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Over the past decade, soy biodiesel (BD) has become a first alternative energy source that is
economically viable and meets requirements of the Clean Air Act. Due to lower mass emis-
sions and reduced hazardous compounds compared to diesel combustion emissions (CE),
BD exposure is proposed to produce fewer adverse health effects. However, considering the
broad use of BD and its blends in different industries, this assertion needs to be supported
and validated by mechanistic and toxicological data. Here, adverse effects were compared
in lungs and liver of BALB/cJ mice after inhalation exposure (0, 50, 150, or 500 pg/m3;
4 h/d, 5 d/wk, for 4 wk) to CE from 100% biodiesel (B100) and diesel (D100). Compared
to D100, B100 CE produced a significant accumulation of oxidatively modified proteins (car-
bonyls), an increase in 4-hydroxynonenal (4-HNE), a reduction of protein thiols, a depletion
of antioxidant gluthatione (GSH), a dose-related rise in the levels of biomarkers of tissue
damage (lactate dehydrogenase, LDH) in lungs, and inflammation (myeloperoxidase, MPO)
in both lungs and liver. Significant differences in the levels of inflammatory cytokines inter-
leukin (IL)-6, IL-10, IL-12p70, monocyte chemoattractant protein (MCP)-1, interferon (IFN) y,
and tumor necrosis factor (TNF)-a were detected in lungs and liver upon B100 and D100 CE
exposures. Overall, the tissue damage, oxidative stress, inflammation, and cytokine response
were more pronounced in mice exposed to BD CE. Further studies are required to understand
what combustion products in BD CE accelerate oxidative and inflammatory responses.

Epidemiologic and occupational studies (PM) and diesel exhaust particles exert dele-
demonstrated that ambient particular matter terious effects on human health, including
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exacerbation of preexisting lung disease,
increased incidence of respiratory infections,
decrement in lung capacity, and enhanced
risk of lung cancer (Sawyer et al., 2010;
LaGier et al., 2013). According to the U.S.
Environmental Protection Agency (EPA), ele-
vated levels of airborne PM, nitrogen oxides,
and sulfur oxides contribute to serious health
problems in the United States, produc-
ing increased acute respiratory symptoms,
chronic bronchitis, and aggravation of asthma,
cardiovascular diseases, and premature mortal-
ity (Ghio et al., 2012). The International Agency
for Research on Cancer (IARC) recently iden-
tified diesel combustion emissions (CE) as a
Group 1 human carcinogen after chronic expo-
sure (Benbrahim-Tallaa et al., 2012). Diesel
exhaust particles are mainly aggregates of
spherical carbon particles coated with inor-
ganic and organic substances. The inorganic
fraction primarily consists of small solid carbon
(or elemental carbon) PM ranging from 0.01 to
0.08 microns in diameter. The organic frac-
tion is composed of organic compounds such
as aldehydes, alkanes and alkenes, and high-
molecular-weight polycyclic aromatic hydro-
carbons (PAH) and PAH derivatives, such as
nitro-PAH, which are extractable in organic
solvents. Many of these PAH and PAH deriva-
tives, especially nitro-PAH, were found to be
potent mutagens and carcinogens (Garshick
et al., 2004; Tokiwa et al.,, 1986). Nitro-
PAH compounds are also formed during trans-
port through the atmosphere by reactions of
adsorbed PAH with nitric acid and by gas-
phase radical-initiated reactions in the presence
of oxides of nitrogen. A number of adverse,
chronic, noncancer effects have been associ-
ated with exposure to diesel CE.

Occupational studies showed that there
may be a greater incidence of cough, phlegm,
and chronic bronchitis among those exposed
to diesel CE than among those not exposed
(Pronk et al., 2009). Reductions in pulmonary
function have also been reported follow-
ing occupational exposures in chronic stud-
ies (Rudell et al., 1996). In addition, diesel
PM has been associated with changes in
heart rate, increased incidence of arrhythmias,
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impairment of vasodilation, increase in blood
pressure, and systemic inflammation (Hazari
et al.,, 2011; Peretz et al.,, 2008; Tornqvist
et al., 2007; Nemmar et al., 2007; 2009; Carll
et al., 2013; Harkema et al., 2009; Knuckles
et al.,, 2011). Human studies by Mills et al.
(2005, 2007a, 2007b) demonstrated a dose-
dependent increase in prothrombotic effects
and acute myocardial ischemia upon exposure
to diesel exhaust. Therefore, alternative fuels
are becoming an emerging priority, as a renew-
able energy source that may exert reduced
impacts on health (Lewtas, 2007).

