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Abstract

Diesel exhaust particles (DEPs), a by-product of diesel engine exhaust (DEE), are known to 

produce pro-oxidative and pro-inflammatory effects, thereby leading to oxidative stress-induced 

damage. Given the key role of DEPs in inducing oxidative stress, we investigated the role of DEPs 

in disrupting the integrity and function of immortalized human brain microvascular endothelial 

cells (HBMVEC). To study this, HBMVEC cells were exposed to media containing three different 

concentrations of DEPs or plain media for 24 h. Those exposed to DEPs showed significantly 

higher oxidative stress than the untreated group, as indicated by the glutathione (GSH) and 

malondialdehyde (MDA) levels, and the glutathione peroxidase and glutathione reductase 

activities. DEPs also induced oxidative stress-related disruption of the HBMVEC cells monolayer, 

as measured by trans-epithelial electrical resistance. Taken together, these data suggest that DEPs 

induce cell death and disrupt the function and integrity of HBMVEC cells, indicating a potential 

role of DEPs in neurotoxicities.
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1. Introduction

Diesel engine exhaust (DEE) is a complex mixture of organic and inorganic gases (NOx, 

SOx, CO), particulate matters (PMs), quinones, PAHs, and transition metals. Diesel exhaust 

particles (DEPs), a by-product of DEE, are one of the major components of airborne 

particulate matter in the urban environment. They are composed of carbon, heavy 

carbohydrates, hydrated sulfuric acid, polycyclic aromatic hydrocarbons (PAHs), and their 

derivatives: quinones, semi-quinones, and trace amounts of heavy metals such as iron, 

copper, chromium, and nickel (Bai et al., 2001; Vouk et al., 1983; Hartz et al., 2008). DEPs 

are easily respirable and capable of being deposited in the airways and the alveoli. They can 

pass through the respiratory tract to enter the circulation, reaching extra pulmonary tissues 

and having the potential to translocate to other tissues, including the brain by passing 

through the blood-brain barrier (BBB) (Oberdorster et al., 2002, 2004; Elder et al., 2006; 

Sugamata et al., 2006). It is believed that they can translocate to the brain via two routes, 

either through translocation along the olfactory nerve or by crossing the lung-blood barrier 

and the BBB (Oberdorster et al., 2005; Peters et al., 2006). Peters et al. (2006) have 

demonstrated that erythrocytes can uptake particles that range in size from 0.02µm to 0.20 

µm. It is believed that these particles can penetrate circulating cells, like erythrocytes, and 

translocate to other organs, including the brain.

Translocation to and accumulation of ultrafine particles in the brain (Oberdorster et al., 

2004) are a concern owing to their potential neurotoxic consequences. Epidemiological 

studies have demonstrated a positive association between particulate matter and a number of 

diseases that affect the respiratory and cardiovascular systems, as well as the central nervous 

system (CNS) (Dockery et al., 1993; Pope et al., 1995; Sarnat et al., 2001; Nel et al., 1998; 

Diaz-Sanchez, 1997; Li et al., 1996). Even though the effects of DEPs on the lungs and 

cardiovascular system are relatively well-known, and can be linked to oxidative stress in 

some cases, limited information is available on the effect of DEPs on CNS.

In the last few years, a body of evidence has indicated that ultra-fine particulate matter may 

cause neurodegenerative diseases like strokes, Parkinson’s, and Alzheimer’s. (Hirtz et al., 

2007). Histological evidences indicate neurodegeneration in both canine and human brains 

that are exposed to high ambient PM levels. In addition, in vivo studies in mice have 

demonstrated the presence of oxidative stress, toxicity, and inflammation in brain tissue 

upon inhalation of particulate matter (Peters et al., 2006; Campbell et al., 2005; Elder et al., 

2006; Kleinman et al., 2008; Veronesi et al., 2005; Oberdorster et al., 2004, 2005; Block et 

al., 2004; Hartz et al., 2008). This is further supported by in vitro studies that reported 

neurotoxic effects on specific brain cells and BBB disruption upon exposure to DEE 

particles (Block et al., 2004; Hartz et al., 2008; Long et al., 2007). In addition, free radical 

activity on the PM particle's surface has the potential to disrupt the tight junctions and 

facilitate particle translocation by damaging the BBB (Peters et al., 2006). Some of the 

chemical compounds in DEPs, such as quinones, PAHs, and transition metals, may induce 

reactive oxygen species (ROS) due to their ability to disrupt electron transfer in the inner 

mitochondrial membrane.
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Translocation and accumulation of DEPs in the brain raises concerns about serious health 

consequences since free radical production and oxidative stress are implicated in the 

pathogenesis of different neurodegenerative disorders. The need for investigation of the role 

of DEPs in CNS damage is pressing because of rapidly increasing air pollution worldwide. 

