2 

phosphorylated at Tyr951; (D) HUVEC treated with 34 mM MTBE for 4 hours then 

stained for VEGFR-2 phosphorylated at Tyr996. 
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Chapter II: 

Determination of the Possible Effects of Diesel Exhaust Particles on Capillary 

Endothelial Tube Formation 

 

INTRODUCTION 

 The studies described in Chapter II deal with the effects of DP on endothelial cell 

tube formation.  The hypothesis was that DP disrupt endothelial tube formation through 

direct effects on endothelial cells.  The potential effects of DP on angiogenesis were 

investigated with an in vitro capillary tube-forming model using primary cultures of 

HUVEC.  Four treatments were evaluated; the DP as a whole, carbon black to represent 

the core or nucleus of the diesel particle, an organic component derived from extraction 

of DP using dichloromethane, and the washed particles resulting from the extraction in 

order to determine the contribution of either the particle or the absorbed organic 

component.  The studies described in this chapter include an evaluation of in vitro tube 

formation in HUVEC grown on Matrigel and the ability of the HUVEC to recover from the 

effects observed following treatment with DP and DPE.  Also investigated were the 

possible involvement of apoptosis and the organization of the actin cytoskeleton. 

 The results of these studies provide evidence that DP inhibit capillary tube 

formation in vitro and it appears to be the organic component of these particles, not the 

carbon core, producing this effect.  These studies also show that the inhibition of tube 

formation is not mediated through apoptosis or cell death, but may be caused by 

disorganization of the cytoskeleton mediated through the Rho GTPases Rac1 and 
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Cdc42.  In addition, results of the recovery assay indicate that the effects produced by 

DP and DPE are reversible. 

 

MATERIALS AND METHODS 

Chemicals and culture supplies 

 Dimethyl sulfoxide (DMSO), dichloromethane, Neutral Red Solution, Neutral Red 

Assay Solubilization Solution, Triton X-100, Tween-20, and Tween-80 were purchased 

from Sigma-Aldrich (St. Louis, MO).  EGM-2 Culture media and supplements (EBM-2 

BulletKits) were purchased from Clonetics (Lonza Walkersville, Inc., Walkersville, MD).  

Phosphate buffered saline (PBS) and was purchased from Gibco (Invitrogen, Carlsbad, 

CA).  Matrigel (phenol red free), Matrigel (reduced growth factor), and Matrigel-coated 

culture plates were obtained from BD Biosciences (San Jose, CA).  Tissue culture T-75 

flasks, 100 mm cell culture plates, and chamber tissue culture glass slides were from 

Falcon (Becton Dickinson Labware, Franklin Lakes, NJ). 

 

Cell culture   

Human umbilical vein endothelial cells (HUVEC) were purchased from Clonetics 

(Lonza Walkersville, Inc., Walkersville, MD) and passages 3 to 6 were used for all 

experiments. HUVECs were expanded; frozen overnight at -80°C in 50% EGM-2 media 

and 50% Cryoprotective Freezing Media (Lonza), then stored in liquid nitrogen for future 

use. To prepare for experiments, HUVECs were cultured in monolayers in T-75 tissue 

culture flasks and expanded in EGM-2.  The cells were maintained at 37°C in a 

humidified 5% CO2 atmosphere. Culture medium was changed every 2 - 3 days and the 
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cells were examined daily with an inverted microscope (type). Subculturing was 

performed when cell confluence reached approximately 80%. 

 

Diesel exhaust particles  

Diesel exhaust particles (DP) were obtained from M. Sagai (Aomori University of 

Health and Welfare, Aomori, Japan) and were prepared as previously described (Sagai 

et al, 1993).  The particles were suspended by vortexing and ultrasonication at  

10 mg/mL in PBS containing 0.05% Tween-80 and stored at 4oC. 

 

Preparation of washed DP and organic extract from particulate material 

Organic extracts from DP were prepared by extraction of particulate material with 

dichloromethane (Figure 8).  One gram of DP was extracted 4 times in 10 mL of 

dichloromethane by ultrasonication.  All four dichloromethane fractions were combined, 

evaporated to dryness, and weighed.  This procedure yielded approximately 400 mg of 

residue from the 1 g of dry DP sample.  The evaporated diesel exhaust particle extract 

(DPE) was dissolved in DMSO (500 mg/mL) and stored at -80°C.  Following the 

extractions, the washed DP (WDP) remaining were evaporated to dryness and 

suspended by vortexing and ultrasonication at 10 mg/mL in PBS containing 0.05% 

Tween 80 and stored at 4oC. 
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Treatments - initial screening for possible effects of DP, DPE, and Carbon Black 

(CB) on capillary tube formation in vitro 

HUVECs were treated with DP or CB suspended in a vehicle of 0.05% Tween 80 

in PBS or DPE dissolved in DMSO.  Each treatment was further diluted in EGM-2 media 

to the final concentration.  The final concentration of DMSO in solution did not exceed 

0.1%.  Concentrations of DP and CB used in the initial screening experiment were  

1, 10, 100 μg/mL and 0.75 and 7.5 μg/mL, respectively.  These concentrations were 

used previously in this laboratory in experiments involving treatment of HUVEC with DP 

following 24 hr of tube formation on Matrigel.  Concentrations of DPE used were 1, 3, 

10, and 20 μg/mL.  DPE concentrations were based on an in vitro LC50 value of 

17μg/mL determined in rat heart microvessel endothelial cells (Hirano, et al., 2003).  

The cells were exposed to the treatments for 4 hr.  The results of this initial screen 

prompted further investigation of the effects of the DPE at 25, 50, 100, and 250 μg/mL.  

The exposure time for this and all subsequent in vitro tube formation experiments was 

reduced to 3 hr.  A third experiment exposed HUVECs to a range of DPE from 10 to  

100 μg/mL (in increments of 10 μg/mL) in order to define a dose response. 

 

Treatment - equivalent fraction 

HUVECs were treated with DP or WDP suspended in a vehicle of 0.05%  

Tween-80 in PBS or DPE dissolved in DMSO.  Each treatment was further diluted in 

EGM-2 media to the final concentration.  The final concentration of DMSO in solution 

did not exceed 0.1%.  In the screening study to determine effects on capillary tube 

formation, HUVECs were treated with DPE at concentrations ranging from  
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10 - 100 μg/mL in the culture medium.  At exposures ≥ 40 μg/mL, tube formation was 

completely inhibited following 3 hours of treatment.  At 20 and 30 μg/mL, tube formation 

was inhibited in a concentration-dependent manner.  At 10 μg/mL, tube formation was 

equivalent to controls.  For the current studies, a high dose of 40 μg/mL DPE was 

selected.  Based on the findings from the screening studies, 40 μg/mL was expected to 

result in complete inhibition of tube formation.  Additional doses of 20 and 10 μg/mL 

DPE were selected to evaluate dose-related effects. Control treatments consisted of 

0.1% DMSO in EGM-2 media.  DP and WDP concentrations were selected to relate 

with the DPE doses and the results of the organic extraction from DP.  Dry residue 

resulting from the extraction process was approximately 40% by weight of the whole 

particle.  Based on this information, DPE doses of 40, 20, and 10 μg/mL correlate to DP 

doses of 100, 50, and 25 μg/mL and WDP doses of 60, 30, and 15 μg/mL, respectively. 

 

Capillary tube formation assay 

Matrigel-coated 24-well plates were thawed overnight at 4°C.  Immediately prior 

to performing the assay, the Matrigel was allowed to solidify at 37°C for 1 hour.  

HUVECs in T-75 flasks were trypsinized and 2.5 x 104 cells were added per well in 1 mL 

of medium. The cells were maintained at 37°C in a humidified 5% CO2 atmosphere for 

approximately 30 minutes to allow for attachment to the Matrigel.  Following attachment, 

the medium was gently removed from each well and the cells were treated with DP, 

WDP, CB, or DPE at the concentrations tested in 1 mL of medium per well.  The cells 

were maintained at 37°C in a humidified 5% CO2 atmosphere throughout the treatment 

period.  Tube formation was observed periodically over time under a phase contrast 
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microscope and representative pictures were taken at 3 or 4 hours as described in the 

treatment sections above. 