Over the past decade, biodiesel (BD)
became an alternative energy source that is
economically viable and meets requirements of
the Clean Air Act. BD is a form of diesel fuel
manufactured from vegetable oils, animal fats,
algae, recycled restaurant greases, and other
sources. BD, produced from non-petroleum-
based renewable resources, is believed to be
safe and biodegradable and can be used in
most diesel engines. As compared to tradi-
tional petroleum-based diesel (D), combustion
of BD results in the reduction of some air pol-
lutants (including PM and CO) and greenhouse
gas emissions (e.g., B20 reduces CO by 15%)
(McCormick, 2007; Rakopoulos et al., 2008;
Ramadhas et al., 2004; U.S. EPA, 2002).

The potential broad use of BD in dif-
ferent operational areas, including transporta-
tion (on- and off-road vehicles), residential,
and other manufacturing/production (mining,
oil, and gas industries) facilities, may result
in increased environmental and occupational
exposures to BD exhaust particles. The effects
of BD and BD blends on regulated and non-
regulated emissions were studied and com-
pared with those of for various on- and off-
road diesel-powered applications (Boehman
et al., 2005; McCormick 2005; Bugarski et al.,
2006; Williams et al., 2006). Data indicate
that the composition and concentration of the
emissions depend on several factors, includ-
ing operating conditions, type of engine, fuel
composition, and additives used (Obert, 1973;
Ullman, 1989), which in turn influence the
amount of exposure in different occupations
(Groves and Cain, 2000; Pronk et al., 2009).
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In general, the BD and its blends were found
to reduce emissions of nonvolatile fractions
(Boehman et al., 2005; McCormick, 2005;
Bugarski et al., 2006) and to elevate particle-
bound semivolatile organic fractions of BD
exhaust particles (McDonald et al.,, 1995;
McCormick, 2005; Purcell et al., 1996).

The speculative nature of reductions of
adverse health effects produced by BD expo-
sure is based primarily on the differences in
chemical composition of BD and D combus-
tion exhaust (Jung et al., 2006; Tsolakis 2006).
The semivolatile derivatives from BD emission
products were found to have higher toxicity
than solid PM (McCormick, 2007). While sev-
eral studies demonstrated the potential of neat
BD (B100) and its blends to reduce exposure of
underground miners to elemental carbon and
PM (Bugarski et al., 2006), overall pulmonary
toxicity of BD exposure has not been suffi-
ciently addressed. In the present study, changes
in oxidative stress, inflammatory biomarkers,
and toxicity in the lung and liver of mice
were investigated after inhalation exposure to
B100 or D100 (50, 150, or 500 pg/m?; 4 h/d,
5 d/wk, for 4 wk).

METHODS

Combustion Emissions (CE) Generation
System and Conditions

Single 100-gal lots of pure 100% soy biofuel
(B100) and pure 100% diesel fuel (D100) were
purchased from Piedmont Biofuels, Pittsboro,
NC, and Red Star Oil, Durham, NC, respec-
tively. B100 and D100 CE for inhalation expo-
sure experiments were generated using a 4.8-
kW (6.4-hp) direct-injection, single-cylinder,
0.320-L displacement, Yanmar L70 V diesel
generator operated at a constant 3600 rpm.
Chamber temperatures, relative humidity, and
noise were also monitored, and maintained
within acceptable ranges (see Supplemental
Material, Table S2). Mice were exposed to
HEPA-filtered room air or B100/D100 CE emis-
sions diluted to yield 50, 150, or 500 pg/m?
of fuel emission particulate 4 h/d, 5 d/wk,
for a total period of 4 wk. Six animals per
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study group were utilized for all in vivo assays.
The animals were weighed and sacrificed with
intraperitoneal (ip) injection of sodium pento-
barbital and exsanguinated, at 2 h following the
last time point of exposure. A detailed descrip-
tion of the engine generation and emission
monitoring system, as well as the procedures for
generating diluted emissions, is provided in the
Supplemental Material.