In lieu of studies supporting the role of DEPs in oxidative stress-induced damage, we 

evaluated the role of DEPs in inducing oxidative stress in HBMVEC cells and disrupting 

their integrity and function.

2. Materials and methods

2.1. Materials

DEPs were purchased from NIST (SRM 1650b) (Gaithersburg, MD, USA). N-(1-pyrenyl)-

maleimide (NPM) was obtained from Sigma-Aldrich (St. Louis, MO). High performance 

liquid chromatography (HPLC) grade solvents were purchased from Fisher Scientific (Fair 

Lawn, NJ). All other chemicals were bought from Sigma-Aldrich (St. Louis, MO).

2.2. Culture of human brain microvascular endothelial cells (HBMVEC) and toxicity studies

As an in vitro BBB model, immortalized human brain endothelial cells, HBMVEC (a gift 

from Dr. Pierre Courard), were seeded in 25 cm2 tissue culture flasks coated with type 1 rat 

tail collagen (Sigma-Aldrich, St. Louis, MO) and maintained in EBM-2 medium in 

humidified 5% CO2/95% air at 37 °C. Culture medium was changed twice a week and 

endothelial cells at passages 28–34 were used in this study. All assays were performed in 

triplicate and each experiment was repeated three times. EBM-2 medium (Lonza, 

Walkersville, MD) was supplemented with VEGF, IGF-1, EGF, basic FGF, hydrocortisone, 

ascorbate, gentamycin, and 2.5% fetal bovine serum (FBS), as recommended by the 

manufacturer. This fully supplemented medium was designated as Microvascular 

Endothelial Cell Medium-2 (EBM-2 MV, herein referred to as EBM-2 medium). For dosing 

cells with DEPs, we used serum-free and growth-factor-free medium for all experiments 

instead of the fully supplemented media described above. Cells were treated with DEPs for 

24 h for all the studies except for intracellular ROS measurements (3h). DEPs were 

suspended in phosphate buffered saline (PBS), vortexed, and sonicated for 30 min to give a 

DEP stock solution concentration of 2mg/ml. In order to test dose-dependency, a DEP 

working solution was prepared by diluting the stock DEP solution in a serum-free EBM-2 

medium. These concentrations of DEPs were selected based on the reconciliation of the in 
vivo PM exposures, measured in micrograms per cubic meter (µg/m3), with the tissue culture 

concentrations of DEP chemicals, and measured in micrograms per milliliter (µg/ml). The 

biologically relevant tissue culture concentration of DEP ranges from 0.2 to 20 µg/cm2 

which corresponds to 1.4 to 143 µg/ml (Li et al., 2003). The DEP particle suspension in the 

tissue culture medium was reported to contain particles between 40 nm and 2.5µm, with a 

mean particulate diameter of approximately 400 nm (Carero et al. 2001). NIST reports the 

mean particle size diameter to be 180 nm after 24 h of sonication.

2.3. Determination of cell viability

The effect of DEPs on the viability of HBMVECs was assessed using the MTS assay 

(CellTiter 96® AQueous One Solution Cell Proliferation Assay, Promega, Madison, WI). 
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MTS tetrazolium was reduced by mitochondrial dehydrogenase into a colored formazan 

product in proportion to the number of living cells. HBMVECs (3 × 104 cells/well) were 

seeded in a 96-well tissue culture plate for a day. The medium was then discarded, and the 

cells were treated with DEPs (10, 25, 50 µg/ml) in serum-free medium for 24 h. CellTiter 

96® AQueous One Solution Reagent (20 ìL/well) was added to the wells and the plate was 

incubated at 37°C for 1 hr in a humidified atmosphere of 5% CO2/95% air, and then 

centrifuged to get rid of the DEPs. The MTS formazan product was measured by 

determining the absorbance of the supernatant (100 ìL) at 490 nm using a 96-well plate 

reader (FLUOstar, BMG Labtechnologies, Durham, NC, USA).

