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Exposure to combustion emissions, including diesel engine exhaust and wood smoke particles (DEPs and WSPs), has been associated
with inflammatory responses. To investigate the possible role of polycyclic aromatic hydrocarbons (PAHs) and PAH-derivatives,
the DEPs and WSPs methanol extracts were fractionated by solid phase extraction (SPE), and the fractions were analyzed for
more than ~120 compounds. The pro-inflammatory effects of the fractionated extracts were characterized by exposure of bronchial
epithelial lung cells (BEAS-2B). Both native DEPs and WSPs caused a concentration-dependent increase in IL-6 and IL-8 release
and cytotoxicity. This is consistent with the finding of a rather similar total content of PAHs and PAH-derivatives. Yet, the samples
differed in specific components, suggesting that different species contribute to the toxicological response in these two types of particles.
The majority of the IL-6 release and cytotoxicity was induced upon exposure to the most polar (methanol) SPE fraction of extracts
from both samples. In these fractions hydroxy-PAHs, carboxy-PAHs were observed along with nitro-amino-PAHs in DEP. However,
the biological effects induced by the polar fractions could not be attributed only to the occurrence of PAH-derivatives. The present
findings indicate a need for further characterization of organic extracts, beyond an extensive analysis of commonly suspected PAH
and PAH-derivatives.

Supplemental materials are available for this article. Go to the publisher’s online edition of Journal of Environmental Science and
Health, Part A, to view the supplemental file.
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Introduction specific components which may be responsible for such ef-

fects.® This knowledge may contribute to the development

Exposure to particulate matter (PM) from combustion
sources, including diesel engine exhaust particles (DEPs)
and wood smoke particles (WSPs), has been associated
with several adverse health outcomes, in which inflam-
mation appears to play an important role.l''] To further
characterize mutagenic and inflammatory effects of com-
plex and variable PM-mixtures, it is of interest to identify
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of more targeted strategies to improve air quality.

The complex composition of combustion PM and other
airborne particles is a challenge from the toxicological point
of view. For instance, DEPs typically consist of agglomer-
ates of soot particles (with individual diameters >10 nm)
exhibiting a carbonaceous core with embedded traces of
metallic ashes and condensed organic compounds and sul-
phate on the surface, in addition to nucleation mode parti-
cles (<10 nm) of condensed hydrocarbons and sulphate.
The organic fraction may contain a wide range of hydro-
carbons, the majority of which are not yet identified or
quantified.’! For both DEPs and WSPs, variations in the
organic fraction composition have been reported, depend-
ing on the fuel type and combustion conditions.[67]
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Several studies have indicated that the organic fraction
of combustion PM is responsible for the toxicological ef-
fects.®131 We recently compared the potency of native
DEDPs, their corresponding methanol extracts and residual
particles to induce expression of multiple pro-inflammatory
linked genes in human bronchial epithelial cells. The ex-
tractable fraction, as opposed to the particle core, seemed
to be responsible for the particle-induced cell death as well
as the expression and release of pro-inflammatory media-
tors.'' On a similar token, the extractable organic fraction
has been reported to account for the majority of the pro-
inflammatory potential of WSPs.[!*]

Fractionation of PM extracts, combined with biological
experiments, allows for investigation of the influence of spe-
cific groups of organic compounds. A combined in vivo and
in-vitro study reported that the n-hexane-insoluble fraction
of dichloromethane DEP-extract, containing compounds
with many hydroxyl- and carbonyl groups, was most po-
tent in inducing inflammatory responses.!'® Furthermore,
the mid-polar fraction with oxygenated organics was most
potent in depleting glutathione levels in macrophages when
comparing WSP-extracts of different polarity.['”]

With respect to combustion emissions, polycyclic aro-
matic hydrocarbons (PAHs) represent a group of com-
pounds that have gained particular attention due to their
genotoxic and carcinogenic properties.['''¥l However, expo-
sure to high concentrations of various single PAHs, as
well as nitro- and amino-PAH derivatives, has been re-
ported to induce additional pro-inflammatory responses,
both in vivo and in vitro.%2% Such effects have been linked
to both ligand binding and activation of the aryl hydro-
carbon receptor, antagonist properties, as well as to the
formation of reactive electrophilic metabolites during the
PAH metabolism.?!-?2l Although this indicates that PAHs
may be important for inflammatory responses, their contri-
bution to the pro-inflammatory effects of DEPs and other
combustion particles, to our knowledge, has not yet been
clarified.