Animals

Pathogen-free  BALB/c female mice,
10-12 wk old, weighing 17-20 g, were
purchased from Charles River (Raleigh, NC).
Once at the U.S. EPA animal care facilities in
Research Triangle Park, NC (accredited by the
Association for Assessment and Accreditation
of Laboratory Animal Care), animals were
housed in groups of 5 in polycarbonate
cages with hardwood chip bedding (Beta
Chip, Northeastern Products, Warrensburg,
NY), provided a 12-h light (6:00) to dark
(18:00) cycle, maintained at 22.3 £+ 1.1°C
and 50 £ 10% humidity, and given access
to both food (5P00 Prolab RMH 3000, PMI
Nutrition International, Richmond, IN) and
water ad libitum. Animals were acclimated for
at least 10 d before the study began. Sentinel
animals were housed in the same location and
found to be free of common rodent pathogens.
All" procedures were approved by the U.S.
EPA Animal Care and Welfare Committee.
The animals were treated humanely and with
regard for alleviation of suffering.

Study Design

Previous studies focusing on the mecha-
nisms of the effects of diesel CE exposure
were performed using the following concen-
trations: 500 wg/m3 and 300 pg/m? in rats
(Carll et al., 2013; Carll et al., 2012; Harkema
etal., 2009), and 300 ug/m? in mice (Knuckles
et al., 2011). In particular, Finch et al. (2002)
exposed F344 rats to biodiesel at concentra-
tions of 40, 200, and 500 pwg/m?3. These expo-
sure concentrations also reflect concentrations
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in coal mines and other occupations associ-
ated with use of diesel equipment (U.S. EPA,
2002). Thus, in order to elicit a measureable
response, concentrations of 50, 150, and 500
wg/m> were chosen for performing inhalation
exposures described in this study. Further, these
relatively high concentrations are necessary in
order to reveal significant biological effects. The
concentrations over the short 4-wk exposure,
as investigated in this study, are further justified
because humans may be exposed chronically
for longer times.

BALB/c) mice were selected as these
rodents are one of the two mouse strains
most commonly used as lab animal models,
for performing B100 and D100 CE inhalation
exposure studies. This was because of the fol-
lowing two reasons: (1) Several studies reported
increased acute respiratory symptoms, chronic
bronchitis, and aggravation of asthma upon
exposure to PM (Pronk et al., 2009; Rudell
et al., 1996), and (2) of the six mouse strains
tested, BALB/cJ] mice were reported to be the
best inbred strain that closely mimics the phe-
notype of human occupational asthma (De
Vooght et al., 2010).

Preparation of Lung/Liver Homogenates

The whole mouse lungs/liver were sepa-
rated from other tissues and weighed before
being homogenized with a tissue shred-
der (model 985-370, Biospec Products Inc.,
Racine, WI) in phosphate-buffered saline (PBS;
pH 7.4) for 2 min. The homogenate suspension
was frozen at —80°C until processed.

Total Protein and Lactate Dehydrogenase
(LDH) Activity in the Tissue
Homogenates

Measurement of total protein in the tis-
sue homogenates was performed by a mod-
ified Bradford assay according to the manu-
facturer’s instructions (BioRad, Hercules, CA),
with bovine serum albumin as a standard. The
total protein values measured upon B100 and
D100 CE exposure in lungs and liver are pro-
vided in Supplemental Table S5. The activity of
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lactate dehydrogenase (LDH) was assayed spec-
trophotometrically by monitoring the reduc-
tion of nicotinamide adenine dinucleotide at
340 nm in the presence of lactate using a
Lactate Dehydrogenase Reagent Set (Pointe
Scientific, Inc., Lincoln Park, MI).

Myeloperoxidase Levels in the
Lung/Liver of Exposed Mice

Inflammatory response in the lung/liver
of mice was assessed by measurement of
myeloperoxidase (MPO) activity by enzyme-
linked immunosorbent assay (ELISA). The con-
centration of MPO in tissue homogenates was
measured using a commercially available ELISA
immunoassay kit (Cell Sciences, Canton, MA)
with detection limit ranging from 1.02 to
250 ng/ml. Each measurement of MPO activ-
ity in tissue homogenates was assayed in at
least triplicate and normalized to total protein
content in tissue samples.

Evaluation of Biomarkers of Oxidative
Stress in the Lung/Liver

Oxidative damage to the lung/liver fol-
lowing exposure was evaluated by the pres-
ence of 4-hydroxynonenol (4-HNE) and pro-
tein carbonyl formation. 4-HNE, a by-product
of lipid peroxidation, was measured in lung
homogenates by ELISA using the OxiSelect
HNE-His adduct kit (Cell Biolabs, Inc., San
Diego, CA). The quantity of oxidatively mod-
ified proteins as assessed by measurement of
protein carbonyls in lung homogenates was
determined using the Biocell PC ELISA kit
(Northwest Life Science Specialties). Sensitivity
of the assay was <0.1 nmol/mg protein.