2.4. Intracellular ROS measurement

Intracellular ROS generation was measured using a well-characterized probe, 2’,7’-

dichlorofluorescin diacetate (DCFH-DA) (Wang and Joseph, 1999). DCFH-DA was 

hydrolyzed by esterases to dichlorofluorescin (DCFH), which was trapped within the cell. 

This nonfluorescent molecule was then oxidized to fluorescent dichlorofluorescin (DCF) by 

the action of cellular oxidants. A DCFH-DA stock solution (in methanol) of 10 mM was 

diluted 500-fold in HBSS without serum or any other additive to yield a 20 µM working 

solution. Cells were washed twice with HBSS and then incubated with a DCFH-DA working 

solution for 1 h in a dark environment (37 °C incubator). The cells were washed twice with 

serum-free EBM-2 medium, and varying concentrations of DEPs (10, 25, 50 µg/ml) were 

added to cells for 3 h. After this the cells were washed twice with serum-free medium and 

100µL of serum-free media was added to each well. Then, the fluorescence was determined 

at 485 nm excitation and 520 nm emission, using a microplate reader (FLUOstar, BMG 

Labtechnologies, Durham, NC, USA).

2.5. Determination of GSH

Intracellular endothelial cell GSH content was determined by reverse phase HPLC, 

according to the method developed in our laboratory (Ridnour et al., 1999). After treatment, 

HBMVEC cell samples were homogenized in SBB. Twenty microliters of this homogenate 

were added to 230 µl of HPLC grade water and 750 µl of NPM (1 mM in acetonitrile). The 

resulting solutions were incubated at room temperature for 5 min. The reaction was stopped 

by adding 5 µl of 2 N HCl. The samples were then filtered through a 0.45 µm filter 

(Advantec MFS, Inc. Dulin, CA, USA) and injected onto the HPLC system. An aliquot of 

2.5 µl of the sample was injected for analysis using a Thermo Finnigan TM Spectra 

SYSTEM SCM1000 Vacuum Membrane Degasser, Finnigan TM SpectraSYSTEM P2000 

Gradient Pump, Finnigan TM SpectraSYSTEM AS3000 Autosampler, and Finnigan™ 

SpectraSYSTEM FL3000 Fluorescence Detector (λex=330 nm and λem=376 nm). The 

HPLC column was a Reliasil ODS-1 C18 column (Column Engineering, Ontario, CA, USA). 

The mobile phase (70% acetonitrile and 30% water) was adjusted to a pH of 2.5 through the 

addition of 1 ml/L of both acetic and o-phosphoric acids. The NPM derivatives were eluted 

from the column isocratically at a flow rate of 1 ml/min.

2.6. Determination of malondialdehyde (MDA)

MDA content was determined as described by Draper et al. (1993). Briefly, the cell pellets 

were homogenized in SBB. To 0.350 ml of cell homogenate, 0.550 ml of 5% trichloroacetic 
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acid (TCA) and 0.100 ml of 500 ppm butylated hydroxytoluene (BHT) in methanol were 

added. The samples were then heated in a boiling water bath for 30 min. After cooling on 

ice, the samples were centrifuged. The supernatant fractions were mixed 1:1 with saturated 

thiobarbituric acid (TBA). The samples were again heated in a boiling water bath for 30 min. 

After cooling on ice, 0.50 ml of each sample was extracted with 1 ml of n-butanol and 

centrifuged to facilitate the separation phases. The resulting organic layers were first filtered 

through a 0.45 µm filter and then analyzed using the Shimadzu HPLC system with a 

fluorescence detector. Excitation wavelength and emission wavelength were set at 515 nm 

and 550 nm, respectively. The column was 100×4.6 mm i.d. C18 column (3 µm packing 

material, Astec, Bellefonte, PA). Twenty microliter samples were injected for analysis. The 

mobile phase consisted of 69.4% 50 mM sodium phosphate buffer (pH 7.0), 30% 

acetonitrile, and 0.6% THF. The flow rate of the mobile phase was 1.0 ml/min. The 

concentrations of the TBA-MDA complex in the mixture were determined by using the 

calibration curve obtained from a malondialdehyde bis(dimethyl acetal) standard solution.

