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Abstract
Debate about the biological effects of biodiesel exhaust emissions exists due to variation in
methods of exhaust generation and biological models used to assess responses. Because studies in
cells do not necessarily reflect the integrated response of a whole animal, experiments were
conducted in two human cell lines representing bronchial epithelial cells and macrophages and
female mice using identical particle suspensions of raw exhaust generated by a Volkswagen light-
duty diesel engine using petrodiesel (B0) and a biodiesel blend (B20: 20% soy biodiesel/80% B0
by volume). Tailpipe particle emissions measurement showed B0 generated two times more
particle mass, larger ultrafine particle number distribution modes, and particles of more nonpolar
organic composition than the B20 fuel. Biological assays (inflammatory mediators, oxidative
stress biomarkers) demonstrated that particulate matter (PM) generated by combustion of the two
fuels induced different responses in in vitro and in vivo models. Concentrations of inflammatory
mediators (Interleukin-6, IL-6; Interferon-gamma-induced Protein 10, IP-10; Granulocyte-
stimulating factor, G-CSF) in the medium of B20-treated cells and in bronchoalveolar lavage fluid
of mice exposed to B20 were ~20–30% higher than control or B0 PM, suggesting that addition of
biodiesel to diesel fuels will reduce PM emissions but not necessarily adverse health outcomes.

INTRODUCTION
Biodiesel, a renewable fuel derived from a variety of animal or vegetable fats, is a drop-in
alternative to petroleum diesel. Since 2005, U.S. energy policy has mandated increases in
the quantity of renewable fuels used for transportation, including “biomass-based diesel”.1–3

Hence, the expected increase in future use of biodiesel emphasizes the critical need to
understand the health and environmental effects of biodiesel combustion. Data about the
biological and health effects of biodiesel emissions are very limited and have stimulated
debate about the pros and cons of changing fuel supplies.4–7 Comparing the results of
different health effects studies for exhaust particles produced by biodiesel and petrodiesel
combustion is difficult because of differences in the experimental methods used, including
age and type of diesel engine, drive cycle, fuel feedstock, and percentage in the blended fuel.
Early publications lack information on fuel composition and emissions sampling procedures.
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Diesel engine emissions are an important source of particulate matter (PM) in ambient air
and many occupational settings. New diesel engines have been engineered to yield lower
regulated emissions (PM, CO, HC, NOx), but exposure continues to pose adverse health
risks due to increased ultrafine (particle diameter, Dp ≤ 100 nm) and nanoparticle (Dp ≤ 50
nm) emissions.5–7 The commercial biodiesel blend most commonly used in on-road vehicles
in the U.S. is a 20% soybean biodiesel blend (B20; 20% biodiesel and 80% petrodiesel, by
volume). Only recently has the detailed chemical composition of biodiesel exhaust PM been
reported.8,9 Combustion of biodiesel compared to petrodiesel produced lower emissions of
CO, hydrocarbons and PM mass,3,10 smaller diameter ultrafine particles, lower polycyclic
aromatic hydrocarbons (PAH) and either lower or higher concentrations of gas-phase
carbonyls, depending on the operating conditions of the engine and the composition of the
biodiesel fuel.11–13 The mechanisms whereby particles affect health are believed to involve
oxidative stress at the cellular level, either induced indirectly by the particles contributing to
reactive oxygen species (ROS) production, or directly via ROS-bearing functionalities
within the particles. A number of studies have quantified the “oxidative potential” of
exhaust particles using an abiotic dithiothreitol (DTT) assay.14,15 While these abiotic tests
are informative in a relative sense, they cannot account for the particle/cell interactions
necessary for health-related outcomes. The more polar, water soluble organic carbon
fraction of biodiesel PM has been associated with particle oxidative potential, and ROS
increased as the percentage of biodiesel in the blend increased but there did not appear to be
a significant effect of the feedstock.8,14 Other investigators have suggested that PM from
biodiesel in equal mass concentrations was less toxic than conventional petrodiesel based on
ROS production and DNA damage.5 However, a recent study reported that extracts from PM
produced by combustion of a 50% rapeseed blend (B50) by Euro 4 light-duty passenger cars
resulted in increased cytotoxicity and IL-6 release by bronchial epithelial cells
(BEAS-2B).16