Fluorescence Assay for
Low-Molecular-Weight Thiols

Low-molecular-weight thiol concentration
in lung/liver homogenates was determined
using ThioGloTM-1, a maleimide reagent,
which produces highly fluorescent adducts
upon its reaction with —SH groups. Low-
molecular-weight thiols were estimated by
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an immediate fluorescence response regis-
tered upon addition of ThioGloTM-1 to the
lung homogenate. A CytoFluor multiwell plate
reader Series 4000 (Applied BioSystems, Foster
City, CA) was employed for the assay of
fluorescence using excitation at 360/40 nm
and emission at 530/25 nm with a gain of
50. Data obtained were exported and analyzed
using CytoFluor Software (Applied BioSystems,
Foster City, CA).

Cytokine Analysis of Tissue
Homogenates

Levels of cytokines were assayed in the
supernatants of tissue homogenates. The con-
centrations of tumor necrosis factor (TNF)-a,
(MCP)-1, interleukin (IL)-12p70, IL-6, IL-10,
and interferon (IFN)-y (sensitivity of assay is
5-7.3 pg/ml) were determined using the BDTM
Cytometric Bead Array, Mouse Inflammation kit
(BD Biosciences, San Diego, CA).

Statistical Analysis

Statistical analysis was performed using
SigmaPlot 11.0 (San Jose, CA). Statistical sig-
nificance of the observed outcomes, that
is, treatment-related differences within each
exposed group and their respective controls,
was analyzed by Student’s t-test with Welch'’s
correction for unequal variances or one-
way analysis of variance (ANOVA). One-way
ANOVA with Bonferroni post hoc test was used
for performing pairwise multiple comparisons
between the different doses investigated within
each group; p values of <.05 were considered
to be statistically significant.

RESULTS

Biodiesel and Diesel CE Analysis and
Chamber Concentrations

Particle and various gas levels including
humidity and temperature were closely moni-
tored and regulated to ensure a constant expo-
sure. Supplemental Material Table S2 presents
a summary of the average concentrations and
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particle size data for the high (500 pg/m?) con-
centration exposures of B100 and D100. The
concentrations of carbon monoxide (CO), nitric
oxide (NO), and nitrogen dioxide (NO;) con-
centrations were all maintained below thresh-
olds of concern. In addition, the sulfur diox-
ide (SO,) concentrations were below detection
levels for all exposures. Time-integrated parti-
cle concentrations were determined by gravi-
metric analysis. Chamber particle concentra-
tions determined independently by this method
using integrated filter samples (one 4-h sam-
ple per exposure day) agreed with the tapered
element oscillating microbalance (TEOM) mea-
surements. Particle numbers were relatively
high, and corresponded to particle size distri-
butions (PSD) with well-established accumu-
lation modes. Measurements for B100 and
D100 median number and surface (assuming
spherical particles) diameters in the inhalation
chambers were 66 and 92 nm, and 77 and
134 nm, respectively. The final particle mass
of the 500 pg/m? target concentration for
B100 was 521 % 10 pg/m? and for D100 was
490 + 6 pg/m?3. Assuming spherical particles
with a density of 1.2 g/cm?, a mass median
aerodynamic diameter of 113 nm and 168 nm
for B100 and D100 was estimated based on
scanning mobility particle sizer (SMPS) data.

Tissue Damage and Inflammatory
Response

As a first step, the degree of
cytotoxicity/tissue damage and inflammation
was evaluated by assessing the LDH and MPO
activity in the lungs and liver homogenates
from BALB/c) mice after 4 wk of inhalation
exposures to B100 or D100 CE (Figure 1).
A significant increase compared to control in
the levels of LDH was observed upon exposure
to both B100 and D100 CE. A dose-related rise
of approximately 78 and 18% was observed
in the lungs and liver of mice exposed to
500 pg/m? of B100 CE (Figures 1A and 1B,
black bars). Similar to B100, LDH levels in
the D100 animals were elevated compared to
control. A total increase of up to approximately
37 and 21% in LDH response occurred in the



912

A. A. SHVEDOVA ET AL.

A. Lung
200 1 50100 *op 250 -
D100 |
1504 Azoo
= 2150 4
~100 - g
T o)
& 100 -
9 =
50 4 £5 |
0 4 0 -
150 500 150 500
BI
150 }
=100
°\ -
I —
Q s0 ]
0 J
0 50 150 500 150 500

