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h i g h l i g h t s
� Biodiesel or renewable diesel fuels induce inflammatory markers in macrophages.
� Diesel and biodiesel emission samples induce cytochrome P450 1A1.
� Emissions samples from diesel and the alternative diesel fuel blends activate the aryl hydrocarbon receptor.
� Effects of the alternative diesel fuel blends emissions on the expression on inflammatory markers tend to be lower than emission samples derived from
California ultra-low sulphur diesel fuel.
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a b s t r a c t

Biodiesel or renewable diesel fuels are alternative fuels produced from vegetable oil and animal tallow
that are being considered to help reduce the use of petroleum-based fuels and emissions of air pollutants
including greenhouse gases. Here, we analyzed the gene expression of inflammatory marker responses
and the cytochrome P450 1A1 (CYP1A1) enzyme after exposure to diesel and biodiesel emission samples
generated from an in-use heavy-duty diesel vehicle. Particulate emission samples from petroleum-based
California Air Resource Board (CARB)-certified ultralow sulfur diesel (CARB ULSD), biodiesel, and
renewable hydro-treated diesel all induced inflammatory markers such as cyclooxygenase-2 (COX)-2 and
interleukin (IL)-8 in human U937-derived macrophages and the expression of the xenobiotic metabo-
lizing enzyme CYP1A1. Furthermore, the results indicate that the particle emissions from CARB ULSD and
the alternative diesel fuel blends activate the aryl hydrocarbon receptor (AhR) and induce CYP1A1 in a
dose- and AhR-dependent manner which was supported by the AhR luciferase reporter assay and gel
shift analysis. Based on a per mile emissions with the model year 2000 heavy duty vehicle tested, the
effects of the alternative diesel fuel blends emissions on the expression on inflammatory markers like IL-
8 and COX-2 tend to be lower than emission samples derived from CARB ULSD fuel. The results will help
to assess the potential benefits and toxicity from biofuel use as alternative fuels in modern technology
diesel engines.

© 2018 Elsevier Ltd. All rights reserved.
ARB ULSD, California Air Resource Board-certified ultralow sulfur diesel; CVD, cardiovascular disease; COX-2, cyclo-
iesel exhaust particulate; DRE, dioxin responsive element; IL, Interleukin; NIST, National Institute of Standards &
M, particulate matter; PAH, polycyclic aromatic hydrocarbon; PCB, polychlorinated biphenyls; TCDD, 2,3,7,8-
ctor a; S, Soy Biodiesel; A, Animal Biodiesel, Renewable Biodiesel; ROS, Reactive Oxygen Species.
Environment, University of California, Davis, Bldg 3792 Rm 129 Old Davis Road, CA, 95616, USA.
.

mailto:cfvogel@ucdavis.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2018.12.178&domain=pdf
www.sciencedirect.com/science/journal/00456535
www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2018.12.178
https://doi.org/10.1016/j.chemosphere.2018.12.178
https://doi.org/10.1016/j.chemosphere.2018.12.178


C.F.A. Vogel et al. / Chemosphere 220 (2019) 993e1002994
1. Introduction

Airborne particulate matter (PM) and PM associated with diesel
exhaust and diesel fuel combustion is known to have adverse
health effects including cardiovascular disease (CVD) (Brook et al.,
2010). As an approach to decrease ambient diesel PM exposure,
control measures such as filters and alternative fuels have been
introduced. It is also important to understand the potential health
effects of the combustion of alternative fuels, such as biodiesel,
which is becoming more widely incorporated as a supplement to
petroleum-based diesel fuels. Further, the increased use of alter-
native fuels is being considered to reduce the carbon intensity of
transportation fuels.

Long-term exposure to PM is associated with respiratory
symptoms, effects on the immune system, and CVD (Craig et al.,
2008). Patients with asthma, obstructive pulmonary disease,
pneumonia, CVD, and diabetes are particularly vulnerable
(Zanobetti et al., 2000). Exposure to fine PM is considered to be a
risk factor for CVD mainly thought to be important as part of the
pathway for systemic inflammation, atherosclerosis, and altered
cardiac autonomic functions (Pope et al., 2004). These harmful ef-
fects on human health are strongly associated with exposure to
traffic-derived fine PM (<2.5 mm, PM2.5) (Laden et al., 2000;
Aguilera et al., 2016). Inhalation studies with diesel engine exhaust
in men have demonstrated reductions in adverse vascular and pro-
thrombotic effects associated with a reduction in PM when a par-
ticle trap was used, underlining the harmful effects of diesel engine
exhaust inhalation (Lucking et al., 2011). In vitro studies have also
indicated reduced cytotoxicity, oxidative, and pro-inflammatory
effects through the application of a diesel particle filter, which
has a beneficial effect on both PM mass emission and potential PM
toxicity (Gerlofs-Nijland et al., 2013).