 

Recovery assay 

HUVECs were treated as described for the tube formation assay. Following  

3 hours of treatment, the media was gently removed.  Each well of the 24-well plate was 

gently washed 2 times with 1 mL HBSS warmed to 37°C and 1mL of EGM-2 treatment-

free media was added to each well.  The cells were maintained at 37°C in a humidified 

5% CO2 atmosphere and representative photographs were taken at approximately  

18 hours. 

 

ECM cell adhesion assay 

Adhesion of integrins to various ECM components was evaluated using the ECM 

cell adhesion assay.  InnoCyte ECM Cell Adhesion Assay kits coated with collagen type 

IV, fibronectin, vitronectin, laminin or Matrigel were purchased from Calbiochem.  The 

plates were prepared following the manufacturer’s instructions.  HUVECs were seeded 

in the 96-well plates (2.5 x 104 cells/well) then incubated at 37oC for 1 hr with and 

without treatment.  Following the 1 hr incubation, the media was removed from each 

well and discarded.  Each well was gently washed twice, each time adding 200 μL of 

37oC PBS.  Following the wash steps, 100 μL of fresh EGM-2 media containing 10% 

Neutral Red Solution was added to each well.  The culture plates were returned to the 

37oC incubator for 2 hrs.  During this incubation, viable cells take up the dye by active 

transport.  A change in the number of cells attached to the plate will result in a 
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concomitant change in the amount of dye incorporated by the cells.  At the end of the 

incubation period, the medium was removed and the cells were quickly rinsed with 37oC 

PBS.  The PBS was removed and the incorporated dye was solubilized in 100 μL of 

Neutral Red Assay Solubilization Solution for 10 min at room temperature while gently 

stirring on a gyratory plate shaker.  The amount of solubilized neutral red was 

determined by measuring the absorbance at 490 nm using a 96-well plate reader. 

  

Caspase-9 and caspase-3 activity assays 

Caspase activity was measured using the Caspase-3 and Caspase-9 

Colorimetric Assay Kits (R&D Systems, Inc.) following the manufacturer’s instructions.  

HUVECs were seeded in 100 mm cell culture plates (5 x 106 cells/plate) coated with 

Matrigel then incubated for 3 hours with and without treatment.  Cisplatin (25 μM) 

served as a positive control.  Caspase activity was determined by measuring the 

absorbance at 405 nm using a 96-well plate reader. 

 

Lactate dehydrogenase (LDH) cytotoxicity assay 

LDH activity was measured in the supernatant culture media using the LDH 

Cytotoxicity Assay Kit (Cayman) following the manufacturer’s instructions.  HUVECs  

(5 x 106 cells/plate) were incubated at 37°C in a humidified 5% CO2 atmosphere for  

3 hours with and without treatment in 100 mm cell culture plates coated with Matrigel.  

Cisplatin (25 μM) served as a positive control.  The LDH activity was determined by 

measuring the absorbance at 490 nm using a 96-well plate reader. 
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Annexin V and propidium iodide staining 

Annexin V and PI staining was performed using the TACS Annexin V Kit 

(Trevigen) following the manufacturer’s instructions.  HUVECs (2.5 x 105) were 

incubated at 37°C in a humidified 5% CO2 atmosphere with and without treatment in  

4-chamber glass cell culture slides (100 μL Matrigel/chamber) for 3 hours.  Cisplatin  

(25 μM) served as a positive control.  After 3 hours, unfixed cells were stained with 

annexin V-fluorescein and propidium iodide to differentiate apoptotic from necrotic cells.  

Representative pictures were taken following staining. 

 

Hoechst staining 

Hoechst staining was performed using TACS Hoechst Cell Proliferation Assay 

(Trevigen) following the manufacturers instructions for unfixed adherent cells.  HUVECs 

(2.5 x 105) were incubated at 37°C in a humidified 5% CO2 atmosphere with and without 

treatment in 4-chamber glass cell culture slides (100 μL Matrigel/chamber) for 3 hours. 

Cisplatin (25 μM) served as a positive control.  After 3 hours, unfixed cells were stained 

with Hoechst 33342.  Representative pictures were taken following staining. 

 

DNA fragmentation assay 

DNA fragmentation was determined using the Cell Death Detection ELISAPlus kit 

(Roche) following the manufacturer’s instructions. HUVECs (5 x 106 cells/plate) were 

incubated at 37°C in a humidified 5% CO2 atmosphere for 3 hours with and without 

treatment in 100 mm plates coated with Matrigel.  Cisplatin (25 μM) served as a positive 
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control.  Fragmented DNA was determined by measuring the absorbance at 405 nm 

using a 96-well plate reader. 

 

Actin cytoskeleton staining 

Actin cytoskeleton staining was performed using TRITC-conjugated Phalloidin 

(Chemicon).  HUVECs (2.5 x 105) were incubated at 37°C in a humidified 5% CO2 

atmosphere with and without treatment in 4-chamber glass cell culture slides (100 μL 

Matrigel/chamber) for 3 hours.  After 3 hours, cells were fixed with 4% 

paraformaldehyde in PBS for 15 minutes at room temperature.  Each chamber was 

washed twice with wash buffer (PBS containing 0.05% Tween-20).  Cells were 

permeabilized with 0.1% Triton X-100 then washed twice again with wash buffer.  A 

blocking solution consisting of 1% BSA in PBS was then applied to the cells for  

30 minutes at room temperature.  Following the blocking step each chamber was 

washed three times with wash buffer at room temperature for 10 minutes each wash.  

TRITC-conjugated Phalloidin diluted 1:500 was then applied and the slides were 

incubated at 37oC for 30 minutes.  Following incubation, the chambers were again 

washed three times with wash buffer at room temperature for 10 minutes each wash. 

Representative pictures were taken following staining. 

 

RhoA, Rac1, and Cdc42 activation 

 Levels of active RhoA, Rac1, and Cdc42 were measured using G-LISA Activation 

Assay Biochem Kits for the respective proteins (Cytoskeleton) following the 

manufacturer’s instructions.  HUVECs were seeded in 100 mm cell culture plates  
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(5 x 106 cells/plate) coated with Growth-Factor Reduced Matrigel then incubated for  

3 hours with and without treatment.  Cisplatin (25μM) served as a positive control.  

Protein activity was determined by measuring the absorbance at 490 nm using a 96-well 

plate reader. 

 

Statistics  

For statistical analysis, each experiment was performed at least 2 times. The 

results were expressed as means ± SEM and analyzed by using Dunnett’s tests.  A 

value of P < 0.05 was considered statistically significant. 
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RESULTS 

Capillary tube formation assay  

HUVECs grown on Matrigel rapidly elaborate cytoplasmic processes which form 

capillary-like tubes.  The formation of tube-like vessels under these conditions can be 

used to assess compounds that either inhibit or stimulate angiogenesis.  

In the initial screening study, HUVEC tube formation was assessed following a  

4-hour treatment with DP, CB, or DPE.  After 4 hours, controls showed a full network of 

tube development.  At 1 μg/mL DP, 0.75 and 7.5 μg/mL CB, and 1, 3, 10, and 20 μg/mL 

DPE, tube development was equivalent to controls.  There was a dose-dependent 

reduction in tube formation at 10 and 100 μg/mL DP with complete inhibition of tube 

formation at 100 μg/mL (Table 1, Figure 9). 

In the subsequent two screening studies, exposure time was reduced to 3 hours.  