The objective of this work was to: (1) characterize exhaust particles produced by
combustion of pure petrodiesel (B0) and B20 fuels using the same engine and running
conditions; (2) compare the in vitro responses of BEAS-2B and macrophages (differentiated
THP-1 monocytes) after 24 h of exposure to PM; and (3) evaluate the in vivo responses of
mice receiving the same particles by oropharyngeal aspiration for 3 consecutive days.
Concentrations of inflammatory mediators, cytotoxicity and formation of ROS and oxidation
products were measured in cell cultures exposed to B0 and B20 at two particle
concentrations. We then examined the in vivo responses to the same particles in mice as the
next step towards elucidating potential health effects.

MATERIALS AND METHODS
(See Supporting information (SI) for details of procedures for extraction, TD-GCMS, cell/
animal treatments and biological assays).

Exhaust Particle Generation and Collection
A 4-cylinder, 1.9 Liter Volkswagen light-duty diesel engine and Klam dynamometer
(Armfield CM-12) were operated at various throttle and brake settings over a 9-mode
steady-state cycle (SI Tables S1–S2) to enable triplicate time-resolved measurement of
particle number distributions with a Scanning Mobility Particle Sizer (SMPS, TSI, Inc.
Model 3080/3081 long DMA, 3025A UCPC; 120 s upscan, 30 s retrace). Particles for
chemistry and gravimetric mass were collected on 47 mm side-by-side Teflon-coated glass
fiber (Pall Gelman T60A20) and Teflo filters, and side-by-side 60 mL Teflon (Savillex;
30mL ethanol) impingers for in vitro and in vivo experiments. Filter samples were collected
from raw exhaust without dilution, but SMPS particle distribution was measured after
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single-stage dilution with HEPA-filtered, dry (silica gel) room air at a dilution ratio of ~20.
After post-weighing, filter samples were stored at −80°C until chemical analysis by thermal
desorption-gas chromatography mass spectrometry (TD-GCMS). Blank runs were
performed identically without starting the diesel engine for 50 minutes. Filter and impinger
samples were collected over 75-minute periods that did not include engine start and warm-
up (defined by stable coolant temperature, 92°C).

Two fuel compositions, ultralow sulfur petrodiesel (Shell/Trono Fuels, Burlington,
Vermont; “B0”) and certified soy-based biodiesel (Patriot Fuels, Brockton, MA) blended at
20% by volume, were used. B20 was blended in the laboratory 24-hours prior to
experiments, and the blend volume percent and presence of any impurities verified via
Fourier transform infrared spectroscopy (FTIR) spectral analysis (Grabner Instruments
IROX-D).

TD-GCMS
Particle composition was determined by thermal desorption (TD)-GCMS after extracting ¼-
inch diameter punches of the filters using hexane/dichloromethane followed by methanol in
triplicate, concentration under N2 gas, and addition of sample and deuterated phenanthrene
internal standard into a TD borosilicate glass vial. The methanol extract was derivatized
with pentafluorobenzyl hydroxylamine to quantify polar organic compounds. Polar and
nonpolar compound identification was based on the NIST08 mass spectral library match for
functional group comparisons of the filter extracts (SI). Individual compounds containing
oxygen-bearing functional groups were quantified as “polar” (alcohols, aldehydes, acids,
esters, ketones) assuming a response factor of 1 for all compounds. This enabled relative
comparison of particle organic composition between the fuel types. Sixteen EPA priority
PAHs were quantified using extracted ion calibration curves developed using authentic
standards.