Biodiesel/Diesel Exhaust, pg/m3

FIGURE 1. Tissue damage and inflammation as evaluated by changes in the activity of LDH and MPO. The changes in the activity of (i)
LDH and (ii) MPO were assessed in the (A) lung tissue and (B) liver tissue of BALB/c] mice in response to inhalation exposure of biodiesel
(BD100, black bars) and diesel combustion exhaust particles (D100, gray bars) for a total of 4 wk at a rate of 4 h/d and 5 d/wk. Data
are represented as percent compared to control in all cases. Average control values upon BD100 exposure for LDH and MPO in the
lung were 47.5 + 1.7 and 101.5 + 5.3 U/mg protein, respectively and in the liver were 201.6 &+ 5.1 and 22.1 & 0.9 U/mg protein,
respectively. Upon D100 exposure, average control values in the lungs and liver for LDH were 47. 2 £ 5.4 and 145.2 &+ 2.8 U/mg
protein, respectively and for MPO were 102.2 & 2.9 and 23.8 + 1.8 U/mg protein, respectively. Asterisk indicates significant at p <
.05 vs. control (air) exposed mice. Means & SD (n = 6 mice per group); a indicates significant at p < .05 vs. 50 pg/m?> exposed mice; B
indicates significant at p < .05 vs. 150 pg/m? exposed mice; B indicates significant at p < .05 vs. 500 pLg/m? exposed mice.

lungs and liver of mice exposed to 500 pg/m?3
of D100 CE (Figures 1A and 1B, gray bars).
While both D100 and B100 induced release
of LDH in both lungs and liver, the extent of
damage was greater in lung compared to liver.

Dose-related MPO elevations of 29, 75,
and 70% in lung and 32, 48, and 84% in
liver were observed after inhalation exposures
to 50, 150, and 500 wug/m?* of B100, respec-
tively (Figure 1). Changes induced by D100 CE
were less compared to B100 (Figure 1, MPO—
black vs. gray bars). Only a rise of approx-
imately 30% in lung and 8% in liver was
observed in the MPO levels at the lower con-
centration of D100 CE (50 pg/m?), while at

higher concentrations the levels were either
not altered or decreased compared to controls
(Figures 1A and 1B, gray bars). These results
indicate that inhalation exposure of mice to
B100 elicited significantly higher inflammatory
responses than did D100 in both lung and liver.

Oxidative Stress Upon Exposure to
B100 and D100 Combustion Exhaust
Particles

Oxidative damage assessed by levels of 4-
hydroxynonenol (4-HNE) and oxidatively mod-
ified proteins (protein carbonyls) in the lung
and liver tissue of mice exposed to B100 and
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FIGURE 2. Biomarkers of oxidative stress in the lung and liver tissue of BALB/c] mice following inhalation exposure of biodiesel and
diesel combustion exhaust particles. The levels of 4-hydroxynonenal, protein carbonyls, glutathione, and protein thiols assessed in (A)
lung and (B) liver without and at various concentrations (50, 150, or 500 pg/m?) of biodiesel/diesel combustion exhaust particles. Mice
were exposed to exhaust particles via inhalation to the doses indicated. Black columns correspond to the exposure with BD100 CE; gray
columns correspond to exposure with D100 CE. Animals were sacrificed 2 h post exposure. Means =+ SE (n = 6 mice per group). Asterisk
indicates significant at p < .05 vs. control (air) exposed mice. Means + SD (n = 6 mice per group); a indicates significant at p < .05 vs.
50 pg/m? exposed mice; B indicates significant at p < .05 vs. 150 pg/m? exposed mice; B indicates significant at p < .05 vs. 500 pg/m?

exposed mice.

D100 (0, 50, 150, and 500 pg/m?) are pre-
sented in Figure 2. A dose-related tendency in
the accumulation of 4-HNE and protein car-
bonyls and reductions in low-molecular-weight
thiols (glutathione [GSH]) and oxidized pro-
tein thiols were detected upon exposure to
B100 CE (Figure 2A, black bars). In all circum-
stances the magnitude of effect or evidence of
a dose-related change was less with D100 than
B100.

Similar to the lung, elevated levels of 4-
HNE and protein carbonyls and decreased lev-
els of GSH and protein thiols were found in
liver following inhalation exposure to B100 CE.
Again the increase in 4-HNE was less marked
with D100 at 150 pg/m? concentration, while
the protein carbonyls were actually reduced
with 50 and 150 pg/m?® concentrations of
D100. In contrast to BD exposure, it was found
that exposure to the D100 (50, 150, and 500
g/m3) produced elevation in GSH (liver) but
displayed greater reduction in oxidized thiols
in liver compared to those observed in BD

exposed mice (Figure 2). Overall, results indi-
cate that the magnitude of oxidative damage
found both in the lung and liver was relatively
greater in animals exposed to B100 CE.