Results of these studies showed a full network of tubes in controls.  In the second 

screening study, at 25 μg/mL DPE, tube formation was significantly decreased 

compared to controls.  At ≥ 50 μg/mL DPE, tube formation was completely inhibited 

(Table 2, Figure 10).  In the final screening study, concentrations of DPE were tested at 

a range of 10 to 100 μg/mL in 10 μg/mL increments. DPE concentrations ≤ 40 μg/mL 

inhibited capillary tube formation in a concentration-dependent manner with complete 

inhibition at 40 μg/mL and a NOAEL of 10 μg/mL.  At 20 μg/mL DPE, individual cells 

began to be observed that were not involved in tube formation.  At 40 μg/mL DPE, cells 

were still flattened to the Matrigel matrix; however, tube formation was completely 

inhibited.  At ≥ 50 μg/mL DPE, tube formation was completely inhibited and all cells 

appeared ball-shaped and not flattened to the matrix (Table 3, Figure 11). 
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In the equivalent fraction study, capillary tube formation at 10 μg/mL DPE was 

equivalent to control.  At 25 μg/mL DP, tube formation was decreased as compared to 

control.  At 50 and 100 μg/mL DP, capillary tube formation was completely inhibited. 

However, cells at 50 μg/mL DP were flattened to the matrix, while the cells treated with 

100 μg/mL DP appeared ball shaped.  At 20 and 40 μg/mL DPE, tube formation was 

inhibited in a concentration-dependent manner with complete inhibition observed at  

40 μg/mL.  WDP did not inhibit tube formation at any concentration tested (Table 4, 

Figure 12). 

 

Recovery assay 

The reversibility of the observed effects of DP and DPE on HUVEC tube 

formation was tested by allowing the treated cells to grow for approximately 18 hr 

following replacement of the treatment media with fresh, treatment-free growth media.  

The ability of the cells to form tubes was restored in all treatment groups with the 

exception of exposure to whole DP at 100 μg/mL.  Cells treated with 100 μg/mL DP 

remained attached to the Matrigel matrix and still appeared ball shaped following the 

18-hr recovery period (Table 5, Figure 13). 

 

ECM cell adhesion assay 

 The ECM cell attachment assay was used to determine the relative attachment of 

adherent cell lines to ECM proteins.  Integrins interact in a specific manner with different 

ECM proteins.  Binding of HUVEC treated with DPE to the ECM proteins collagen IV, 
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fibronectin, vitronectin, laminin I, or Matrigel (ECM) was not significantly different from 

control with any treatment (Table 6, Figure 14). 

 

Caspase-9 and Caspase-3 activity assays 

In order to determine if exposure of HUVEC to DPE induces apoptosis, enzyme 

activity assays were used to determine levels of active caspase-9 and caspace-3.  

Caspase-9 and caspase-3 are intracellular proenzymes that are activated early during 

the cascade of events associated with apoptosis.  Caspase-9 is an upstream 

proenzyme in the cascade of enzymatic reactions required to induce cellular apoptosis.  

Caspase-3 is an intracellular cysteine protease that exists as a proenzme.  Active 

caspase-9 activates pro-caspase-3 during the cascade of events associated with 

apoptosis.  Activated caspase-3 is a key enzyme required for the execution of 

apoptosis.  Caspase-9 or caspase-3 activity was not significantly different from control 

with any treatment (Table 7, Figure 15). 

 

Lactate dehydrogenase assay 

In order to determine if exposure to DPE causes cell death, a lactate 

dehydrogenase (LDH) assay was used to determine levels of LDH released into the 

culture medium.  LDH is a soluble, cytosolic enzyme released into the culture medium 

upon cell damage or lysis; therefore, LDH activity in the culture medium can be used as 

an indicator of cell membrane integrity.  LDH activity was not significantly different from 

control with any treatment (Table 7, Figure 16). 
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Annexin V and propidium iodide staining 

Early in the apoptotic process phosphatidylserine (PS) becomes exposed on the 

cell surface by flipping from the inner to the outer surface of the cytoplasmic membrane. 

Annexin V binds to PS and can be used to identify these membrane changes 

associated with apoptosis.  Propidium iodide is used to identify cells that have lost 

membrane integrity.  Representative images of the annexin-V and propidium iodide 

staining results are shown in Figure 17.  HUVECs, treated or untreated, did not stain 

with either annexin-V or propidium iodide (Table 6, Figure 17). 

 

Hoechst staining 

Hoechst (H33342) penetrates the plasma membrane and stains DNA in cells 

without permeabilization. The nuclei of apoptotic cells have highly condensed chromatin 

that is uniformly stained by H33342.  These morphological changes in the nuclei can be 

visualized by fluorescence microscopy.  Representative images of the Hoechst staining 

results are shown in Figure 18.  The nuclear morphology of treated HUVECs was not 

significantly different from that of the untreated cells (Table 6, Figure 18). 

 

DNA fragmentation assay 

Late in the apoptotic process, endonucleases cleave nuclear DNA between 

nucleosomes producing a mix of DNA fragments that vary in length from 180 - 200 base 

pairs.  This degradation of the DNA occurs several hours prior to plasma membrane 

breakdown.  The cell death detection assay measures the amount of histone-associated 
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DNA fragments after induced apoptosis.  DNA fragmentation was not significantly 

different from control with any treatment (Table 6, Figure 19). 

 

Actin cytoskeleton staining 

 The cytoskeleton is a dynamic network composed mainly of actin polymers and 

associated proteins.  Disruption of the normal regulation of the organization of the actin 

cytoskeleton may lead to an interruption of cellular processes including cell motility and 

vascular tube formation.  In order to determine the effects of DPE on cytoskeletal 

organization, HUVEC treated with various concentrations of DPE were stained with 

TRITC-conjugated Phalloidin.  Results of our staining of the actin cytoskeleton show a 

disruption in the organization of actin into filaments in conjunction with the inhibition of 

tube formation observed with exposure to DPE (Figure 20). 

 

RhoA, Rac1, and Cdc42 activation 

Cytoskeletal reorganization of actin microfilaments is regulated by the Rho family 

of GTPases.  Proteins such as RhoA, Rac1, and Cdc42 are key contributors to this 

process.  Our data show a statistically significant decrease in activation of Cdc42 and 

Rac proteins including Rac1, but no change in activated RhoA when compared to 

control in HUVEC treated with DPE levels sufficient to inhibit HUVEC tube formation 

(Figure 21).  
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Summary of the Data 

 The formation of capillary-like structures by HUVEC grown on Matrigel was 

inhibited in a dose-dependent manner following treatment with DP (Figure 9).  After 

4 hours, controls showed a full network of tube development.  At 1 μg/mL DP, 0.75 

and 7.5 μg/mL CB, and 1, 3, 10, and 20 μg/mL DPE, tube development was 

equivalent to controls.  There was a dose-dependent reduction in tube formation at 

10 and 100 μg/mL DP with complete inhibition of tube formation at 100 μg/mL. 

 Concentrations of DPE at a range of 10 to 100 μg/mL in 10 μg/mL increments 

were tested for the ability to inhibit the formation of capillary-like structures by 

HUVEC grown on Matrigel.  DPE concentrations ≤ 40 μg/mL, inhibited capillary tube 

formation in a concentration-dependent manner with complete inhibition at 40 μg/mL 

and a NOAEL of 10 μg/mL.  At 20 μg/mL DPE, individual cells began to be observed 

that were not involved in tube formation.  At 40 μg/mL DPE, cells were still flattened 

to the Matrigel matrix; however, tube formation was completely inhibited.   

At ≥ 50 μg/mL DPE, tube formation was completely inhibited and all cells appeared 

ball-shaped and not flattened to the matrix (Figures 10 and 11).  