2.7. Determination of glutathione reductase activity

Glutathione reductase is the enzyme responsible for recycling GSSG into GSH via a 

reduction mechanism, utilizing both GSSG and NADPH as a substrate. The oxidation of 

NADPH to NADP+ was accompanied by a decrease in absorbance at 340 nm, providing a 

spectrophotometric means for monitoring the enzyme activity of GR. The activity of GR 

within the cells was determined by adding homogenate to a solution containing both GSSG 

and NADPH and then recording the absorbance as a function of time at 340 nm. The rate of 

decrease in the A340 was directly proportional to the GR activity in the sample.

2.8. Glutathione peroxidase activity assay

Glutathione peroxidase (GPx) protects mammals against oxidative damage by catalyzing the 

reduction of a variety of ROOH, or H2O2, using GSH as the reducing substance. The GPx 

340™ assay (a test kit from OxisResearch) was used as an indirect measure of the activity of 

GPx. Oxidized glutathione (GSSG), produced upon reduction of an organic peroxide by 

GPx, was recycled to its reduced state by the enzyme glutathione reductase (GR): The 

oxidation of NADPH to NADP+ was accompanied by a decrease in absorbance at 340 nm 

(A340), providing a spectrophotometric means for monitoring GPx enzyme activity. The 

molar extinction coefficient for NADPH is 6220 M−1cm−1 at 340 nm. To measure the 

activity of GPx, cell homogenate was added to a solution containing glutathione, glutathione 

reductase, and NADPH. The enzyme reaction was initiated by adding the substrate, tert-

butyl hydroperoxide, and the absorbance was recorded at A340. The rate of decrease in the 

A340 was directly proportional to the GPx activity in the sample.

2.9. Dextran permeability study

HBMVEC cells were seeded onto collagen-coated inserts with a pore size of 0.4 µm at 

densities of 3 × 104 cells/well, and allowed to culture until a monolayer formed. The cell 

monolayer was then treated with varying concentrations of DEPs (10 µg/ml, 25 µg/ml, and 

50 µg/ml) for 24 h. After this, the medium was removed to ensure that there were no dead 

cells on the membrane. It was then replaced with 150 µl of FITC labeled dextran, and the 

insert was transferred to a fresh plate well, containing 500 µl of serum-free medium. The 
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plates were incubated for 30 min at room temperature, and 100 µl of the plate well solution 

were removed and transferred to a 96-well plate. Fluorescence was read with a 485 nm 

excitation and 530 nm emission wavelengths using a microplate reader (FLUOstar, BMG 

Labtechnologies, Durham, NC, USA).

2.10. Trans-endothelial electric resistance (TEER) measurement

Trans-endothelial electric resistance (TEER) measurement by EVOM voltohmmeter (World 

Precision Instrument, Sarasota, FL, USA) assessed the tightness of the HBMVEC 

monolayer. HBMVEC cells were seeded onto collagen-coated inserts with a pore size of 0.4 

µm at densities of 3 × 104 cells/well, and allowed to culture until a monolayer formed (4–7 

days). The cell monolayer was then treated with 10, 25, or 50 µg/ml DEPs for 24 h. After 

this, the old medium was replaced with 150 µl of fresh serum-free medium to get rid of any 

dead cells. The insert containing the cell monolayer was then transferred to a fresh plate 

containing 500 µl of fresh serum-free medium. The TEER reading was recorded 

immediately and TEER values were calculated as: Resistance×0.32 cm2 (insert surface 

area). Thus, resistance is proportional to the effective membrane. The final TEER value was 

obtained by subtracting the resistance of collagen coated inserts from the resistance obtained 

in the presence of the endothelial cells.

2.11. Determination of protein

Protein levels of the cell samples were measured by the Bradford method (Bradford, 1976). 

Bovine serum albumin was used as the protein standard.

2.12. Statistical analysis

All reported values are represented as the mean ± S.D. of triplicates. Statistical analysis was 

performed using the GraphPad Prism software (GraphPad, San Diego, CA). Statistical 

significance was ascertained by one way analysis of variance, followed by Tukey’s multiple 

comparison tests. Values of p<0.05 were considered significant. In the figures and table, a 

represents a significant difference in comparison with the control group, b represents a 

significant difference in comparison with the 10 µg/ml [DEP] group, and c represents a 

significant difference in comparison with the 25 µg/ml [DEP] group.)