Preparation of Particle Stock Suspensions
Raw exhaust particles collected in ethanol impingers were concentrated via gentle N2
blowdown to generate stock suspensions of approximately 1 mg/ml. PM concentrations of
impinger suspensions were determined in triplicate using gravimetric analysis (Cahn C-31
microgram balance, 0.001 mg sensitivity) of 100uL aliquots prepared prior to, during, and
after dilution of the stock suspension with Milli-Q water to obtain aqueous solutions with
final ethanol concentrations less than 10% v/v to avoid cell death.17

Abiotic Assays
Because PM may inherently induce oxidative stress, ROS production by the PM used in
these experiments was examined with the DTT assay.14–16 Because PM may bind small
proteins, such as cytokines, and affect concentration measurements, cytokine adsorption to
PM was determined by treating particles with different cytokine concentrations and
measuring levels of unbound cytokine in the medium.

In Vitro and In Vivo Particle Exposures
In vitro cell experiments were conducted with human THP-1 monocytes differentiated into
macrophages with phorbol myristic acid (PMA) and BEAS-2B cells (ATCC, Manassas,
VA). Cells seeded at 3×106 per 60 cm2 were directly treated with the B0 or B20 engine
exhaust particles at final concentrations of 10 and 20 μg/ml and the same volume of 8%
ethanol as the vehicle control (final ethanol concentration <0.1%). Selected doses were
comparable to those used in previous studies for petrodiesel.18,19 Amorphous silica and
cristobalite (20 Pg/ml) were used as respirable particle controls, respectively, for the in vitro
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experiments. Cristobalite is a crystalline silica that is potentially carcinogenic and associated
with pneumoconiosis whereas amorphous silica, which does not have a specific crystalline
structure, causes a transient inflammatory response without long-lasting lung pathology.20

After 24 h of exposure, particles were removed by centrifugation followed by collection of
culture medium and total protein from cell lysates for subsequent analyses.

In vivo experiments used female C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME,
n=6 per group) exposed to B20 and B0 particles (~84 μg/treatment) or vehicle control (50 μl
8% ethanol) administered via the oropharyngeal (OP) aspiration.21 Dose was based on
previous petrodiesel studies.22–24 Mice were euthanized after 3 consecutive days of OP
exposure and lungs were lavaged for evaluation of cell counts and biological measures as
previously described.21,25 Protein was isolated from the right lung lobes using standard
techniques. These experiments evaluated whether particles from the combustion of either
fuel resulted in unique responses associated with development of pulmonary inflammation.

Biological Assays
Cell culture medium, animal bronchoalveolar lavage fluid (BALF) and lung tissue proteins
were examined for inflammatory mediators and specific proteins related to disease
pathogenesis. The outcome variables included indices of cell toxicity, inflammation,
oxidative stress, and biomarkers of lung injury and antioxidant responses.

Data Analysis
Statistical analysis included ANOVA with Tukey’s post-hoc comparisons using GraphPad 5
software. Comparisons were made between control and treated groups and post-hoc analysis
for differences between the fuels. P<0.05 was considered statistically significant.

RESULTS AND DISCUSSION
Engine Performance and Exhaust Particle Characterization

Overlap in the engine performance metrics for the 2 fuel types (data not shown)
demonstrated that tests conducted on different days were quite similar. Recorded 1 Hz
throttle, engine load, engine speed, and fuel consumption data over the 75-minute test period
overlapped, confirming that the lower energy content of the biodiesel fuel had little effect on
the ability of the engine to generate torque and follow the assigned drive cycle at the B20
blend level. Two B0 and four B20 runs were completed for characterization of PM
emissions. A subset of the collected filter and impinger samples were used in detailed
chemical composition and biological response experiments.