Cytokine Response

The cytokines IL-6, IL-10, IL-12p70, MCP-1,
IFNYy, and TNF-a were used as markers of the
proinflammatory response in the mouse lung
and liver after inhalation exposure to B100 and
D100 CE. Data (mean £ SD) for each dose
investigated are presented in Table 1.

Responses in Lungs The cytokine levels
were found to be elevated in the lungs of
mice exposed to both B100 and D100 CE.
However, the extent of rise differed between
each group and between different cytokines
within the group. The inhalation exposure of
B100 induced a dose-dependent increase in
IL-6 and IL-12p70 (with the exception of 150
g/m?), and a rise in the accumulation of MCP-
1 and TNF-a in the lungs. Of all the cytokines
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BIODIESEL VERSUS DIESEL CE TOXICITY IN LUNGS AND LIVER

probed, IL-6, IL-10, and IL-12p70 were the top
three cytokines that showed significant eleva-
tion compared to control (Table 1, B100 Lung).
The changes observed at the highest level of
exposure to B100 (500 pg/m?3) were as follows:
IL-12p70 > IL-6 > IL-10 > TNF-a> MCP-
1 > IFNy. While IFNy in the lung of mice
exposed to B100 was found to be least per-
turbed, inhalation exposure to D100 produced
a dose-trend increase in pulmonary IFNy level
compared to controls. The changes noted at
the highest concentration of D100 CE expo-
sure in the cytokine levels were as follows: IL-10
> [FNy> IL-12p70 > IL-6 > TNF-a> MCP-1.
A 2.5-fold increase in the level of IL-10 com-
pared to control was found in lungs of mice
exposed to either B100 or D100 CE at a dosage
of 500 pg/m? (Table 1). While IL.-6 and IL-
12p70 were approximately 2.7- and 3.2-fold
higher upon exposure to B100 as compared to
D100 CE, the changes in both MCP-1 and TNF-
o levels were similar. Lastly, measured level of
pulmonary IFNy was significantly elevated only
in lungs of mice exposed to D100 CE but not
in pulmonary tissue of mice exposed to B100
(Table 1, B100 and D100 Lung data).

Responses in Liver Similarly to the effects
noted in lungs, exposure to B100 also induced
a greater release of cytokines in liver. In par-
ticular, the release of IL-6 was significantly
increased compared to control. The inhalation
exposure to D100 exhaust resulted in a con-
sistent decrease in MCP-1 and IL-10 (with the
exception of 50 pg/m?) levels in liver (Table 1,
D100 Liver). A significant elevation was found
in the levels of IL-12p70, IFNy, and TNF-a only
at the lowest D100 inhalation exposure level
(50 pg/m>).

To summarize, IL-6 and IL-12p70 signifi-
cantly increased in both lung and liver upon
exposure to B100 CE. The TNF-a levels espe-
cially in liver were also found to be elevated
to similar extent. The IFNy levels both in the
liver and lung were not markedly changed upon
B100 exposure. In contrast, the IFNy levels in
lungs of mice exposed to D100 CE showed a
significant rise (Table 1). While IL-12p70 and
TNF-a displayed similar effects both in lung and
liver upon D100 exposure, IL-10 and MCP-1
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exhibited opposite trends; that is, a rise in the
levels of IL-10 and MCP-1 in lungs and a fall
in liver was observed. Finally, no significant
change in IFNy levels was found in liver of mice
exposed to D100 CE. Overall, the cytokine lev-
els upon B100 and D100 CE exposures were
more prominent in lungs as compared to liver.