Inflammation, including oxidatively-induced inflammation, is
considered to be an important pathway leading toward athero-
sclerosis and heart diseases (Brook et al., 2003), chronic lung dis-
eases, immune suppression, and cancer (Marx, 2004). Several
studies indicate that inflammation may provide a key to these
pathological processes through inflammatory factors such as
Cyclooxygenase 2 (COX-2), the chemokine Interleukin 8 (IL-8), or
Tumor necrosis factor a (TNFa), which are mediators of the in-
flammatory response. Suwa et al. (2002) exposed a strain of
hyperlipidemia-prone rabbits to ambient PM10 via inhalation and
found progression of atherosclerotic lesions in the aorta, as well as a
massive recruitment of macrophages to those lesions, which sug-
gests an association of inflammatory reaction with exposure to
PM10. Previously, we reported that the aryl hydrocarbon receptor
(AhR) and the chemokine receptor CXCR2 activated by IL-8 are
critical mediators of atherosclerosis induced by dioxin (Wu et al.,
2011). Exhaust emissions from diesel engines are complex chemi-
cal mixtures containing compounds such as polycyclic aromatic
hydrocarbons (PAHs), which can activate the AhR. The AhR is a
ligand-activated transcription factor that mediates many of the
responses to toxic environmental chemicals such as Benzo[a]pyr-
ene (BaP), 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), or dioxin-
like polychlorinated biphenyls (PCB). After ligand binding, the
activated AhR translocates to the nucleus and associates with its
partner protein AhR nuclear translocator (Arnt). The AhR-Arnt
complex binds on so-called dioxin responsive elements (DRE) and
induces the transcription of an array of target genes such as CYP1A1
(Denison and Nagy, 2003; Okey, 2007). Induction of target genes
like COX-2 and IL-8 may involve alternative pathways of AhR
signaling including NF-kB (Vogel, 2000; Vogel et al., 2007). Inter-
estingly, lipophilic constituents of diesel exhaust particles (DEP)
have been shown to induce pro-inflammatory responses and in-
crease intracellular calcium concentration in endothelial cells via
non-genomic but AhR-dependent signaling (Brinchmann et al.,
2018a, 2018b).

Previously, we have shown that organic extracts from urban
dust or diesel exhaust induce IL-8, COX-2, as well as CYP1A1, in an
AhR-dependent manner (Vogel et al., 2005). In a recent study, we
reported a correlation of increased IL-8 levels with elevated serum
levels of PCBs in children (Tsuji et al., 2012). In vivo studies with
mice (Finch et al., 2002) demonstrated that exposure to the exhaust
of 100% soybean-derived fuel can generate a modest inflammatory
effect in lungs of mice, which was also true for the fossil diesel fuels
investigated in vivo by Reed et al. (2004, 2005). The direct com-
parison of biodiesel and fossil diesel in vivo showed that tissue
damage, oxidative stress, inflammation, and cytokine response
were more pronounced in mice exposed to biodiesel compared to
fossil diesel exposed mice (Shvedova et al., 2013; Yanamala et al.,
2013). On the other hand, exposure to petroleum diesel in
healthy mice and a mouse model of allergic asthma induced
inflammation and the production of TH2 cytokines as well as IL-17
which was not observed after exposure to the emission from soy-
based biodiesel blends (Gavett et al., 2015). Furthermore, the
exposure to emission from biodiesel blends but not petroleum
diesel significantly increased the proliferation of resting peri-
bronchiolar lymph node cells.

In vitro comparisons of biodiesel blend and fossil diesel fuel
showed that the use of biodiesel blend resulted in an increased
cytotoxicity and inflammatory response via IL-6 and IL-8 release
compared to fossil diesel when the hazard was expressed on a per
unit of mass basis (Gerlofs-Nijland et al., 2013). However, the PM
oxidative potential was similar or reduced for the biodiesel blend
compared to the fossil diesel. An increased expression of COX-2 and
elevated levels of prostaglandin E2 (PGE2) were observed in alveolar
macrophages after exposure to biodiesel blend and low sulfur pe-
troleum diesel exhaust particles (Bhavaraju et al., 2014). In this
study the exposure to a low concentration of biodiesel blend
resulted in higher levels of PGE2 in vitro compared to petroleum
diesel. A recent study found that biodiesel fuel blends showed a
significant reduction of PM-related genotoxic effects compared to
fossil diesel fuel (Yang et al., 2017). A study with human lung
epithelial cells showed higher cytotoxicity and oxidative stress after
exposure to biodiesel B100 relative to fossil diesel fuel (Betha et al.,
2012) as well as increased expression of TNFa and IL-8 (Steiner
et al., 2013) suggesting that biodiesel as well as fossil diesel fuel
may induce cytotoxic and inflammatory effects on a cellular level.