3. Results

3.1. Effect of DEPs on cell viability

A dose-dependent decrease in cell viability was observed in HBMVEC cells upon exposure 

to DEPs for 24 h (Fig. 1) which was confirmed using a MTS assay. Cell viability decreased 

by about 14% in the presence of 10 µg/ml of DEPs which further decreased by 38% and 

50% upon increasing the DEPs concentration to 25 µg/ml and 50 µg/ml, respectively.

3.2. Effect of DEPs on intracellular ROS levels

To substantiate the hypothesis that DEPs were causing HBMVEC cell death through 

oxidative stress, ROS levels were measured after the exposure of cells to DEPs for 3 h. An 

increase in the production of ROS in HBMVEC cells, ranging from 140% to 400%, was 
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seen with exposure to DEPs (Fig. 2). These data indicated that DEPs exposure to HBMVEC 

cells caused a dose-dependent increase in ROS, leading to severe oxidative stress and cell 

death.

3.3. Effect of DEPs on intracellular GSH, GR, and GPx activity

To further elucidate the mechanism by which DEPs induce cell death and damage we 

investigated their effects on GSH and the critical antioxidant enzymes, glutathione 

peroxidase (GPx), and glutathione reductase (GR). GSH is one of the major intracellular 

thiol antioxidants in a cell. GSH levels were measured in HBMVEC cells exposed to DEPs. 

DEPs decreased the GSH levels in HBMVEC cells in a dose-dependent manner (Fig. 3). A 

lower dose of DEPs at 10 µg/ml did not decrease the GSH level significantly, but treatment 

with 25 µg/ml and 50 µg/ml of DEPs for 24 h showed marked decreases in the GSH level. 

This indicated that DEPs induced oxidative stress via depletion of GSH within the cells. 

Since GPx and GR activities are important in cell’s defense against oxidative stress, we 

further evaluated their role by measuring their activities in each of our treatment and control 

groups. The results demonstrated that exposure to DEPs resulted in a decrease in GPx and 

GR activities (Table 1).

3.4. Effect of DEPs on lipid peroxidation byproduct MDA

MDA levels were determined in cells exposed to DEPs for 24 h. Cells treated with10 µg/ml, 

25 µg/ml, and 50 µg/ml DEPs had nearly 14%, 62%, and 101% increases in MDA levels, 

respectively, when compared to that of the control (Table 1).

3.5. TEER and cell permeability assay

The cell permeability assay and TEER were done to determine DEPs potential to disrupt the 

integrity of the HBMVEC cells. Permeability studies showed that exposure to DEPs 

increased permeability by approximately 15–40% with an increase in the concentration of 

DEPs from 10 µg/ml to 50 µg/ml (Fig. 4). To further evaluate the cellular integrity of the 

HBMVEC cells, trans-epithelial electrical resistance (TEER) was measured. Measurement 

of TEER provided information on tight junction existence and stability. Reductions in TEER 

reflected early cell damage. We found that HBMVEC exposure to DEPs significantly 

decreased TEER, compared to controls (Fig. 5). As in the permeability study, TEER results 

also indicated a compromised HBMVEC monolayer. Exposure to DEPs resulted in a 

decrease in TEER in a concentration-dependent manner. A decrease of about 50% in the 

TEER value was observed in the case of exposure to 50 µg/ml of DEPs.

4. Discussion

The brain microvascular endothelial cells, situated at the interface of the blood and the brain, 

perform the essential functions of shielding the brain from toxic substances in the blood 

stream, transporting micro and macro nutrients, leukocyte trafficking, and osmoregulation 

(Banks et al., 2006; Persidsky et al., 1997). Due to the unique regulatory function of the 

BBB, these endothelial cells possess several modifications (tight junctions), which are 

important for maintaining the integrity of these membranes. Loss of BBB integrity has been 

reported to be critical in the development and progression of neurological diseases like 
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Alzheimer's (Fiala et al., 2002), human immunodeficiency virus-1 (HIV-1) encephalitis 

(Dallasta et al., 1999), multiple sclerosis (Bar-Or et al., 2003), stroke (Ilzecka, 1996), and 

traumatic brain injury (Morganti-Kossmann et al., 2002).