 Capillary tube formation in HUVEC grown on Matrigel and treated with 25 μg/mL 

DP and 10 μg/mL DPE was equivalent to control.  At concentrations of 50 and  

100 μg/mL DP, capillary tube formation was completely inhibited.  However, cells at 

50 μg/mL DP were flattened to the matrix (arrows), while the cells treated with  

100 μg/mL DP appeared ball shaped.  At 20 and 40 μg/mL DPE, tube formation was 

inhibited in a concentration-dependent manner.  WDP did not inhibit tube formation 

at any concentration tested (Figure 12).  The ability of HUVEC to form tubes was 
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restored in all treatment groups with the exception of exposure to whole DP at  

100 μg/mL.  Cells treated with 100 μg/mL DP remained attached to the Matrigel 

matrix and still appeared ball shaped following the 18-hr recovery period (Figure 13).   

 Binding of HUVEC treated with DPE to components of the ECM was not 

significantly different from control with any treatment (Figure 14).  Inhibition of 

vascular tube formation in HUVEC grown on Matrigel following treatment with DPE 

is not due to apoptosis or cell death (Figures 15 - 19).  However, exposure of 

HUVEC to DPE was shown to disrupt the organization of the actin cytoskeleton in 

cells grown on Matrigel (Figure 20) and did result in decreases in the activation of 

the Rho GTPases Rac and Cdc42 (Figure 21).  This biochemical pathway is critical 

for the vascular endothelial cells to form normal cytoskeleton, and can be used to 

explain the morphological observations and the ability of the cells to recover.  The 

DPE caused the majority of the effects from the DP, but there does appear to be an 

enhanced toxicity when the whole DP is tested.  Studies need to be conducted to 

determine if chronic exposure to DP entering into the lung and the systemic 

circulation could result in decreased angiogenesis and contribute to the health 

effects observed during high particulate events. 
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FIGURES AND TABLES 

 

Whole Diesel Exhaust Particles (DP) 
[1 gram] 

 

 

Wash with 10 mL Dichloromethane 
[4 Times with ultrasonication] 

 
 
 
 

                           Combine Wash                                 Washed Diesel Exhaust Particles 
                                                                                                           (WDP) 

  

 

                       Evaporate to Dryness 
                           [400 mg Residue] 
 
 
 
 
                          Dissolve in DMSO 
                         [500 mg/mL Stock] 
 
 
 
 
              Dilute to Working Concentrations 
               [Diesel Particle Extract - (DPE)] 
 
 

Figure 8.  Preparation of an organic extract from diesel particles (DPE) and 

washed diesel particles (WDP):  One gram of whole diesel particles (DP) was washed 

4 times with dichloromethane to create an organic extract from the particles and washed 

diesel particles. 
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Initial Screen for Effects on in vitro Vascular Formation - 4 hours 

 
 

Treatment 
 

Branching 

 
Control (No Treatment) 

 
+++ 

 
DMSO (0.1% in Media) 

 
+++ 

 
Carbon Black (0.75 μg.mL) 

 
+++ 

 
Carbon Black (7.5 μg/mL) 

 
+++ 

 
Diesel Particle (1 μg/mL) 

 
+++ 

 
Diesel Particle (10 μg/mL) 

 
+++ 

 
Diesel Particle (100 μg/mL) 

 
− 

 
Diesel Particle Extract (1 μg/mL) 

 
+++ 

 
Diesel Particle Extract (3 μg/mL) 

 
+++ 

 
Diesel Particle Extract (10 μg/mL) 

 
+++ 

 
Diesel Particle Extract (20 μg/mL) 

 
+++ 

 

Table 1: Summary of effects observed in HUVEC at 4 hours following various treatments (+++ = 

no difference from control; - = no vascular formation).  Corresponding data is shown in Figure 9. 
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Figure 9.  Representative images of in vitro HUVEC tube formation following  

4 hour exposure to 1, 10, or 100 μg/mL diesel particles, 0.75 or 7.5 μg/mL carbon 

black, or 1, 3, 10, or 20 μg/mL diesel particle extract:  Representative photographs 

(200X) of (A) untreated HUVEC seeded on Matrigel after 4 hours and following 

treatment with (B) 0.1% DMSO, (C, D) 0.75 or 7.5 μg/mL carbon black; (E, F, G) 1, 10, 

or 100 μg/mL diesel particles; or (H, I, J, K) 1, 3, 10, or 20 μg/mL diesel particle extract 

for 4 hours.  Images are of unfixed cells. 
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A - Media Control 
 

 

B - 0.1% DMSO 
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C - 0.75 μg/mL Carbon Black 

 

 

D - 7.5 μg/mL Carbon Black 
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E - 1 μg/mL Diesel Particles 

 

F - 10 μg/mL Diesel Particles 
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G - 100 μg/mL Diesel Particles 
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H - 1 μg/mL Diesel Particle Extract 

 

I - 3 μg/mL Diesel Particle Extract 



 

 

77

 

 

J - 10 μg/mL Diesel Particle Extract 

 

K - 20 μg/mL Diesel Particle Extract 
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Screen for Effects of DPE on in vitro Vascular Formation -  3 hours 

 
 

Treatment 
 

Branching 

 
DMSO (0.1% in Media) 

 
+++ 

 
Diesel Particle Extract  (25 μg/mL) 

 
++ 

 
Diesel Particle Extract (50 μg/mL) 

 
− 

 
Diesel Particle Extract (100 μg/mL) 

 
− 

 
Diesel Particle Extract (200 μg/mL) 

 
− 

 

Table 2: Summary of effects observed in HUVEC at 3 hours following treatment with 

diesel particle extract (+++ = no difference from control; ++ = decreased as compared to 

control; - = no vascular formation).  Corresponding data is shown in Figure 10. 
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Figure 10.  Representative images of in vitro HUVEC tube formation following  

3 hour exposure to 25, 50, 100, or 200 μg/mL diesel particle extract:  

Representative photographs (200X) of HUVEC seeded on Matrigel and treated for  

3 hours with (A) 0.1% DMSO, (B) 25 μg/mL diesel particle extract; (C) 50 μg/mL diesel 

particle extract; (D) 100 μg/mL diesel particle extract; or (E) 200 μg/mL diesel particle 

extract.  Images are of unfixed cells. 
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A - 0.1% DMSO Control 
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B - 25 μg/mL Diesel Particle Extract 

 

C - 50 μg/mL Diesel Particle Extract 
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D - 100 μg/mL Diesel Particle Extract 

 

E - 200 μg/mL Diesel Particle Extract 
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DPE Range-Finding - 3 hours 

 
 

Treatment 
 

Tube Formation 

 
DMSO (0.1% in Media) 

 
+++ 

 
Diesel Particle Extract  (10 μg/mL) 

 
+++ 

 
Diesel Particle Extract (20 μg/mL) 

 
++* 

 
Diesel Particle Extract (30 μg/mL) 

 
+ 

 
Diesel Particle Extract (40 μg/mL) 

 
−** 

 
Diesel Particle Extract (50 μg/mL and 

higher) 
 

−*** 

 
Table 3: Summary of effects observed in HUVEC at 3 hours following treatment with 

diesel particle extract (+++ = no difference from control; ++ = slight difference from 

control; + = marked difference from control; - = no vascular formation).  Corresponding 

effects are shown in Figure 11. 