The AhR is considered to be an important receptor protein
mediating the toxic responses of dioxin-like PAHs which may occur
as components of PM derived from complex chemical mixtures
such as from urban PM, tobacco smoke, industrial exhaust as well
as from petroleum and diesel engine exhaust (Esakky et al., 2015;
Vogel et al., 2005; Jaguin et al., 2015; Brinchmann et al., 2018a,b;
Weng et al., 2018). Here, we analyzed the expressions of inflam-
matory marker responses and CYP1A1 after exposure to diesel and
biodiesel emission samples and test the hypothesis that the AhR
plays a key role in this process. The samples were collected from an
in-use heavy-duty truck operated on a chassis dynamometer with
biodiesel and renewable diesel blends ranging from 20% to 100%.
This study provides information on how the emissions and even-
tual exposure to toxic compounds present in the exhaust from
biodiesel fuel can induce biomarkers of toxicity, which might be
relevant for the development of chronic diseases like CVD.

2. Materials and methods

2.1. Reagents and PM collection

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD, > 99% purity) was



Table 2
Test engine specifications.

Engine Manufacturer Caterpillar

Engine Model C-15
Model Year 2000
Engine Family Name XH0893ERK
Engine Type In-line 6 cylinder, 4 stroke
Displacement (liter) 14.6
Power Rating (hp) 475 hp @ 2100
Fuel Type Diesel
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originally obtained from Dow Chemicals Co. (Midland, MI). Dime-
thylsulfoxide (DMSO) and Phorbol-12-myristate-13-acetate (TPA)
were obtained from Sigma Chemical (St. Louis, MO). Other molec-
ular biological reagents were purchased from Qiagen (Valencia, CA)
and Roche (Indianapolis, IN). National Institute of Standards and
Technology (NIST) Standard Reference Material diesel exhaust
particulate sample, NIST SRM 2975, and SRM 1650a were pur-
chased from NIST (Gaithersburg, MD). [y-32P] ATP (6000 Ci/mmol)
was purchased from ICN (Costa Mesa, CA).
Odometer reading at Initiation of testing 34,000
Induction Turbocharger with after cooler
2.2. Test fuels

The fuels for the chassis dynamometer testing were a
petroleum-based California Air Resource Board (CARB)-certified
ultralow sulfur diesel (CARB ULSD) as the base fuel, and soy and
animal-based biodiesels and a renewable hydro-treated diesel as
blend stocks. The hydro-treated diesel originated from a tallow-
based feedstock. These fuels were obtained from the same
batches of primary fuels used for a larger engine and chassis
dynamometer testing study (Hajbabaei et al., 2014; Na et al., 2015;
Karavalakis et al., 2016). The fuel properties for the neat and
blended fuels are provided in Table 1. Details of the blending pro-
cedures and detailed properties have been described previously
(Hajbabaei et al., 2012, 2014; Karavalakis et al., 2016; Na et al.,
2015). For the chassis testing, the fuels were tested at the 20%
and 50%, blend levels, as well as the 100% fuel. These blends are
designated with an “S” for soy-based biodiesel, an “A” for animal-
based biodiesel, and a “R” for renewable diesel fuels. For example,
the designations for 20%, 50%, and 100% soy are S20, S50, and S100,
respectively.
2.3. Heavy-duty vehicle and sampling

The test vehicle was a 2000 Freightliner Truck equipped with a
2000 Caterpillar C15 engine with the specifications summarized in
Table 2. Samples were drawn from the dilution tunnel using
stainless steel probes positioned in the same plane as the probes
used for gravimetric PM measurements as described in Title 40
Code of Federal Regulations (40 CFR86) as previously described
(Hajbabaei et al., 2014; Karavalakis et al., 2016; Na et al., 2015;
Johnson et al., 2011). Briefly, a 1.500 O.D. stainless steel probe was
connected to an 800 x 10” Hi Volume filter unit (Zefluor, Pall Life
Table 1
Selected fuel properties.