DISCUSSION

Several studies showed that combustion
products of BD produce less emissions of CO,
PM, and PAH than D (McCormick et al., 2001;
Rakopoulos et al.,, 2008; Ramadhas et al.,
2004). To date, research on BD has mostly
focused on the analysis of CE emission prod-
ucts of fuels derived from various produc-
tion processes and manufacturing sources (Di
et al., 2009; Tiyapongpattana et al., 2008).
BD derived from soy-bean vegetable oil is
largely composed of fatty acid derivatives (e.g.,
methyl linoleate; see Supplemental Material,
Table S1), and its combustion products may
include high levels of unsaturated aldehydes
compared to neat D. The unsaturated sites,
serving as major targets of lipid peroxidation,
may result in formation of both oxidized and
unsaturated aldehydes (Fullana et al., 2004;
Da Silva and Pereira, 2008; Seaman et al.,
2009). Such organic derivatives were found to
exert higher toxicity than the solid PM fractions
(McCormick, 2007). Recent studies reported
that exposure to neat BD CE was more toxic
than D, producing cardiovascular alterations as
well as systemic and pulmonary inflammation
in mice (Brito et al., 2010; Yanamala et al.,
2013). Despite BD potential as a renewable
and an economically viable fuel source, it is
important to address whether and how inhala-
tion exposure to BD CE might affect human
health.

Previous studies on toxicity of BD emis-
sions, other than mutagenicity studies, were
performed either in rats over extended time
periods (Finch et al., 2002) or in mice involv-
ing exposure to 550 pg/m* of BD exhaust
for only 1 h (Brito et al., 2010). In this study,
oxidative stress and inflammatory responses
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were examined in lung and liver of mice
upon inhalation exposure to 50, 150 or 500
ig/m?3 of neat BD (B100) and D (D100) CE,
4 h/d, 5 d/wk, for a total period of 4 wk.
Both B100 and D100 CE induced tissue dam-
age, inflammation, and oxidative stress in mice
after 4 wk of inhalation exposure, albeit to
different extent. The MPO and LDH activity
upon B100 exposure was significantly higher
compared to D100, indicating greater tissue
damage and inflammatory responses in mice
exposed to B100 CE. Further, marked changes
in the accumulation levels of oxidative stress
markers 4-HNE, GSH, protein thiols, and car-
bonyls were found upon B100 CE exposures as
compared to D100. This is in agreement with
previous studies showing increased levels of
organic and unsaturated aldehyde compounds
in B100 combustion products (Graboski et al.,
2003; McDonald et al., 1995; Purcell et al.,
1996) and the potential of aldehydes to readily
attack nucleophilic centers in protein and DNA
to form carbonyl-retaining adducts (Uchida
et al.,, 1998a, 1998b; Burcham and Fontaine,
2001). It is possible that the oxidative stress
pathways elicited by B100 might be influenced
by several factors, including but not limited
to direct interaction of unsaturated aldehyde
organic compounds released upon combus-
tion, such as acrolein, 4-HNE, and others,
reactive electrophiles, modified lipids/proteins,
DNA adducts, and depletion/inactivation of
antioxidants.

Similarly to biomarkers of oxidative stress,
inflammation, and tissue damage found in mice
after inhalation exposures, B100 and D100 dif-
ferentially affected cytokine responses in lung
and liver. While the response in the anti-
inflammatory cytokine IL-10 was almost sim-
ilar between D100 and B100, the accumu-
lation of proinflammatory cytokines, in par-
ticular IL-12p70, IFNy, and the chemokine
MCP-1, differed between BD and D exposures.
B100 exposure resulted in a dose-trend rise
in MCP-1 (monocyte chemotactic protein or
CCL2) of up to 60%, compared to only 22%
in lungs upon D100 exposure. The elevated
levels of MCP-1 upon B100 exposure, suggest-
ing an increase in the monocyte/macrophage