The total particulate gravimetric mass collected over the engine test cycle was more than 2
times higher for B0 than for B20 fuel combustion (Table 1). The lower B20 emissions are
consistent with reported literature trends, but the magnitude in mass difference reflects
collection of raw exhaust particle samples without dilution. The B20 PM concentrations
showed higher variability compared to B0 (34% vs <1%) as expected for the higher semi-
volatile organic carbon composition of biodiesel PM (see GCMS results below) and
suggests variability introduced by gas/particle partitioning during sampling of undiluted
exhaust. The undiluted filter samples were collected to enable chemical characterization of
the same particles collected by impingers for use in biological experiments.

The IROX-Diesel properties for fuel samples collected from the engine’s fuel tank after each
emissions test confirmed the volume percent biodiesel in the B20 fuel was 19.6 (compared
to 0.5 for the B0, indicating the instrument’s error). The IROX-Diesel-measured fuel density
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of B20 (0.829) was slightly higher than that for B0 (0.819), in agreement with literature
trends3.

Particle number distributions (Figure 1) computed as averages in each SMPS size bin (~6 to
250 nm diameter range) aggregated over one example drive cycle indicate a unimodal B0
distribution centered at 51 nm, but a B20 distribution with a smaller diameter mode at 32.2
nm and a shoulder that corresponded to the B0 peak at ~51 nm. The formation of smaller
nanoparticles for B20 compared to the baseline B0 agrees with recent literature.8 The error
bars in Figure 1 show more variability for the B20 fuel, an observation consistent with the
gravimetric mass data and the sensitivity of particle distributions to gas/particle partitioning
and particle nucleation during sampling.26 Surface areas computed from the SMPS number
distributions showed that total integrated surface area of B20 particles was 2 times higher
than that for B0 particles (SI Figure S1). More refined analysis of the SMPS scans on
individual brake/throttle settings determined that these smaller B20 particles formed during
all but one operating mode (SI Figure S2).

B0 particles were chiefly nonpolar and included n-alkanes, alkenes and 16 identified PAHs,
representing ~68% of the identified mass (Figure 2). About 46% of the B0 PM was
comprised of polar compounds, chiefly esters, ketones and acids, in agreement with previous
studies.27 Similar n-alkane and Unresolved Complex Mixture (UCM) patterns were
observed for the B20 PM, as expected because the same petrodiesel base fuel was used to
prepare the B20 blend. In addition, fatty acid methyl esters (FAME), reflecting composition
of the original soy feedstock for the pure biodiesel, were detected in the B20 particles. The
relative percentages of palmitate, stearate, oleate, linoleate and linolenate fatty acid methyl
esters quantified in the B20 PM (12, 14, 61, 11 and 2%, respectively) were shifted from
published soybean oil compositions (10–12%, 3–5%, 18–26%, 49–57% and 6–9%,
respectively),28 due to oxidation of longer chain FAME during combustion. The original
fuel was not analyzed by GCMS. These data suggest more information is needed on the
shorter chain FAME that form during FAME combustion, given that palmitic, oleic and
stearic acids are known pulmonary irritants.29

The most significant compositional difference between the exhaust PM from combustion of
the 2 fuels was the ratio of polar to nonpolar species: 46% assigned polar for B0 vs. 68%
polar compounds for the B20 fuel (Figure 2). We are unaware of previous studies reporting
this type of comparison of the exhaust PM. However, our results are qualitatively consistent
with previous work reporting lower elemental-to-organic carbon (EC/OC) ratio of biodiesel
vs. petrodiesel exhaust PM.8,14 Biodiesel PM contains a higher proportion of water-soluble
organic carbon relative to petrodiesel PM. Addition of 20% soy biodiesel to B0 reduced the
total PAH mass concentration by a factor of 2 for the 16 PAHs quantified with authentic
standards. Benzo(a)pyrene, an IARC Class I carcinogen, was 2 times higher in B0 exhaust
compared to B20 (SI Table S3), a result consistent with one previous study on rapeseed
B30.30

In Vitro and In Vivo Responses to PM
No significant cytotoxicity was found in the BEAS-2B and THP-1 cell lines after treatment
with PM from either fuel at the two concentrations tested (SI Figure S5). In contrast and as
expected, cristobalite was cytotoxic in BEAS-2B cells.