CARB
ULSD

Soy-
biodiesel

Animal-
biodiesel

NExBTL Renewable
HydroTreated
Diesel

API gravity
(@ 60 �F)

39.3 29 28.5 51.3

Aromatics, vol. % 18.7 NA NA 0.4
PNAs, wt. % 1.5 NA NA 0.1
Cetane number,

D613
55.8 47.7 57.9 72.3

Cetane number IQT 74.7
Distillation, IBP 337 350 �C 347.5 �C 326
T10, ºF 408 426
T50, ºF 519 521
T90, ºF 612 547
FBP 659 568
Free glycerin, mass

%
NA 0.001 0.008 NA

Total glycerin,
mass %

NA 0.080 0.069 NA

Sulfur, ppm 4.7 0.7 2 0.3

NA ¼ Not Available.
Sciences, Ann Arbor, MI). Flow rates were nominally 450 Lpm.
Flows and sampling volumes used for calculations were adjusted to
standard temperature and pressure (STP). Filter samples were
stored at - 20 �C until shipment to the University of California, Davis
investigators. For shipment these samples were placed in insulated
containers packed with blue ice and shipped using overnight de-
livery. Filter samples were weighed, inventoried, and placed in a -
20 �C freezer upon receipt for storage. Filters were extracted using
pressurized solvent extraction at 2000 psi, 100 �C using with
Dichloromethane (Burdick and Jackson GC grade). Extracts were
reduced under a stream of nitrogen and were transferred to a 2ml
amber vial., The extracts obtained were dried and then dissolved in
dimethylsulfoxide (DMSO). We used the diesel extracts at con-
centrations corresponding to the total mass of particles at 5e50 mg/
ml.
2.4. Cell culture and transient transfection

Human U937 monocytic cells were obtained from the American
Tissue Culture Collection (Manassas, VA) and maintained in RPMI
1640 medium containing 10% fetal bovine serum (Gemini, Wood-
land, CA). For differentiation into macrophages, U937 cells were
treated with TPA and allowed to adhere for 48 h as described pre-
viously (Vogel et al., 2005). For transient transfection of U937
macrophages, luciferase reporter constructs were transfected via
Nucleofector technology, as described previously (Vogel et al.,
2007). The Nrf2 reporter construct was purchased from Promega
(Madison, MI). The Nrf2 reporter plasmid expresses the firefly
luciferase reporter gene under the control of Nrf2/ARE response
element. The DRE reporter construct was a kind gift of Dr. Thomas
Haarmann-Stemmann (Institute for Environmental Research,
Duesseldorf, Germany). The DRE reporter plasmid expresses the
firefly luciferase reporter gene under the control of the DRE1
sequence of the rat Cyp1a1 gene promoter region �1029 to �997
which binds the activated AhR complex as described previously
(Berghard et al., 1993). Luciferase activities weremeasured with the
Luciferase Reporter Assay System (Promega, Madison, MI) using a
luminometer (Berthold Lumat LB 9501/16, Pittsburgh, PA).
2.5. Animals and bone-marrow derived cell culture

C57BL/6 mice aged 6e8 weeks were obtained from JAX West,
Inc. (Davis, CA) and were euthanized in accordance with a protocol
approved by the UC Davis Animal Resources Service. AhR-null
(AhR�/�) mice were generated and kindly provided by Christo-
pher Bradfield and coworkers from the McArdle laboratory for
Cancer Research at the University of Wisconsin. Extracted bone
marrow was depleted of red blood cells by ammonium chloride
lysis. Cell culture medium used to culture bone marrow-derived
macrophages (BMDM) was RPMI 1640 (Invitrogen, Carlsbad, CA)
supplemented with 10% fetal bovine serum (FBS; Hyclone, Logan,
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UT) as described earlier (Vogel et al., 2013). After 6 days of differ-
entiation BMDM were treated for 24 h with S100, CARB ULSD or
TCDD as indicated and prepared for RNA analysis.
2.6. Cell viability assay

To assess the effect of PM on the viability of U937 macrophages,
a trypan blue exclusion test was used (McAteer and Davis, 1994). A
10-ml portion of re-suspended cell pellet was placed in 190 ml PBS
with 200 ml trypan blue (0.5% dilution in 0.85% NaCl). After 5min,
10 ml of the cell suspension was loaded into a hemocytometer, and
the proportion of nonviable to viable cells was determined.
2.7. Quantitative real-time reverse transcriptionePCR

Total RNA was isolated from U937 cells using a high-pure RNA
isolation kit (Roche), and cDNA synthesis following procedures, as
previously described (Vogel et al., 2005). Quantitative detection of
b-actin and differentially expressed genes was performed with a
LightCycler Instrument (Roche Diagnostics, Mannheim, Germany)
using the QuantiTect SYBR Green PCR Kit (Qiagen) according to the
manufacturer's instructions. The sequences of the primers used in
this study are listed in Table 3. All PCR assays were performed in
triplicate. The intra-assay variability was <7%. Data was analyzed
with the LightCycler analysis software.
2.8. Gel-mobility-shift assay (GMSA)

Nuclear extracts were isolated from U937 cells and GMSA was
performed as described previously (Vogel et al., 2007). Briefly,
5� 106 cells were treated with CARB ULSD, S100, or TCDD for
30min, unless noted otherwise in the figure legends and harvested
in Dulbecco's PBS for preparation of nuclear extracts and subse-
quent GMSA.
2.9. Statistical analysis

All experiments were repeated a minimum of three separate
times generally on separate days, and data are expressed as
mean± one standard deviation (SD). Differences were considered
significant for P< 0.05. Comparison of two groups was made with
an unpaired, two-tailed student's t-test. Comparison of multiple
groups was madewith ANOVA followed by a Dunnett or Tukey test.
Table 3
Sequences of primers for quantitative real time PCR analyses.