* - Begin to see cells not involved in tube formation. 
** - HUVEC flattened to the Matrigel matrix, but no tube formation observed. 
*** - All cells have ball-shaped appearance. 
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Figure 11.  Representative images of in vitro HUVEC tube formation following  

3 hour exposure to 10 - 100 μg/mL diesel particle extract:  Representative 

photographs (100X) of HUVEC seeded on Matrigel and treated for  

3 hours with (A) 0.1% DMSO, (B) 10 μg/mL diesel particle extract; (C) 20 μg/mL diesel 

particle extract (arrows indicate individual cells not involved in tube formation);  

(D) 30 μg/mL diesel particle extract; (E) 40 μg/mL diesel particle extract, or  

(F) 50 μg/mL diesel particle extract.  At > 50 μg/mL diesel particle extract, tube 

formation was completely inhibited and all cells appeared ball-shaped and not flattened 

to the matrix (images not shown).  Images are of unfixed cells. 
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A - 0.1% DMSO Control 

 

B- 10 μg/mL Diesel Particle Extract 



 

 

86

 

 

C - 20 μg/mL Diesel Particle Extract 

 

D - 30 μg/mL Diesel Particle Extract 
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E - 40 μg/mL Diesel Particle Extract 

 

F - 50 μg/mL Diesel Particle Extract 
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Exposure to DP, DPE, or WDP - 3 hours 

 
 

Diesel Particles 
(100 μg/mL) 

 

Diesel Particle Extract  
(40 μg/mL) 

Washed Particles  
(60 μg/mL) 

 
− 
 

− +++ 

 
Diesel Particles 

(50 μg/mL) 
 

Diesel Particle Extract  
(20 μg/mL) 

Washed Particles  
(30 μg/mL) 

 
− 
 

++ +++ 

 
Diesel Particles 

(25 μg/mL) 
 

Diesel Particle Extract  
(10 μg/mL) 

Washed Particles  
(15 μg/mL) 

 
+ 
 

+++ +++ 

 

Table 4: Summary of effects observed in HUVEC at 3 hours following various 

treatments (+++ = no difference from control; ++ = slight difference from control;  

+ = marked difference from control; - = no vascular formation).  0.1% DMSO showed no 

difference from control.  Corresponding effects are shown in Figure 12. 
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Figure 12.  Representative images of in vitro HUVEC tube formation following  

3 hour exposure to 25, 50, or 100 μg/mL diesel particles, 10, 20, or 40 μg/mL diesel 

particle extract, or 15, 30, or 60 μg/mL washed diesel particles:  Representative 

photographs (200X) of HUVEC seeded on Matrigel and treated for  

3 hours with (A) untreated media (B) 0.1% DMSO, (C) 25 μg/mL DP (top), 10 μg/mL 

DPE (middle), 15 μg/mL WDP (bottom); (D) 50 μg/mL DP (top - arrows indicate cells 

flattened to the matrix but not involved in tube formation), 20 μg/mL DPE (middle),  

30 μg/mL WDP (bottom); or (E) 100 μg/mL DP (top), 40 μg/mL DPE (middle), 60 μg/mL 

WDP (bottom). 
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A - Media Control 

 

B - 0.1% DMSO 
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C - 25 μg/mL DP (top), 10 μg/mL DPE (middle), 15 μg/mL WDP (bottom) 
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D - 50 μg/mL DP (top), 20 μg/mL DPE (middle), 30 μg/mL WDP (bottom) 
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E - 100 μg/mL DP (top), 40 μg/mL DPE (middle), 60 μg/mL WDP (bottom) 
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Recovery of Tube Formation - 18 hours 

 
 

Diesel Particles 
(100 μg/mL) 

 

Diesel Particle Extract  
(40 μg/mL) 

Washed Particles  
(60 μg/mL) 

 
− 
 

+++ +++ 

 
Diesel Particles 

(50 μg/mL) 
 

Diesel Particle Extract  
(20 μg/mL) 

Washed Particles  
(30 μg/mL) 

 
+++ 

 
+++ +++ 

 
Diesel Particles 

(25 μg/mL) 
 

Diesel Particle Extract  
(10 μg/mL) 

Washed Particles  
(15 μg/mL) 

 
+++ 

 
+++ +++ 

 

Table 5:  Summary of the reversibility of effects observed in HUVEC at 3 hours following 

various treatments (+++ = no difference from control; - = no vascular formation).  

Treatments were washed from the cells following 3 hours of exposure.  Cells were then 

incubated for 18 hours in untreated media.  0.1% DMSO showed no difference from 

control.  Corresponding effects are shown in Figure 13. 
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Figure 13.  Representative images of in vitro HUVEC tube formation following  

3 hour exposure to 25, 50, or 100 μg/mL diesel particles, 10, 20, or 40 μg/mL diesel 

particle extract, or 15, 30, or 60 μg/mL washed diesel particles and subsequent 

18-hour incubation with untreated fresh media: Representative photographs (200X) 

of HUVEC seeded on Matrigel and treated for 3 hours with (A) 25 μg/mL DP (top),  

10 μg/mL DPE (middle), 15 μg/mL WDP (bottom) (B) 50 μg/mL DP (top), 20 μg/mL DPE 

(middle), 30 μg/mL WDP (bottom) (C) 100 μg/mL DP (top), 40 μg/mL DPE (middle),  

60 μg/mL WDP (bottom) then washed free of treatment media.  Subsequent to washing, 

cells were incubated for 18 hours with untreated fresh media. 
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A - 25 μg/mL DP (top), 10 μg/mL DPE (middle), 15 μg/mL WDP (bottom) 
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B - 50 μg/mL DP (top), 20 μg/mL DPE (middle), 30 μg/mL WDP (bottom) 
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C - 100 μg/mL DP (top), 40 μg/mL DPE (middle), 60 μg/mL WDP (bottom)
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HUVEC Attachment to Components of the ECM 

 
 

Treatment 
 

Collagen IV Fibronectin Vitronectin Laminin I ECM 

 
Control 

 
+++ +++ +++ +++ +++ 

 
DMSO 

 
+++ +++ +++ +++ +++ 

 
Diesel Particle 

Extract  
(10 μg/mL) 

 

+++ +++ +++ +++ +++ 

 
Diesel Particle 

Extract  
(20 μg/mL) 

 

+++ +++ +++ +++ +++ 

 
Diesel Particle 

Extract  
(30 μg/mL) 

 

+++ +++ +++ +++ +++ 

 
Diesel Particle 

Extract  
(40 μg/mL) 

 

+++ +++ +++ +++ +++ 

 

Table 6:  Evaluation of HUVEC attachment to components of the extracellular matrix 

following treatment with 10 - 40 μg/mL DPE (+++ = no loss of attachment compared to 

control).  Corresponding data is shown in Figure 14. 
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Figure 14.  HUVEC adhesion to components of the ECM following 3 hour 

exposure to 10, 20, 30, or 40 μg/mL DPE:  Binding of HUVEC treated with DPE to the 

ECM proteins (A) collagen IV, (B) fibronectin, (C) vitronectin, (D) laminin I, or  

(E) Matrigel (ECM) as a percentage of control. Statistical significance from untreated 

control was determined by Dunnett’s Test.  Error bars denote standard deviation. 



 

 

101

 

 

 

 

 

 

 

Attachment Assay - Collagen IV
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Attachment Assay - Fibronectin
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Attachment Assay - Vitronectin

Control DMSO 10 ug/mL
20 ug/mL

30 ug/mL 40 ug/mL
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Attachment Assay - Laminin I

Control DMSO 10 ug/mL 20 ug/mL 30 ug/mL 40 ug/mL
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Attachment Assay - ECM
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Apoptosis/Cell Death 

 
 
 
 

Control Cisplatin DMSO 

Diesel 
Particle 
Extract 

(10μg/mL) 

Diesel 
Particle 
Extract 

(20μg/mL) 

Diesel 
Particle 
Extract 

(30μg/mL) 

Diesel 
Particle 
Extract 

(40μg/mL)
 

Caspase 9 
 

− +++ − − − − − 

 
Caspase 3 

 
− +++ − − − − − 

 
LDH 

 
− +++ − − − − − 

 
Annexin V 

 
− +++ − − − − − 

 
Propidium 

Iodide 
 

− +++ − − − − − 

 
Hoechst 

 
− +++ − − − − − 

 
DNA 

Fragmentation 
 

− +++ − − − − − 

 

Table 7:  Summary of effects observed in several indicators of apoptosis in HUVEC at 3 

hours following various treatments (+++ = markedly different from control; - = no 

difference from control).  Corresponding data are shown in Figures 15 - 19. 
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Figure 15.  Activation of caspase-9 or caspase-3 following 3 hour exposure of 

HUVEC to 10, 20, 30, or 40 μg/mL DPE:  Caspase activity for (A) caspase-9 (B) 

caspase-3 as measured by ELISA.  25 μM cisplatin served as a positive control.  