THP-1 cells, representing macrophages that are one of the first lines of defense after particle
exposure, responded with increases in several inflammatory mediators, including
granulocyte colony stimulating factor (G-CSF), Interleukin (IL)-8 and Tumor necrosis
factor-alpha (TNF-α) (Figure 3A). B20 particles elicited a higher mean response than
cristobalite, amorphous silica and B0 particles although values were variable. Of interest but
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for unclear reasons, the lower (10 μg/ml) dose of B20 particles (B20-10) consistently
elicited a higher response than the 20 μg/ml dose (B20-20). BEAS-2B cells, representing the
lung epithelium, secreted significantly higher levels of IL-8 in B20-20 compared to B0-20.
Concentrations of Monocyte-chemoattractant Protein-1 (MCP-1) were higher in B20-10,
B0-10 and B0-20 compared to vehicle and other treatments (Figure 3B). SI Tables S4 and
S5 show the results for the other cytokines/chemokines that were detectable in the assay
used. The variable patterns in both cell types have been previously reported5 and are likely
attributable to different experimental conditions, including engine technology and operation,
fuel type, nature of particles tested (concentration or sample preparation as suspensions or
extracts)7,16.

Although carbonaceous PM, like diesel exhaust, may adsorb small proteins such as
cytokines31–33 and potentially affect the accuracy of the cytokine assay, no significant
decrease in G-CSF was detected in a cell-free system containing only cytokines at
concentrations of 100–400 pg/ml for G-CSF and particles at 0–40 μg/ml (SI Figure S6).

In vivo responses to aspiration of PM were determined in samples of BALF and lung tissue.
Particles from both fuels elicited an increase in total cell counts (x 104) in BALF but there
was no significant difference in the magnitude of effects of the 2 fuels. The types of cells in
the BALF were significantly different compared to control but similar between the fuels
(Table 2), as previously reported34,46.

Five BALF cytokines (G-CSF, IL-5, IL-6, IP-10 and KC) were interpretable with the
cytokine/chemokine assay; three of which were significantly higher in B20-exposed mice
than both control- and B0-exposed animals (Figure 4A). KC, one of the murine IL-8
homologues, and IL-5 results are shown in SI Table S6A.

Cytokines measured in lung homogenates confirmed the significant increases in G-CSF,
IP-10, and IL-6 in the BALF of B20-exposed mice (Figure 4B). Lung KC, MCP-1, and
IL-13 levels appeared slightly increased in the B20 group as shown in SI Table S6B, but
results did not achieve statistical significance. Overall, these findings are generally
consistent with previous reports5,34,46 although the magnitude of the response and specific
cytokines may differ.

Together, in vitro and in vivo cytokine/chemokine data demonstrate an induction of
inflammation as a consequence of exposure to the same mass concentrations of PM from
B20 and B0 combustion with a higher response to B20 than B0, implying that acute
exposure to biodiesel exhaust may be associated with more significant health outcomes. To
determine the possible mechanism for the responses to PM, indices of oxidative stress and
antioxidant defense were assessed.

Oxidative Stress and Antioxidant Defense
The DTT assay to assess ROS associated with PM resulted in increased DTT consumption.
After 45-minute incubation, DTT was significantly consumed by B20 (30%) compared to
the same mass of B0 (21%) shown in Figure 5A. The OxySelect ROS Assay (Figure 5B)
showed that all the treatments, including B20 and B0, induced ROS formation significantly
at 1 and 2 hours. After 24 hours of exposure to either exhaust PM, cellular ROS returned to
control levels suggesting that both B20 and B0 PM can produce immediate but not long-
lasting intracellular ROS, No ROS effects were found with treatment of BEAS-2B cells
(data not shown). ROS were not directly measured in vivo but determination of protein
carbonyls as an index of oxidized protein in the lung homogenates was consistent with
greater oxidative stress after exposure to B20 than control (Figure 5C). A representative
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OxyBLOT on the right shows more multiple dark bands indicative of protein oxidation in
B20 compared to B0.