The present study was initiated to further explore
which constituents are responsible for the bulk of pro-
inflammatory effects of DEP and WSP, with a particular
focus on a potential role of PAHs and their derivatives.
Methanol (MeOH)-extracts of DEP and WSP were frac-
tionated by solid phase extraction (SPE) with a sequential
use of solvents of increasing polarity, with the aim of sep-
arating PAHs and their polar derivatives.!>’! The organic
carbon (OC) content was determined by thermal optical
analysis (TOA) and the occurrence of PAHs and their
derivatives was determined by gas chromatography-mass
spectrometry (GC-MS). The potency of the characterized
fractions to induce cytotoxicity and release of interleukin
(IL)-6 and IL-8 was examined in a human bronchial epithe-
lial cell line (BEAS-2B). To evaluate the completeness of the
applied extraction procedure, Soxhlet extracts were also in-
vestigated with respect to chemistry and pro-inflammatory
effects.
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Materials and methods

Chemicals and reagents

LHC-9 cell culture medium was purchased from Invitrogen
(Carlsbad, CA, USA) and PureCol from Inamed Bioma-
terials (Fremont, CA, USA). Solvents including methanol
(MeOH, LC-MS Optima grade) and DCM (99.9%, LC-MS
grade) were purchased from Fisher Scientific (Waltham,
MA, USA) while n-hexane (HPLC grade, 95%) was ob-
tained from Sigma-Aldrich (St. Louis, MO, USA). The
analytical standards used for characterization are reported
elsewhere.l>’] All other chemicals were purchased from com-
mercial sources at the highest purity available.

Collection and preparation of particle suspensions and
extracts

The DEP sample, which has previously been chemically
characterized, was generated by an unloaded diesel engine
(Deutz, 4 cylinder, 2.2 L, 500 rpm) using gas oil (Petro-
plus Refining Teesside Ltd., Stockton-On-Tees, UK).l*
The DEP was collected from the inside of the main ex-
haust pipe after the diesel engine had been running for 8
weeks, in conjunction with an on-going clinical chamber
study. The WSP sample was collected from the interior of
a chimney that vented an airtight wood stove burning a
mix of hardwoods.!*”! To investigate the cellular responses
to these samples, particles were suspended in a cell culture
medium (2 mg/mL) and stirred overnight before adminis-
tration to cells.

Organic extracts of the particles were prepared as previ-
ously described.!'!! In brief, native particles (~30 mg) were
suspended in MeOH (~60 mL), and subsequently soni-
cated in a water bath (30 min), prior to overnight incubation
at4°C. The suspensions were centrifuged (10 min, 8000 g) in
order to separate the particles from the extract, and then the
extracts were evaporated to dryness under a gentle stream
of nitrogen gas. Subsequently, the extracts were fraction-
ated based on polarity (with the aim of separating PAHs
and their polar derivatives), using the previously described
SPE protocol. Briefly, an amino propyl SPE cartridge (Sep-
Pak, Waters, Milford, MA, USA) was preconditioned with
6 mL of DCM followed by 6 mL of n-hexane. Three frac-
tions were eluted sequentially with n-hexane (5 mL), 20%
DCM in n-hexane (5 mL), and MeOH (5 mL).

Following the first sonication, two additional extractions
were performed on the residual particles to investigate if the
first extraction was efficient, i.e., a second sonication (each
with 60 mL of MeOH) and then a Soxhlet extraction [!]
(with 90 mL of MeOH). The Soxhlet extracts of both sam-
ples contained 3—4 times more OC than the second sonica-
tion extracts (Table 1). The Soxhlet extracts were therefore
chosen to be included in the cellular experiments to fur-
ther confirm that all the biologically active organics were
removed in the first extraction. To prepare the extracts for
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Table 1. Percentages of OC in DEP and WSP methanol-extracts
after the first and second sonication steps and of Soxhlet extrac-
tion of residual DEP and WSP.
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Table 2. Percentages of OC in the SPE-fractions (n-hexane, 20%
DCM in n-hexane and methanol) of DEP and WSP methanol-
extracts after first sonication step.