Statistical significance from untreated control was determined by Dunnett’s Test.  Error 

bars denote standard deviation. 
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Caspase 9 - 3 Hours
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Caspase 3 - 3 Hours
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LDH - 3 Hours
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Figure 16.  LDH activity following 3 hour exposure of HUVEC to 10, 20, 30, or 40 

μg/mL DPE:  LDH activity as measured by ELISA.  25 μM cisplatin served as a positive 

control.  Statistical significance from untreated control was determined by Dunnett’s 

Test.  Error bars denote standard deviation. 
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Figure 17.  Representative images of HUVEC immunostained for annexin V and 

propidium iodide following 3 hour exposure to 25, 50, or 100 μg/mL diesel 

particles, 10, 20, or 40 μg/mL diesel particle extract, or 15, 30, or 60 μg/mL washed 

diesel particles:  Representative annexin V stained (left) and propidium iodide stained 

(right) photographs (400X) of HUVEC treated with (A) 25 μM cisplatin (+ control) (B) 

0.1% DMSO (C, D, E) 25, 50, or 100 μg/mL DP; (F, G, H) 1-, 20, or 40 μg/mL DPE; or 

(I, J, K) 15, 30, or 60 μg/mL WDP for 3 hours. 
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A - Cisplatin (+ control) Annexin V 

 

B - 0.1% DMSO Annexin V 

 

 

 

 

Propidium Iodide 

 

Propidium Iodide
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C - 25 μg/mL DP Annexin V 

 

D - 50 μg/mL DP Annexin V 

 

E - 100 μg/mL DP Annexin V 

 

Propidium Iodide 

 

Propiduim Iodide 

 

Propidium Iodide
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F - 10 μg/mL DPE Annexin V 

 

G - 20 μg/mL DPE Annexin V 

 

H - 40 μg/mL DPE Annexin V 

 

Propidium Iodide 

 

Propidium Iodide 

 

Propidium Iodide



 

 

115

 

 

I - 15 μg/mL WDP Annexin V 

 

J - 30 μg/mL WDP Annexin V 

 

K - 60 μg/mL WDP Annexin V 

 

Propidium Iodide 

 

Propidium Iodide 

 

Propidium Iodide
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Figure 18.  Representative images of HUVEC immunostained with Hoechst  

(H33342) following 3 hour exposure to 25, 50, or 100 μg/mL diesel particles, 10, 

20, or 40 μg/mL diesel particle extract, or 15, 30, or 60 μg/mL washed diesel 

particles:  Representative photographs (400X) of Hoechst-stained HUVEC treated with 

(A) 25 μM cisplatin (+ control - arrows indicate condensed nuclei) (B) 0.1% DMSO (C, 

D, E) 25, 50, or 100 μg/mL DP; (F, G, H) 1-, 20, or 40 μg/mL DPE; or (I, J, K) 15, 30, or 

60 μg/mL WDP for 3 hours. 
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A - Cisplatin (+control) 
 

 
B - 0.1% DMSO 
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C - 25 μg/mL DP 

 
D - 50 μg/mL DP 

 
E - 100 μg/mL DP 
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F - 10 μg/mL DPE 

 
G - 20 μg/mL DPE 

 
H - 40 μg/mL DPE 
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I - 15 μg/mL WDP 

 
J - 30 μg/mL WDP 

 
K - 60 μg/mL WDP 
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DNA Fragmentation - 3 Hours
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Figure 19.   DNA fragmentation following 3 hour exposure of HUVEC to 10, 20, 30, 

or 40 μg/mL DPE:  DNA fragmentation as measured by ELISA.  25 μM cisplatin served 

as a positive control.  Statistical significance from untreated control was determined by 

Dunnett’s Test.  Error bars denote standard deviation. 
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Figure 20.  Immunocytochemical staining of the actin cytoskeleton with TRITC-

conjugated Phalloidin in HUVEC treated with 10, 20, 30 or 40 μg/mL DPE: 

Representative photographs (400X) of HUVEC treated with (A) untreated media control  

(B) 0.1% DMSO (C) 10 μg/mL DPE; (D) 20 μg/mL DPE; (E) 30 μg/mL DPE; or  

(F) 40 μg/mL DPE for 3 hours then immunostained with TRITC-conjugated Phalloidin. 
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A - Media Control 

 

B - 0.1% DMSO 
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C - 10 μg/mL DPE 

 

D - 20 μg/mL DPE 
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E - 30 μg/mL DPE 

 

F - 40 μg/mL DPE 
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Figure 21.  RhoA, Rac, and Cdc42 activity following exposure of HUVEC to 10, 20, 

30, or 40 μg/mL DPE:  LDH activity as measured by ELISA.  Statistical significance 

from untreated control was determined by Dunnett’s Test. 
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DISCUSSION AND CONCLUSIONS 

 The developmental toxicity observed with exposure to MTBE or DEP may result 

from changes in vascular development.  As a first step in the identification of possible 

effects these compounds have on developing vasculature and the determination of the 

mechanisms involved in these effects, MTBE was tested using an in vitro model of 

angiogenesis and three in vivo models, each utilizing a different species. 

MTBE is a volatile organic compound used as an octane booster and 

oxygenating agent in gasoline.  The principle route of exposure for humans is inhalation 

of fumes while refueling; however, oral routes of exposure also exist such as from 

groundwater contaminated by leaking underground storage tanks.  Workers in the 

petroleum industry exposed to MTBE have reported a high incidence of neurologic 

symptoms, including headaches, dizziness, and nausea (Moolenaar, et al., 1994; Prah, 

et al., 1994).  While these symptoms are suggestive of vascular involvement, little 

information is available on the direct effects of MTBE on vasculature.  It is hypothesized 

that exposure to MTBE can induce vascular alterations and thus contribute to 

aberrations in vascular maintenance and development. 

In a previous study in this laboratory, MTBE produced a unique lesion in the 

developing embryonic vasculature of the Japanese medaka.  The embryonic 

vasculature failed to develop, while other, non-vascular tissues developed normally until 

vascularization became essential for further development (Kozlosky, et al., 1996). In the 

current study, exposure to MTBE produced a dose-dependent reduction in vascular 

tube formation in isolated Fisher-344 rat brain endothelial cells cultured on Matrigel and 

inhibited migration of endothelial cells into plugs of Matrigel implanted subcutaneously 
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in mice and in the CAM in the fertilized chicken egg.  The mechanisms underlying these 

effects on the vasculature are unknown.   

In the rodent developmental study, no changes in vascular development were 

observed in any of the rats following either gross or histological examination.  It is 

believed that MTBE and any metabolites are eliminated too quickly under these 

experimental conditions for developmental vascular lesions to originate.  In the piscine 

embryonic development study, the in vitro endothelial cell study, and both the CAM and 

Matrigel plug work described above, exposure to MTBE is continuous over the length of 

the experiment.  In order for effects to be observed in a whole animal, a multiple daily 

dose regimen, a continuous infusion or oral intake (such as in the drinking water) of 

MTBE may be required to maintain adequate blood levels of MTBE over the length of 

the study. 

Microcapillary formation, or angiogenesis, can be mediated by growth factor 

stimulation of endothelial cells.  Activation of the VEGF growth factor receptors VEGFR-

1 and VEGFR-2 lead to signal transduction in vascular endothelial cells.  Of these two 

receptors, VEGFR-2 is a possible candidate to be involved in the mechanism of the 

inhibition of vascular development observed with MTBE.  Mice lacking VEGFR-2 have 

little or no blood vessel formation, suggesting that many downstream effects of VEGF 

on endothelial cell blood vessel formation are mediated through this receptor (Shalaby, 

et al., 1995).  The lack of vessel formation in the four current experiments, as well as 

the lesions previously described in the developing piscine embryonic vasculature are 

similar to those reported in the mice lacking VEGFR-2.  Exposure of the developing 

vasculature to MTBE may inhibit VEGFR-2 function, resulting in loss of tyrosine kinase 
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activity and subsequent decreases in VEGFR-2 downstream effects such as cell 

migration and vascular formation.  VEGFR-2 contains several autophosphorylation 

sites.  Of these sites, Tyr951 and Try996 both reside in the kinase insert.  Tyr951 was 

recently shown to be essential for VEGF-A-induced HUVEC migration (Zeng, et al., 

2001). 