DEPs have been reported to alter BBB function through oxidative stress at the tissue, 

cellular, and molecular levels (Hartz et al., 2008). DEPs potential to induce oxidative stress 

in conjunction with reports that they can pass through the BBB and accumulate in the brain, 

indicate that they may play a key role in neurotoxicities.

Although the role of oxidative stress in DEPs-induced toxicity is well-known, little is known 

about how DEPs-induced oxidative stress affects the BBB. In this study, we determined the 

oxidative stress parameters in the HBMVEC cells exposed to DEPs, and measured levels of 

GSH, lipid peroxidation byproduct (MDA), and ROS formation, and the activity of the 

antioxidant enzymes GPx and GR. We also investigated the role of DEPs in inducing 

oxidative stress and disrupting the permeability of the HBMVECs in vitro.

Results from our study showed that HBMVEC cells treated with DEPs experienced a 

significant decrease in cell viability and GSH levels, indicating oxidative stress. Glutathione 

(GSH, ã-glutamyl-cysteinyl-glycine), an intracellular thiol, is one of the important factors 

that is critical for maintaining the integrity of the BBB (Agarwal and Shukla, 1999). Even 

though the mechanism by which GSH depletion leads to the dysfunction of the BBB is not 

known, GSH has been reported to be a direct scavenger of ROS, and its depletion may lead 

to oxidative stress (Yamamoto and Zhu, 1998). GSH functions as a direct scavenger of ROS 

and as a cofactor in its metabolic detoxification; therefore, a decrease in GSH is suggestive 

of oxidative stress (Foga et al., 1997).

Results from our study showed that HBMVEC cells treated with DEPs experienced 

significant decrease in cell viability and GSH levels, indicating that the increase in oxidative 

stress due to the decrease in GSH levels was responsible for reduced cell viability. A 

possible explanation for the decrease in GSH levels under oxidative stress is the reduced 

activity of the enzymes involved in GSH synthesis and/or GR activity. Some studies have 

indicated that loss of GSH will directly affect the activity of the GSH-dependent enzyme 

GR. This enzyme plays an important role in GSH homeostasis: it regenerates GSH from 

GSSG (Barker et al., 1996). It has been reported that under oxidative stress, protein 

sulfhydryl (protein–SH) groups are lost (Wu et al., 2004) which are believed to be essential 

for enzyme activity (Agarwal and Shukla, 1999). Under such circumstances, GSH is not 

regenerated; thus, depletion of cellular GSH indicates that the cells are undergoing oxidative 

stress (DeLeve and Kaplowitz, 1991). Decreased activity of GR seen in our experiments 

upon DEP treatment, supports our hypothesis of GSH depletion as a mechanism for cell 

death in DEP-treated HBMVECs. Decreased GSH levels in normal human bronchial 

epithelial cells and in the GSH/GSSG ratio in the macrophage cell line upon exposure to 

DEPs have been previously reported (Li et al., 2002; Xiao et al., 2003). This indicates that 

low levels of GSH may render individuals susceptible to the deleterious effects of exposure 

to inhaled toxicants and may also perpetuate inflammatory responses.
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Further, depletion of intracellular GSH has been reported to increase production of ROS in 

cells (Penugonda et al., 2005). To investigate this, ROS levels were measured using a 

peroxide-sensitive dye, DCF. DEPs-treated cells were found to have significant increases in 

ROS accumulation, as compared to that of the controls. Increases in ROS levels, upon DEPs 

exposure, have been observed in previous studies (Hartz et al., 2008; Block et al., 2004; Li et 

al., 2002). Increases in ROS and nitric oxide have been reported in human umbilical vein 

endothelial cells (HUVEC) cells upon exposure to particulate matter (Montiel-Davalos et al., 

2010, Sumanasekera et al., 2007).