Gene Sequence

Mouse b-actin FP: 50-AGCCATGTACGTAGCCATCC-30

RP: 50-CTCTCAGCTGTGGTGGTGAA-30

Mouse CYP1A1 FP: 50-GGCCACTTTGACCCTTACAA-30

RP: 50-CAGGTAACGGAGGACAGGAA-30

Mouse COX-2 FP: 50-TTTGTTGAGTCATTCACCAGACAGAT-30

RP: 50-CAGTATTGAGGAGAACAGATGGGATT-30

Human b-actin FP: 50-GGACTTCGAGCAAGAGATGG-30

RP: 50-AGCACTGTGTTGGCGTACAG-30

Human CYP1A1 FP: 50-GAGGCCAGAAGAAACTCCGT-30

RP: 50-CCCAGCTCAGCTCAGTACCT-30

Human COX-2 FP: 50-GGAACACAACAGAGTATGCG-30

RP: 50-AAGGGGATGCCAGTGATAGA-30

Human IL-8 FP: 50-TAGCAAAATTGAGGCCAAGG-30

RP: 50-AAACCAAGGCACAGTGGAAC-30
3. Results

3.1. Effect of emissions from biodiesel blends on CYP1A1 and
inflammatory marker IL-8 and COX-2

The results for the biodiesel emission samples generated from
soy (S), animal (A) biodiesel, or renewable (R) diesel in blends of
20%, 50% or 100% with CARB ULSD are presented in Fig. 1. The re-
sults show that CARB diesel and all three biodiesel blends induced
CYP1A1, IL-8, and COX-2 at statistically significant levels compared
to control (Fig. 1A, B, and C) at a concentration of 10 mg/ml cell
culture medium. The highest increase of CYP1A1 mRNA expression
was found after treatment with 100% soy (S100) (50-fold) followed
by 100%, 20% and 50% blends of animal biodiesel (A100, A20, A50)
(35-fold). The extracts of the 20% and 50% soy blend (S20, S50)
induced CYP1A1 about 30-fold above control level. The lowest in-
crease of CYP1A1 mRNA expression (15-fold) was found after
treatment with 20, 50, and 100% renewable diesel (R20, R50, R100).
The treatment of macrophages with CARB fuel resulted in a 23-fold
increase of CYP1A1 compared to control or blank treated cells
(Fig. 1A).

Similar results were obtained analyzing the expression of the
inflammatory marker IL-8 (Fig. 1B). A 7.5-fold induction of IL-8 was
found by S100 followed by a 6.5-fold IL-8 increase by S50 compared
to DMSO control. Treatment with A50 emission extracts led to a
5.8-fold induction of IL-8 followed by a 4.5-fold and 4.0-fold in-
crease after treatment with A100 and A20 emission extracts,
respectively. The treatment of U937 macrophages with CARB ULSD
led to a 3-fold increase of IL-8 mRNA compared to the control. In
general, the induction of COX-2 in macrophages was less significant
than for IL-8 (Fig. 1C). The highest increase of COX-2 mRNA of about
3-fold above control level was found after treatment with S100
followed by S50 compared to a 2-fold elevated level of COX-2 by
CARB ULSD. Only the A50 blend led to a significant increase of COX-
2 whereas A20, A100, or the renewable (R) diesel blends did not
significantly change the expression of COX-2 at a concentration of
10 mg/ml.

Evaluation of cytotoxicity of CARB ULSD and biodiesel blends.
A possible cytotoxic effect of CARB diesel and biodiesel blends

was tested in U937macrophages. Cells were exposed to CARB ULSD
and biodiesel samples generated from soy (S), animal (A) biodiesel,
or renewable (R) diesel in blends of 20%, 50% or 100% at 50 mg/ml
which is the highest concentration used in the current study. The
viability of control cells was testedwith 0.1% DMSO added served as
a solvent control. After incubating the cells for 24 h at 37 �C, we
determined cytotoxicity by trypan blue exclusion test. The per-
centage of nonviable control U937 macrophages was 4.2% (Fig. 1D).
The treatment with 50 mg/ml of CARB ULSD or the biodiesel blends
had no significant effect on cell viability compared to control cells.