Attempts to explore the ability of MTBE to inhibit phosphorylation of the VEGFR-

2 receptor during the course of this investigation met with difficulty.  Through the use of 

immunostaining techniques, several months were invested investigating the ability of 

MTBE to decrease levels of phosphorylated VEGFR-2.  During immunocytochemical 

staining procedures, cells were very easily washed off the Matrigel.  In addition, 

placement of a coverslip on the slides casued the cells to release from the Matrigel and 

move to the edges of the field.  It appears that during the process of tube formation, 

HUVEC are not strongly attached to the soft Matrigel matrix.  Several slides did produce 

encouraging results and are presented with the data; however, the time investment and 

logistical problems of the experiment overcame the value of the results using these 

techniques.  Due to the similarity between the lesion observed in the embryo of the 

Medaka and those observed in mice lacking VEGFR-2 activity, further investigation into 

VEGFR-2 as a mechanism in MTBE inhibition of vascular development is warranted. 

Microcapillary formation also relies on cell adhesion events mediated by cell 

surface receptors for extracellular matrix (ECM) proteins.  Of these receptors, the 

integrins have a vital function in the process of angiogenesis.  On the outside of the cell, 

integrins bind to ECM proteins while on the inside the cell, integrins bind elements of the 

cytoskeleton. (Vouri, 1998).  Integrin αvβ3 is of special interest in the process of 
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angiogenesis.  Integrin αvβ3 is a receptor for the ECM proteins vitronectin and fibrinogen 

(Cheresh, 1987; Leavesky, et al., 1992; Cheresh, 1993).  Antagonists of integrin αvβ3 

have been shown to selectively activate endothelial cell p53 and increase the 

expression of the p53-inducible cell cycle inhibitor p21WAF1/CIP1 (Stromblad, et al., 1996).  

Induction of p53 activity in cells undergoing DNA synthesis can lead to apoptosis.  

Administration of αvβ3 antagonists has also been shown to induce apoptosis in growth 

factor- or tumor cell-activated blood vessels (Brooks, et al., 1994b).  These observations 

involving the inhibition of endothelial cell growth and the induction of apoptosis point to 

the potential involvement of integrin αvβ3 in the mechanism for the lesions reported in 

the developing embryo of the Japanese medaka and in those observed in the current 

studies. 

In conclusion of the work with MTBE, the present studies indicate that exposure 

to MTBE can induce alterations in vascular development in several model systems if 

high enough vascular concentrations are obtained.  However, in the rodent reproduction 

assay, no histological vascular lesions were observed which may reflect the inability to 

achieve high enough circulating MTBE levels.  The data suggest that microvasculature 

may be a primary target of MTBE and that inhibition of vascular formation in vitro and 

angiogenesis in vivo by MTBE may be mediated through VEGFR-2. 

In addition to exposure to MTBE, exposure to particulate pollution, especially 

particles with a diameter less than 2.5 μm, is a major health concern in occupational 

settings and for the population in general.  DP are a major constituent of PM2.5 in urban 

and industrial areas.  Studies suggest that exposure to DP during gestation may impair 

the early development of the placental boundary through the inhibition of blood vessel 
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formation or angiogenesis leading to various developmental toxicities. The results from 

these experimental studies can be linked with low term birth weight, intrauterine growth 

retardation, preterm birth, perinatal mortality, and birth defects observed in 

epidemiologic studies (Wang et al., 1997; Dejmek et al, 1999; Dejmek et al., 2000; Xu et 

al., 1995; Pereira et al., 1998; Ha et al., 2001; Loomis et al., 1999; Lipfert et al., 2000).  

Direct effects on endothelial cells may provide a partial explanation for this adverse 

effect on capillary growth. 

DP are carbon-based particles that adsorb a variety of organic compounds, 

including PAHs, heterocyclic organic compounds, quinones, aldehydes, aliphatic 

hydrocarbons, and nitro-PAHs.  Both the organic and particulate components of the DP 

could play a role in possible DP-induced effects on vascular formation.  To explore the 

role of each of these components, varying concentrations of DP, CB, DPE, and WDP 

were tested for possible effects on HUVEC capillary tube formation on Matrigel.   

Initial screening experiments demonstrated that exposure to DP resulted in a 

concentration-dependent inhibition of capillary tube formation in HUVEC grown on 

Matrigel.  In addition, it was determined that the inhibition of capillary tube formation is 

due to the actions of the organic component of the particle.  At DPE concentrations  

≤ 40 μg/mL, capillary tube formation was inhibited in a concentration-dependent manner 

with complete inhibition at 40 μg/mL and a NOEL of 10 μg/mL.  At 20 μg/mL DPE, 

individual cells began to be observed that were not involved in tube formation.  At  

40 μg/mL DPE, cells were still flattened to the Matrigel matrix; however, tube formation 

was completely inhibited.  At ≥ 50 μg/mL DPE, tube formation was completely inhibited 

and all cells appeared ball-shaped and not flattened to the matrix. 
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 DP have been shown to be endocytosed (Bao, et al., 2007).  In that study, 

cellular granularity was increased by DP treatment in a dose-dependent manner.   

A similar pattern of granularity was observed in the current study.  HUVEC treated with 

CB, WDP, or lower concentrations of DP show the particles concentrating along the 

same lines as the formation of the tube networks.  This alignment of the particles may 

be indicative of the particles being endocytosed.  Following endocytosis, DP organic 

compounds become directly available to the cells and affect cellular processes such as 

angiogenesis.  

Using the information gained from the screening studies a series of experiments 

were run that were aimed at investigating a possible mechanism for the DPE-induced 

inhibition of HUVEC tube formation.  Following treatment with DPE concentrations  

≥ 50 μg/mL, HUVEC appeared ball-shaped and had lost the flattened appearance 

normally observed when cells initially interact with the Matrigel matrix.  Ball shape is one 

of the morphological changes indicative of apoptosis; therefore, apoptosis was explored 

as a possible mechanism.   

Apoptosis is associated with chemical and morphological features that include 

enzyme activation, cell shrinkage, chromatin condensation, and nuclear fragmentation.  

The apoptotic process can be initiated by loss of growth factor binding, loss of adhesion 

to the ECM, or exposure to cytotoxic compounds (Xia, et al., 1995; Frisch and Francis, 

1994; Re, et al., 1994; Zanke, et al., 1996; Lee, et al 1997).  First evaluated was the 

potential for DPE to inhibit HUVEC binding to integrins.  Inhibition of integrin binding has 

been shown to induce apoptosis (Stromblad, et al., 1996).  The results of the 

experiments showed that treatment of HUVEC with DPE concentrations that inhibit 
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vascular formation (up to 40 μg/mL) does not affect the ability of the cells to attach to 

either fibronectin, vitronectin, collagen IV, or laminin I.  Laminin I is a major component 

of Matrigel; therefore, the results indicate that the ball-shaped appearance of the 

HUVEC and the inhibition of tube formation upon exposure to DPE are not due to a lack 

of integrin binding to the ECM. 