To assess antioxidant defenses in the animals, Western blot analysis of lung homogenates
revealed increased catalytic subunit of glutamate-cysteine ligase (GCLC), the enzyme
catalyzing the rate-limiting step in the synthesis of glutathione (GSH), the body’s major
endogenous antioxidant, in mice treated with B20 PM (p<0.05) compared to the control
(Figure 5D, right panel). Consistent with the GCLC increase, there was a slight but
insignificant increase in Nrf2, a transcription factor involved in the regulation of GCLC, in
B20-treated but not in B0-treated animals (Figure 5D, left panel). Furthermore, lower levels
of total GSH in blood were seen in both B20- and B0-treated mice (Figure 5E), consistent
with the increased protein carbonyls and upregulation of the Nrf2-GCLC pathway.

Another biomarker affected in the lung is plasminogen activator inhibitor-1 (PAI-1), a key
component of the fibrinolytic system and expressed by lung epithelial cells.35 PAI-1 has
been implicated in the pathogenesis of acute lung injury and pulmonary fibrosis.36–38

Increased PAI-1 is closely linked to inflammation,39,40 oxidative stress,41,42 and pro-
coagulation.43,44 To determine whether PAI-1 expression was changed with in vivo animal
exposures, PAI-1 concentrations in BALF were measured (SI Figure S7A). Compared to
controls, PAI-1 increased in the BALF of mice exposed to both B0 and B20 PM to a similar
magnitude for both fuels. PAI-1 protein was also detectable in lung homogenates, but there
was no significant effect of the 2 particle types (SI Figure S7B), perhaps because lung
homogenates represent a variety of cell types that differ in their PAI-1 responses. These
findings suggest that PM induces PAI-1 but, unlike the inflammatory cytokines/chemokines,
the increases were not related to the type of fuel.

Taken together with the findings on particle characterization, it appears that the greater
inflammatory responses and ROS production seen in cells and animals treated with B20
compared to B0 may be linked to the large polar component in B20 exhaust. Addition of
20% FAMES to the base B0 changed the combustion products significantly as indicated in
Figure 2. However, the relative speciation profiles reported here are not sufficient for
complete mechanistic understanding of the inflammatory responses. As reported by Jalava et
al. using a heavy-duty EURO IV diesel engine, a conventional diesel fuel (EN590) and 2
biodiesel fuels (rapeseed methyl esters, RME, and hydrotreated vegetable oil, HVO), both
biofuels produced lower PAH and smaller mass45. However, pure HVO and RME induced
stronger ROS production and HVO + catalyst induced the highest MIP-2 responses.in a
macrophage cell line RAW 264.7.45. Other investigators found greater proinflammatory
responses in BEAS-2B cells exposed to soy ethyl ester and soy methyl ester biodiesel
compared to petrodiesel 6. In a study to assess cardiovascular and inflammatory toxicity of
petrodiesel and biodiesel particles by measuring a series of symptoms and biomarkers,
investigators concluded that biodiesel was more toxic than petrodiesel because it promoted
functional cardiovascular alterations although the responses in pulmonary and systemic
inflammation were similar between fuel types.45 More recently, Yanamala et al reported that
biomarkers of lung injury and inflammation were consistent with greater toxicity of
biodiesel compared to petrodiesel exhaust46. There appears to be some consensus that the
chemical composition of biodiesel PM is responsible: Petrodiesel emissions contain
substantially more total PAHs than rapeseed oil emissions, while carcinogenic PAH (c-
PAH) levels were comparable or significantly higher for rapeseed oil emissions8,10,30,45.
Furthermore, although biodiesel is promoted as being environmentally less harmful than
petrodiesel, its water-soluble-fraction may contain methanol, which appears by a reversion
of the transesterification reaction when biodiesel contacts water.47 More ultrafine particles
(UFPs, <100nm) were emitted when an engine was fueled with waste cooking oil biodiesel,
and UFPs contributed a major fraction (>70%) of the total estimated health risk.48 Hence,
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although B20 produced less particle mass than B0, the relative smaller size but higher
surface area, more polar components and FAME of B20 particles may contribute to greater
biological effects per mass than B0, leading to potentially greater health risks.