3.2. Dose-dependent induction of CYP1A1, IL-8 and COX-2 by
extracts of soy biodiesel and CARB diesel

The increased mRNA level of the inflammatory markers and
CYP1A1 after exposure to soy biodiesel and CARB ULSD showed a
significant increase as early as 6 h after initial treatment, which
peaked at 24 h (data not shown). Therefore, U937 macrophages
were treated for 24 h with various concentrations (5e50 mg/ml) of
soy biodiesel and compared to CARB ULSD to analyze dose-
dependent effects on mRNA expression of the target genes. To
address the dose-dependent effect of extracts from diesel and soy
biodiesel exhaust, the mRNA expression of CYP1A1 and pro-
inflammatory genes IL-8 and COX-2 with various concentrations
of diesel extracts was studied. For dose-dependent and further
mechanistic studies we selected the soy-based diesel since the S100



Fig. 1. Effect of various blends of Biodiesel and Diesel on CYP1A1, IL-8, and COX-2 mRNA expression in U937 macrophages. Increased mRNA levels of target genes A) CYP1A1, B) IL-8,
and C) COX-2 are shown and corrected against the housekeeping gene b-actin. U937 macrophages were treated for 24 h with 10 mg/ml CARB Diesel (CARB ULSD), Soy-biodiesel (S20-
S100), Animal-biodiesel (A20-A100), or Renewable (R20-R100) at 20% (20) and 50% (50) blended or not blended (100) with CARB ULSD. Values are given as mean ± SD of three
independent experiments. An asterisk indicates significantly different from control cells (p< 0.05). D) Effect of biodiesel and diesel extracts on cell viability. U937 derived mac-
rophages were treated with 50 mg/ml CARB ULSD and biodiesel blends for 24 h and cell viability was tested via trypan blue exclusion test.

C.F.A. Vogel et al. / Chemosphere 220 (2019) 993e1002 997
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emission was the strongest inducer of CYP1A1 and IL-8 compared
to the other alternative diesel fuels A100 or R100 tested in this
study (Fig. 1). As shown in Fig. 2, treatment of U937 macrophages
for 24 h with emission samples from soy-based biodiesel or CARB
ULSD fuel in the range of 5e50 mg/ml cell culture medium led to a
dose-dependent mRNA induction of CYP1A1, IL-8 and COX-2
(Fig. 2AeC). In addition, CYP1A1 mRNA and IL-8 mRNA expres-
sions were significantly increased by both diesel samples compared
to the control at the lowest concentration of 5 mg/ml used in this
study. As in the experiments above the most conspicuous effect of
the diesel extracts was found in the case of CYP1A1 (over 35-fold
increase), followed by IL-8 and COX-2 mRNA expression in U937
Fig. 2. Dose-dependent effect of Biodiesel and Diesel emission extracts on CYP1A1, IL-8, a
Diesel on CYP1A1, IL-8, and COX-2 mRNA expression in U937 macrophages. U937 macropha
levels of target genes are shown and corrected against the housekeeping gene b-actin. As a
given as mean ± SD of three independent experiments. An asterisk indicates significantly d
macrophages.
To estimate the toxic potency, the effects of soy-based biodiesel

were compared with NIST SRM 1650 diesel particulate matter,
which has been shown to activate AhR and induce CYP1A1 as well
as inflammatory factors in U937 macrophages (Vogel et al., 2005).
TCDD, a prototypical AhR ligand, was used as a pure AhR ligand and
induced CYP1A1, IL-8 and COX-2 to a similar extent as NIST 1650. As
shown in Fig. 2, treatment of macrophages with 10 mg/ml NIST 1650
led to a significantly higher increase of CYP1A1, IL-8 as well as COX-
2 compared to the highest concentration of 50 mg/ml S100 or CARB
ULSD.
nd COX-2 mRNA expression. Effect of organic extracts preparations of S100 and CARB
ges were treated for 24 h with 5, 10 and 50 mg/ml S100 or CARB ULSD. Increased mRNA
positive control, cells were treated with 10 mg/ml SRM 1650 or 1 nM TCDD. Values are
ifferent from control cells (p < 0.05).
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3.3. Emissions of CYP1A1 and IL-8 expression on a per mile basis

We calculated the CYP1A1, IL-8 and COX-2 mRNA level per mile
of the various emission samples based on the amount of the par-
ticle mass equivalent added to the cells in vitro. The CARB diesel
samples were collected matching the corresponding time period
when the biodiesel and renewable diesel samples were taken. For
example, S-CARB, A-CARB, and R-CARB represent the results for the
CARB diesel fuel tested during the same time period as the soy,
animal biodiesel, and renewable diesel, respectively.