An important target of oxidative damage is brain microvessel endothelial cells because they 

are rich in polyunsaturated fatty acids (Tayarani et al., 1987). The double bonds in these 

fatty acids undergo lipid peroxidation in the presence of free radicals and form stable by-

products, such as malondialdehyde (MDA), which are used as markers of lipid peroxidation 

(Belghmi et al., 1988; Janero, 1990). HBMVEC cells that were exposed to DEPs had 

increased levels of MDA, compared to those of the controls, indicating increased lipid 

peroxidation in the BBB cells. Lipid peroxidation is one of the key mechanisms by which 

ROS induce cell death. It has been postulated that radicals attack membrane lipids and 

initiate a chain of events leading to lipid peroxidation (Thornalley et al., 1983; Comporti 

1987; Masaki et al., 1989). Concomitant reduction of GSH levels (a substrate for glutathione 

peroxidase) might have hampered the decomposition of lipid peroxides in DEPs-treated 

cells, thus increasing the MDA levels. Lipid peroxidation is deleterious as it impacts the 

cellular functions negatively, resulting in cell death, thereby lowering cell viability. ROS 

damage the cell membranes through lipid peroxidation and the production of lipid aldehydes 

such as MDA and 4-hydroxynonenal. An increased level of MDA is not only a marker of 

oxidative stress but also an indicator of elevated toxicity.

Antioxidant enzymes are involved in the detoxification of lethal peroxides inside the cells. A 

significant reduction in the activity of GPx, observed after DEPs exposure, may have been 

partially due to diminished GSH levels that GPx needs as a substrate. We previously 

reported decreased GPx activity, due to METH, in human brain microvascular endothelial 

cell culture (Zhang et al., 2009). Decreased activity of GPx in DEPs-treated cells, which was 

observed in our study, indicates that the cells were overwhelmed by ROS and that GPx levels 

were inadequate to combat ROS-mediated damage. A significant increase in MDA levels 

also supports this hypothesis. If an increase in antioxidant enzyme activities was observed, 

MDA levels would not increase. In other words, enzymes would scavenge ROS before they 

could attack macromolecules, including DNA, proteins, and lipids.

Under physiological conditions, the integrity of the BBB is protected from oxidative stress 

because the BBB has high levels of antioxidant enzymes (Plateel et al., 1995). Oxidative 

stress is one of the important mechanisms responsible for the disruption of the BBB. This 

disruption allows the passage of toxic substances into the brain, leading to development and 

progression of various neurological diseases (Dallasta et al., 1999; Fiala et al., 2002; Bar-Or 

et al., 2003). Some studies have indicated disruption of endothelial tight junctions in the 

brain by ROS (Fischer et al., 2005, Lee et al., 2004, Yamagata et al., 2004). It was, therefore, 

crucial to determine DEP’s potential for altering the HBMVECs permeability, which is an 

integral part of the BBB. DEPs induced decrease in TEER, indicating their potential for 
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disrupting cellular homeostasis and BBB integrity under severe oxidative stress conditions. 

Increased permeability of HBMVEC cells in our study is also supported by similar increase 

in human aortic endothelial cells (HAEC) upon exposure to a similar concentrations of 

DEPs (Li et al., 2010). Our results with decreased TEER values are also in accordance with 

those reported by Lehmann et al. (2009). However, an increase in TEER and a decrease in 

permeability were observed in HUVEC upon DEP exposure for 15 min by Sumanasekera et 

al., 2007. This difference could be due to the short term DEP exposure in this study. All of 

these results collectively indicate that DEPs induced oxidative stress in HBMVEC cells and 

altered the permeability of BBB.

In conclusion, data from the present study indicate that DEPs cause oxidative stress to BBB 

cells, as demonstrated by decreased intracellular GSH, increased MDA levels and 

intracellular ROS production, and decreased GPx and GR activities. In addition, DEPs 

treatment also increased the permeability of the cells. Although brain endothelial cells 

possess high intracellular levels of antioxidant defense mechanisms, such as GSH, exposure 

to DEPs may render the BBB susceptible to toxic damage and change its specific functions. 

We believe that the damaging effect of DEPs would be more than predicted by our data as 

the volatile and semivolatile fractions were absent from the resuspended DEPs. Considering 

the potential of DEPs to disrupt the BBB, further studies should be conducted to determine 

the role of DEPs in inducing neurotoxicities and also to investigate and establish their role in 

the onset of neurodegenerative diseases like Parkinson's and Alzheimer's, which have been 

linked to air pollution.
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Abbreviations

CNS central nervous system

DEE Diesel engine exhaust

DEPs Diesel exhaust particles

GSH glutathione

GPx glutathione peroxidase

H2DCFDA 2’ 7’ –dichlorofluorescein diacetate

MDA malondialdehyde

NPM N-(1-pyrenyl)-maleimide

PBS phosphate buffered saline

ROS reactive oxygen species
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Highlights

• Exposure to DEPs induced higher oxidative stress in HBMVEC cells.