A. A. SHVEDOVA ET AL.

recruitment to the lung (Figure 3A), are further
paralleled by enhanced MPO activity in lung
homogenates compared to D100 (Figure 1A).
An infiltration of macrophages in pulmonary tis-
sue during a subchronic exposure of soybean
BD CE was also observed previously (Finch
et al., 2002; Brito et al., 2010). Further, expo-
sure to organic fractions of diesel exhaust par-
ticles was found to elicit a proinflammatory
response in human airway epithelial (Bonvallot
et al.,, 2001) and other cells (Fahy et al.,
1999). Data also demonstrated that compared
to D100, B100 CE exposure induced increased
levels of IL-12p70, a critical cytokine that
promotes the differentiation of T cells into
Th1 cells. This further induces the release
of IFNy, triggering cell-mediated immunity.
Despite the elevated levels of IL-12p70 release
upon B100 exposure, no change in IFNy levels
was noted in this study (Table 1 and Figure 3B).
While it is difficult to pinpoint the mecha-
nism that is responsible for the observed levels
of IFNy production upon B100 CE exposure
as compared to D100 (Figure 2), it is evi-
dent that increased levels of oxidative stress,
MPO activity, and MCP-1 and lower levels of
GSH compared to D100 CE, all favoring the
Th2 type of response, may be the contributing
factors that lead to inhibition of IFNy release
upon B100 CE exposure (Figures 1 and 2, and
Table 1). As IFNy/IFNyR interaction is a prereq-
uisite for macrophage activation via the classical
pathway (Mosser, 2003; Gordon, 2003), the
unaltered/slightly reduced levels of IFNy found
in the present study upon B100 exposure point
toward involvement of nonclassical pathways
of macrophage activation, such as signaling via
toll-like receptors (TLR) and other receptors
(Figure 3A). Some of these putative signaling
pathways that might be involved in B100 and
D100 CE-induced macrophage activation are
presented in Figure 3A. A relative balance
between Th1 and Th2 responses is crucial for
maintaining optimal health. While D100 expo-
sure resulted in inducing both Th1 (e.g.,
IFNy, TNF-a) and Th2 (e.g., IL-6, IL-10) types of
immune responses to a similar extent, B100 CE
favored the Th2 type of response (Figure 3B).
This is further corroborated by studies where
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FIGURE 3. Differential immune responses triggered by B100 and D100 CEs in the lungs. Schematic representation of (A) putative signaling
mechanisms involved in macrophage (M®) activation, and (B) Th1/Th2 responses induced by B100 and D100 CE. The blue arrows in (A)
correspond to the relative changes observed in B100 CE compared to D100. In (B) the red and green arrows indicate the levels of each
cytokine upon B100 and D100 CE exposures in the lungs, respectively. The accumulation of ROS generated internally (ROSint) due to
the direct interaction of soluble organic emissions (like aldehydes, UFP, etc.) with biomolecules, acting as secondary signals, might play a
dominant role in triggering differential immune responses upon BD exposure compared to D. The simultaneous signaling cascade driven
by these secondary signals preferentially through nonclassical pathways upon BD exposure may promote M® maturation leading to the
production of IL-12. The increased organic component as well as the secondary intermediates/signals formed due to increased oxidative
stress upon BD exposure may shift the immune response toward Th2 in comparison to D as shown in B (color figure available online).

elevated levels of oxidative stress, as seen excessive oxidative stress leads to depletion of
upon B100 exposure, were associated with GSH and/or induction of heme-oxygenase-1
the release of IL-4/IL-10 cytokines (Ma et al., (HO-1), which in turn may regulate the produc-
2002), which suppress Th1 response (IFNy, tion of IL-10 in alveolar macrophages(Miyata
TNF-a) and trigger Th2 responses (IL-6, IL-10). and van Eeden 2011). Thus, an increase

Thus, the increased post combustion organic in antioxidant enzymes (e.g., HO-1) and its
component of BD (Graboski et al., 2003), as related pathways might lead to reduced lev-
well as the elevated oxidative stress responses els of IL-10 as seen in the case of liver upon
upon B100 CE exposure, may serve as the basis D100 exposure (Figure 2, Liver).

for these differential immune effects exhib-
ited by BD and D (Figure 3). However, more
detailed studies are needed to support this CONCLUSIONS
hypothesis.

Compared to lung, the overall responses in
the liver were less pronounced upon B100 and
D100 CE exposures. While the accumulation of
IL-6 was significantly increased, cytokines MCP-
1, IL-10, IL-12p70, and IFNy response were
only numerically elevated compared to con-

To summarize, the studies performed here
suggest that B100 CE, despite its decreased
levels of PM and PAH emissions, might on
an equal mass basis produce adverse effects
compared to petroleum D exposure. Based
on the studies presented here, it is postulated

trol after B100 exposure (Table 1, B100 Liver). that increased organic matter including unsat-
Interestingly, upon D100 exposure the levels of uratgd aldehyde components from B100 com-
MCP-1 and 1L-10 were found to be decreased bustion may result in enhanced oxidative stress

in lungs and liver. Thus, evidence suggests
that the increased oxidative stress found after
exposure to BD was due to either direct inter-
actions of the latter organic compounds with
critical biomolecules in lung and liver or to

compared to their responses in lung. The fall
in IL-10 release corresponded to a rise in GSH
levels observed in the liver after D100 expo-
sure. This is further supported by the fact that
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increasing the levels of intracellular reactive
oxygen species (ROS) formed via depletion of
essential antioxidants. Further studies focusing
on deciphering the details of BD emissions and
chemical characterization of the different efflu-
ents upon BD combustion are important not
only for toxicity assessments, but also for haz-
ard identification and safety assessment of BD
and BD blends.
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