The effects of the three different biodiesel blends on CYP1A1
and the inflammatory markers IL-8 and COX-2 tend to be lower
than for the CARB diesel (Fig. 3). A lower response on a per mile
basis by biodiesel blends is due to the lower amount of PM mass
produced compared to CARB ULSD, as published elsewhere
(Hajbabaei et al., 2014; Karavalakis et al., 2016; Na et al., 2015).
Fig. 3. Effect of diesel and biodiesel fuels on CYP1a1, IL-8, and COX-2 expression in the
macrophages on a per mile basis for the 2000 Caterpillar C-15 on the UDDS cycle. The
error bars represent one standard deviation on the average value. An asterisk indicates
significantly different from CARB ULSD treated cells (p< 0.05).
3.4. S-CARB activates DRE activity and AhR DNA binding

We have chemically characterized S-CARB for PAHs and
substituted PAHs (Kobayashi et al., unpublished results) and for
most of the PAHs, there are higher levels in the S-CARB fuel than the
biodiesel and renewable diesel fuel emissions. Although some PAH
compounds are known to be unreactive with AhR, we also detected
PAHs present in nanogram quantities which are potential AhR li-
gands. To determine whether S-CARB is capable of activating AhR,
we used an in vitro reporter assay tomeasure DRE luciferase activity
in response to S-CARB. As shown in Fig. 4A, S100 increases DRE
luciferase activity 6-fold. Animal biodiesel and renewable diesel
also significantly increased DRE activity at the 10 mg/ml dose. In
comparison, CARB ULSD induced DRE-reporter activity increased
by about 5-fold compared to the control at the corresponding
concentration. Comparatively, treatment with TCDD (1 nM), used
as the prototypical ligand to activate AhR and DRE activity, lead to
an 18-fold increase of DRE activity compared to untreated controls.
Next, we measured Nrf2 reporter activity since in vitro treatment
with diesel emission samples has been reported to generate ROS
(Gerlofs-Nijland et al., 2013). Thus, we examined the effect of diesel
on Nrf2 reporter activity. The results in Fig. 4A show that undiluted
S100 and CARB ULSD at a concentration of 10 mg/ml led to a sta-
tistically significant 6-fold and 4.4-fold increase of Nrf2 luciferase
activity, respectively, compared to the control cells. Animal bio-
diesel and renewable diesel also significantly increased Nrf2 ac-
tivity by 3-fold and 2-fold, respectively, above control. The positive
inducer tert-BHQ activated Nrf2 by about 9-fold.

GMSA studies (Fig. 4B) confirmed that AhR activation is asso-
ciated with an increased AhR DNA binding activity on a DRE
consensus element, which regulates the expression of CYP1A1. A
slightly weaker AhR binding activity in CARB ULSD treated samples
(lane 2) was observed compared to S100 (lane 3) or TCDD-treated
samples (lane 4). The results show that CARB diesel and the soy-
based biodiesel induce CYP1A1 production through compounds
that bind to and activate the AhR.

To further investigate the involvement of AhR in soy-based
biodiesel-mediated effects we used BMDM from B6 wild type
(wt) and B6 AhR null mice (mice deficient in AhR; AhR�/�). S100
and CARB ULSD induced CYP1A1 mRNA expression in BMDM from
wt mice by 12-fold and 10-fold, respectively (Fig. 5A). The mRNA
expression of COX-2 was increased about 2-fold by S100 and 2.6-
fold after treatment with CARB ULSD (Fig. 5B). The results show
that treatment with TCDD, S100 or CARB ULSD did not significantly
increase the expression of CYP1A1 or COX-2 in BMDM derived from
AhR�/� mice (Fig. 5A and B).

4. Discussion

The current study shows that the emissions from alternative
fuels derived from vegetable oils or animal fats induce molecular
markers of inflammation IL-8 and COX-2. The fuel emissions are
also effective activators of the AhR and induce down-stream AhR-
regulated genes, such as CYP1A1, as well as IL-8 and COX-2 in hu-
man U937-derived macrophages. Previous studies have shown that
U937-derived human macrophages are a suitable cell model to
detect potential AhR activity and inflammatory responses after
exposure to ambient PM from urban dust or diesel exhaust PM
(Vogel et al., 2005). The current study shows that the effect of soy-
based biodiesel emissions on the above target genes is more pro-
nounced compared to animal-based biodiesel, renewable or CARB
ULSD emissions expressed on a per unit of mass basis. The com-
bustion of biodiesel fuels has been shown to generate less mass
emission of PM compared to petroleum-based diesel (Garshick
et al., 2004). As previously reported, the PM emissions decreased