For the data reported here, the same procedures were used for the two fuel types with the
assumption that similar changes in particle morphology would occur during handling, but
differences in aqueous solubility may have affected the final delivery dose in the
experiments. Future work is clearly needed to more thoroughly characterize the exhaust
particles from biodiesel combustion under a wide range of engine operating conditions so
that the real-world health effects of fuel switching can be quantified.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Mean particle number distributions for full cycle operation on petrodiesel (B0) and 20% soy
biodiesel (B20) fuel. Error bars show one standard deviation over the test cycle.
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Figure 2.
Organic functional group composition of raw exhaust particles collected on filters.
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Figure 3.
Selected cytokine/chemokine concentrations (mean±SE) in the medium of B0- and B20-
treated THP-1 (A) and BEAS-2B cells (B). Vehicle control was 0.1% ethanol. 20 μg/ml
Amorphous Silica (Amorp) and Cristobalite (Cristob) were used as respirable particle
controls. Two doses of B20 and B0 (B20-10, 10 μg/ml; B20-20, 20 μg/ml; B0-10, 10 μg/ml;
B0-20, 20 μg/ml) were used for treatments. Comparisons were only made between B20 and
B0 with vehicle control (*P<0.05); or between the same concentration of B20 and B0 (†
P<0.05).
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Figure 4.
Cytokine/chemokine concentrations (mean±SE) in broncheoalveolar lavage fluid (A) and
lung tissue (B) from animals (n=5) exposed to B0 and B20 via oropharyngeal aspiration for
3 consecutive days. *P<0.05 compared to Control (Con: 8% ethanol); † P<0.05, B20 vs. B0.
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Figure 5.
A. DTT consumption determined by measuring the concentration of the formation of 5-
mercapto-2-nitrobenzoic acid using absorption at 412 nm and difference between the
standard and sample. The data were collected at the initial (0) and end (45 min) timepoints
and normalized to the quantity of particles (40 μg) in the incubation mixture. B. Both B20
and B0 particles elicited ROS formation in THP-1 cells. Intracellular ROS formation was
measured after 1, 2 and 24 hours of particle exposure with the OxySelect ROS Assay.
Comparisons were made between B20 and B0 with vehicle control (*P<0.05) or between the
same concentrations of B20 and B0 († P<0.05). C. Protein oxidation detected with the
OxyBLOT assay in protein extracted from lung tissue of mice exposed to B20 and B0. In the
representative OxyBLOT (n= 3 mice/group), more multiple dark bands indicate more
protein oxidation in B20. The bar graph summarizes data from 2 blots (*P<0.05 compared to
control, n=6 per group). D. B20 up-regulated the Nrf2-GCLC pathway in the lung tissue.
Right panel summarizes the Western blot results for GCLC expression in lungs (*P<0.05
compared to control); Left panel summarizes the Western blot results for Nrf2, which is
consistent with rise in GCLC. E. A trend towards lower total glutathione levels in serum
measured by the OxiSelect™ Total Glutathione (GSSG/GSH) Assay is consistent with the
increase in GCLC and Nrf2.
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Table 1

Gravimetric PM mass results for raw exhaust filters by fuel type for 9-mode cycle*

B0 B20

Number of replicate tests 2 4

Mean Mass collected (mg) 27.8 8.23

 SD 0.5 2.8

 CV (%) 1.7 34.1

PM concentration (mg/m3) 28.3 8.4

 SD 0.2 2.9

 CV (%) 0.7 34.3

CV = coefficient of variation = ratio of standard deviation to mean, expressed as %.
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