• DEPs induce cell death and disrupt the function and integrity of HBMVEC 

cells

• Data indicate a potential role of DEPs in neurotoxicities.
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Fig. 1. 
Cytotoxicity of DEPs on HBMVEC cells. Cells were treated with various concentrations of 

DEPS (10 µg/ml, 25 µg/ml, and 50 µg/ml). After 24 h of treatment, the cell viability was 

assessed by MTS assay. Values represent mean±SD. All experiments were performed in 

triplicates, and the values reported are mean ± SD. (a: different from control group, b: 

different from 10 µg/ml [DEP] group, and c: different from 25 µg/ml [DEP] group, p<0.05).
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Fig. 2. 
Effect of DEPs on intracellular ROS levels. After treatment with various concentrations of 

DEPs (10 µg/ml, 25 µg/ml, and 50 µg/ml) for 3 h, the intracellular ROS level increased, as 

determined by the evaluation of the DCF fluorescence. Values represent mean±SD. All 

experiments were performed in triplicates, and the values reported are mean ± SD. (a: 

different from control group, b: different from 10 µg/ml [DEP] group, and c: different from 

25 µg/ml [DEP] group, p<0.05).
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Fig. 3. 
Effect of DEPs on intracellular GSH levels in HBMVEC cells. GSH levels were measured 

after 24 hours of treatment with various concentrations of DEPs (10 µg/ml, 25 µg/ml, and 50 

µg/ml). Values represent mean±SD. All experiments were performed in triplicates, and the 

values reported are mean ± SD. (a: different from control group, b: different from 10 µg/ml 

[DEP] group, and c: different from 25 µg/ml [DEP] group, p<0.05).
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Fig. 4. 
Effects of DEPs on FITC-Dextran permeability in HBMVEC cells. HBMVEC cells were 

seeded onto a collagen-coated insert with a pore size of 0.4 µm at a density of 15×103 cells/

well and allowed to grow until a monolayer was formed. The cell monolayer was then 

treated with various concentrations of DEPs (10 µg/ml, 25 µg/ml, and 50 µg/ml) for 24 h. 

Fluorescence was read with a 485 nm and 530 nm filter set. Values represent mean±SD. All 

experiments were performed in triplicates, and the values reported are mean ± SD. (a: 

different from control group, b: different from 10 µg/ml [DEP] group, and c: different from 

25 µg/ml [DEP] group, p<0.05).
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Fig. 5. 
Effects of DEPs on TEER in HBMVEC cells. HBMVEC cells were seeded onto a collagen-

coated insert with a pore size of 0.4 µm at a density of 15×103 cells/well, and allowed to 

culture until a monolayer formed. The cell monolayer was then treated with various 

concentrations of DEPs (10 µg/ml, 25 µg/ml, and 50 µg/ml) for 24 h. Cells treated with 

DEPs had decreased TEER values as compared to the control group. Values represent mean

±SD. All experiments were performed in triplicates, and the values reported are mean ± SD. 

(a: different from control group, b: different from 10 µg/ml [DEP] group, and c: different 

from 25 µg/ml [DEP] group, p<0.05).
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Table 1

Effect of DEPs on the activity of GPx, GR, and MDA level

Groups GPx
(mU/mg protein)

GR
(mU/mg protein)

MDA
(nM/100 mg protein)

Control 63.0 ± 1.93 49.5 ± 8.22 95.6 ± 5.05

10 µg/ml DEPs 56.9 ± 2.52 28.6 ± 4.15a 109 ± 6.87

25 µg/ml DEPs 53.2 ± 2.79a 23.9 ± 4.21a 154± 10.0a,b

50 µg/ml DEPs 43.7 ± 4.55a,b,c 19.6 ± 4.12a 192 ± 4.23a,b,c

Values represent mean±SD. All experiments were performed in triplicates, and the values reported are mean ± SD. (a: different from control group, 
b: different from 10 µg/ml [DEP] group, and c: different from 25 µg/ml [DEP] group, p<0.05).
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