Fig. 4. Effect of diesel emission samples on AhR and Nrf2 activity. A) Activation of DRE
and Nrf2 luciferase activity by diesel emission samples. U937 macrophages were
transiently transfected with DRE- and Nrf2-luciferase reporter plasmids for 24 h and
treated with S100 (10 mg/ml) and CARB ULSD (10 mg/ml) or TCDD (1 nM), and tert-
butylhydroquinone (tert-BHQ, 10 mM) as positive controls. Values are given as
mean± SD of three independent experiments. An asterisk indicates significantly
different from control cells (p< 0.05). B) Increased DNA binding of AhR by diesel
emission samples. Nuclear protein extracts of non-stimulated (Ctrl), CARB ULSD (10 mg/
ml), S100 (10 mg/ml), and 1 nM TCDD-stimulated U937 macrophages were incubated
with a DRE consensus probe. Competition (Comp.) with a 100-fold excess of unlabeled
DRE consensus (lane 5) oligonucleotide. One representative experiment of three
independently performed experiments is shown.

Fig. 5. mRNA expression analyses of target genes in BMDM derived from wt (AhRþ/þ)
or AhR null mice (AhR�/-). BMDM were treated with CARB ULSD (10 mg/ml), S100
(10 mg/ml), and TCDD (1 nM) used as positive control. Increased mRNA levels of A)
CYP1A1 and B) COX-2 are shown and corrected against the housekeeping gene b-actin.
Total RNA was prepared 24 h after treatment of BMDM derived from wt (AhRþ/þ) or
AhR null mice ( AhR�/�). *, Values are the mean ± SD of three independent experi-
ments and are significantly different from control (P< 0.005). Ctrl, Control.
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as the levels of biodiesel or renewable diesel increased in the blend
with ULSD (Hajbabaei et al., 2014; Karavalakis et al., 2016; Na et al.,
2015). The current data in Fig. 3 calculated on a per mile basis
indicated that S100 or A100 biodiesel or renewable diesel R100
generate a lower response than CARB ULSD for the induction of
CYP1A1 and IL-8 in macrophages. The Luciferase reporter assay and
GMSA showed that treatment of U937-derived macrophages with
S100 as well CARB ULSD induce AhR-activity and increase AhR-DNA
binding activity similar to the prototypical AhR ligand TCDD or
NIST1650. However, the activation of AhR was less pronounced in
CARB ULSD treated samples compared to S100- or TCDD-treated
cells. The results indicate that S100 may contain a higher amount
or more potent AhR ligands than CARB ULSD. Using BMDM derived
from AhR�/� mice showed that CARB ULSD- and S100-mediated
induction of CYP1A1 and COX-2 depends on a functional expres-
sion of the AhR. The role of AhR in mediating the effects of diesel
exhaust particles on the differentiation of thymocytes has been
emphasized earlier in vitro (Ito et al., 2006; van Voorhis et al., 2013)
as well as in vivo (O'Driscoll et al., 2018). The results suggest that
S100 and CARB ULSD contain components capable of activating
CYP1A1 in an AhR-dependent manner. Treatment with S100 and
CARB ULSD led to a significant activation of Nrf2. The results indi-
cate that S100 contain specific components, such as fatty acid es-
ters, aldehydes, nitrogen oxides or transition metals, which are
capable of generating reactive oxygen species (ROS) and mediating
the activation of Nrf2. It is also possible that Nrf2 activation con-
tributes to AhR-mediated effects. Recent studies show that AhR and
Nrf2 may interact to induce the expression NAD(P)H:quinoneox-
idoreductase 1 (NQO1) for instance (Wang et al., 2013). Other
possible cross-talks between the AhR and Nrf2 signaling pathway
have been hypothesized (K€ohle and Bock, 2007). Miao et al. (2005)
identified Nrf2 as a downstream target of the AhR, which could lead
to synergistic effects through activation of both AhR and Nrf2.
Interestingly, from in vivo studies it has been reported that a low
dose fossil diesel emission exposure induces oxidant stress in mice,
and that Nrf2 is required for a functional host anti-oxidant re-
sponses to prevent diesel-induced allergic airway inflammation (Li
et al., 2010).
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5. Conclusions

We have chemically characterized S100 and found that they
contain PAHs, alkyl-PAHs and nitro-PAHs. (Kobayashi et al.,
unpublished results). In summary, the results from the current
study suggest that S100, despite its lower effect on a per mile basis
due to decreased levels of PM emissions, may on an equal mass
basis produce compounds that induce markers of inflammation
compared to petroleum-based diesel exposure. Furthermore,
increased organic matter including unsaturated aldehyde compo-
nents from S100 combustion may result in enhanced oxidative
stress as indicated by Nrf2 activity. Further studies are needed to
identify and characterize biodiesel and renewable diesel emissions
and chemically characterize the different emissions and their ef-
fects on oxidative stress and inflammation. The data from this study
will be relevant for toxicity and safety assessments of diesel, bio-
diesel and renewable diesel blends.
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