 The next set of experiments explored the possible mechanism of DPE-induced 

inhibition of tube formation in HUVEC by examining various markers of apoptosis.  The 

parameters investigated were activation of the apoptotic enzyme cascade through the 

use of caspase-9 and caspase-3 activation assays, changes in cell membrane structure 

and integrity through immunocytochemical staining using annexin-V and propidium 

iodide, condensation of chromatin using Hoechst staining, and fragmentation of nuclear 

material with a DNA fragmentation assay.  Also explored was the possibility that the 

antiangiogenic effects of DPE exposure were due to generalized cell death by 

measuring LDH release.  In all cases, the tests for apoptosis and cell death resulted in 

data that was comparable to untreated cells.  Taken collectively, the results of these 

assessments support the idea that apoptosis is not the primary mechanism of tube 

inhibition in this system. 

 In an effort to directly relate the effects of DP with those observed with the 

organic extract, a Matrigel Tube Formation assay was run to evaluate the contribution of 

each component of the DP.  Dry residue resulting from the dichloromethane extraction 

process was approximately 40% by weight of the whole particle.  Based on this 

information, DPE doses of 40, 20, and 10 μg/mL correlate to DP doses of 100, 50, and 

25 μg/mL and WDP doses of 60, 30, and 15 μg/mL, respectively.  The results showed 



 

 

137

 

treatment with 40 μg/mL DPE resulted in a decrease in tube formation that correlated 

with the respective concentration of DP (100 μg/mL).  At 50 μg/mL DP/20μg/mL DPE 

and 25 μg/mL DP/10 μg/mL DPE, the inhibitory effect produced by the whole particle 

was greater than that observed with the equivalent fraction of organic extract.  The 

levels of inhibition observed with exposure to 50 μg/mL DP and 25 μg/mL DP were 

more equivalent to the effects observed in the earlier screening studies where HUVEC 

were exposed to 40 μg/mL DPE and 20 μg/mL DPE, respectively.  At both 50 μg/mL DP 

and 40 μg/mL DPE, cells were flattened to the Matrigel matrix, but complete inhibition of 

tube formation was observed.  The WDP, which are largely devoid of organic 

compounds, had no effect on tube formation.  These results indicate that there may be 

a component of the DP that is not extracted with dichloromethane, but is lost in the 

dichloromethane extraction process, that is responsible for part of the inhibitory effects 

on HUVEC tube formation observed with whole DP.  

As an extension of the equivalent fraction experiment, HUVEC were examined 

for the ability to recover from the anitangiogenic effects of treatment with DP, DPE, and 

WDP.  The only treatment not showing full recovery of the ability to form a network of 

capillary tubes on Matrigel were cells treated with 100 μg/mL DP.  HUVECs treated with 

100 μg/mL DP remained ball-shaped and did not show any signs of tube formation 

following 24 hr of exposure to fresh, untreated media, yet did recover following each of 

the correlative treatments.  This lack of recovery lends support to the idea that, in 

addition to the organic fraction, there may be a water-soluble component of the DEP or 

a component lost or not recovered during the dichloromethane extraction that could 

potentially be involved in the inhibition of angiogenesis.  As previously discussed, DP 
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adsorb a variety of compounds.  From this collection of compounds, it is likely that more 

than one takes part in the effects observed in endothelial cells. 

 The final line of investigation into a possible mechanism for the effects of DP on 

HUVEC focused on the cytoskeleton.  Results of the staining of the actin cytoskeleton 

show a disruption in the organization of actin into filaments in conjunction with the 

inhibition of tube formation observed with exposure to DPE.  Cytoskeletal reorganization 

of actin microfilaments is regulated by the Rho family of GTPases.  Proteins such as 

RhoA, Rac1, and Cdc42 are key contributors to this process (Chan, et al., 2000).  At the 

leading edge of the cell, Rac1 regulates lamellipodia that pull the cell forward and 

Cdc42 regulates the formation of filopodia.  RhoA is responsible for the formation and 

maintenance of focal adhesions (Nobes and Hall, 1999).  The data show decreased 

activation of Cdc42 and Rac proteins including Rac1, but no change in activated RhoA 

when compared to control in HUVEC treated with DPE levels sufficient to inhibit HUVEC 

tube formation.  It has previously been shown that DP and urban dust can cause 

cytoskeletal dysfunction in macrophages.  The cytoskeletal dysfunction caused by these 

particles was reduced after washing the particles with dichloromethane (Moller, et al., 

2002).  These results directly correlate with what was observed in the equivalent 

fraction work.  The inhibition of tube formation observed with exposure to DP and DPE 

was not observed in the equivalent fraction of WDP.  

Chemical characterization studies have identified PAH and nitro-PAH in the 

extractable organic matter from diesel particles (Schuetzle and Lewtas, 1986; Claxton, 

1983).  PAHs have recently been shown to have a direct effect on HUVEC including the 

inhibition of tube formation on Matrigel (Andersson, et al., 2009; Chang, et al., 2009; 
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Kayashima, et al., 2009).  In the case of 3-methylcholanthrene, the antiangiogenic 

effects were shown to be through regulation of Rho GTPases (Chang, et al., 2009). The 

human endothelium has also been shown to be a target tissue for PAH exposure 

associated with tobacco smoking (Zhang, et al., 1998).  The inhibition of HUVEC tube 

formation observed with exposure to DP and DPE may be at least partly explained by 

the presence of PAHs on the surface of the particles. 

 In conclusion of the work with DP, the current study demonstrates that DP inhibit 

capillary tube formation in vitro and it appears to be the organic component of these 

particles, not the carbon core, producing this effect.  However, the equivalent fraction 

study shows there may be a component of the whole DP not extracted, but lost in the 

extraction process, that is partly responsible for the observed inhibitory effects.  These 

studies show that the inhibition of tube formation is not mediated through apoptosis or 

cell death, but may be caused by cytoskeletal toxicity mediated through the Rho 

GTPases Rac1 and Cdc42.  In addition, results of the recovery assay indicate that the 

effects produced by DP and DPE are reversible.  Further studies are necessary to 

determine the particle components responsible for these biological effects.  The 

identification of implicated components will allow for a more thorough investigation into 

the pathways triggered by DP in endothelial cells and to assess the involvement of DP 

in the developmental effects observed in vivo. 

Epidemiological and experimental studies have shown that exposure to DP 

increases the risk of cardiovascular and respiratory issues (Omori, et al., 2003; Pope, et 

al., 2002).  Exposure to DP has also been linked with low term birth weight, intrauterine 

growth retardation, preterm birth, perinatal mortality, and birth defects in humans and 
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low uterine weights and decreases in offspring body weight in animals (Dejmek et al, 

1999; Dejmek, et al., 2000; Xu, et al., 1995; Pereira, et al., 1998; Ha, et al., 2001; 

Loomis, et al., 1999; Lipfert, et al., 2000; Yu, et al., 2002; Tsukue, et al., 2002; Fujimoto, 

et al., 2005).  Both DP and organic fractions extracted from particulate material have 

been shown to have direct effects on endothelial cells in vitro and in vivo (Bai, et al., 

2001; Sumanasekera, et al., 2007; Hirano, et al., 2003; Ying, et al., 2009; Ichinose, et 

al., 1995).  Exposure to MTBE has also been shown to induce developmental toxicity.   

Inhalation studies in mice indicate that exposure to MTBE can result in decreased pup 

viability, skeletal malformations and decreases in relative uterine and ovarian weight 

compared to controls (Conaway, et al., 1985; Moser, et al., 1998).  

The vasculature is one of the first systems to form in the embryo and proper 

configuration is required to allow further development.  Before these current studies, 

little information was available concerning the mechanism responsible for the 

developmental toxicity observed with exposure to MTBE or DP.  This current body of 

work indicates both MTBE and DP can produce a direct effect on endothelial cells in 

vitro and that the effects observed with exposure to MTBE can also be observed in 

vascular development in vivo and across species.  These direct effects lend support to 

the hypothesis that the developmental effects observed with exposure to MTBE or DP 

may be due to effects on developing vasculature.  In the case of MTBE, the effects may 

be conveyed through inhibition of activation of the VEGFR-2 and these studies provide 

evidence that the Inhibition of vascular development by DP may be due to effects on 

cytoskeletal structure. 
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