Extraction DEP wSP SPE-fraction DEP wSP

After first sonication 54 £3 16.8 = 0.5  n-hexane (non-polar) 18 +2 0.22 + 0.07

After second sonication 1.2 £0.3 241 20% DCM in n-hexane 49 £ 0.2 0.43 + 0.02

Soxhlet 4.7+ 0.7 7+1 (mid-polar)

Total 60 + 3 23+£2 MeOH (polar) 59 +0.7 10.8 £ 0.6
Total fractionation 30+2 11 +1

The results are presented as % OC of total mass of native particles
submitted to extraction. The results are reported as averages of trip-
licate experiments with one standard deviation. The OC content was
determined using TOA.

in vitro experiments, the fractionated SPE-extracts and the
Soxhlet extracts were dried under nitrogen gas and stored
at —20°C until further processing (see Table 2 for OC distri-
bution). Later, these extracts were thawed, re-suspended in
dimethyl sulfoxide (DMSO), and aliquoted in glass tubes
before storage at —20°C until the day of exposure. On the
day of exposure, aliquots of each extract fraction were fur-
ther suspended in a cell culture medium at a concentration
corresponding to 2 mg/mL of native particles.

Chemical characterisation of the particle extracts

The OC and elemental carbon (EC) determinations of all
extracts (after 1st and 2nd sonication, SPE-fractions and
Soxhlet) were conducted using a thermal optical OC/EC
analyzer (Sunset Laboratories, Tigard, OR, USA). The rep-
resentative chromatograms of the obtained fractions are
shown in Fig. 1. The temperature program began with four

Response (107)

The results are presented as % OC of total mass of native particles
submitted to extraction, and are reported as averages of triplicate exper-
iments with one standard deviation. The OC content was determined
using TOA.

steps under a helium atmosphere, starting at 300°C for 75s,
500°C for 75 s, 600°C for 75 s, 700°C for 75 s, 870°C for
120 s; then the instrument was cooled down (35 s) to 550°C
and helium with 5% oxygen was introduced. Five additional
temperature stages were then used: 550°C for 45 s, 625°C
for 45 s, 700°C for 45 s, 775°C for 45 s, 890°C for 120 s.
Quantification was based on daily calibration curves using
potassium hydrogen phthalate. OC/EC determinations of
all samples were performed in the transmittance mode. For
this analysis, the extracts were concentrated under nitrogen
gasto 10 mL and were then used without further concentra-
tion. The aliquots of extract/fractions (10 uL) were spiked
onto a 1.5 cm? punch from a quartz filter (prebaked at
1500°C overnight to remove any carbon residue). Solvents
were evaporated from the filter for 4 min on a hot plate at
40°C, prior to inserting it into the thermal optical analysis
(TOA) oven. The data for these six extracts are presented

4.0
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Fig. 1. Overlayed gas chromatography-mass spectrometry chromatograms of solid phase extraction (SPE) fractions of the first
sonication extract of diesel exhaust particles. All profiles are shown as total ion current responses. Alkanes, branched alkanes, and
the shoulder corresponding to the “unresolved complex mixture” (UCM) are labelled for clarity.
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as % OC content relative to the particle mass they were
extracted from (~30 mg).

A more detailed chemical characterization of the five ex-
tracts was performed by GC-MS analysis, using a 6890 GC
with an 5975C MS (Agilent Technologies, Inc., Wilming-
ton, DE, USA), as described previously.!''?3 A broad range
of PAHs and PAH-derivatives were analysed, of which the
complete list of individual organic species is provided in
Figures 2 and 3, and Tables 1S and 2S in Supplementary
data. Species for which pure analytical standards were not
available were tentatively identified by matching MS spec-
tra (at least 90% matching quality) with those obtained
from the NIST 2005 MS Spectral Database. In addition,
the sum of the individual organics analysed in each group
of PAHs/PAH-derivatives is presented in Table 3 as pg/g
of native particles.

Culture of cells

BEAS-2B, a SV40-transformed human bronchial epithe-
lial cell line was purchased from the European Collec-
tion of Cell Cultures (ECACC, Salisbury, UK). The cells
were maintained in LHC-9 medium in collagen (PureCol)-
coated flasks in a humidified atmosphere at 37°C with 5%
CO,, with a refreshment of medium on every second day.
One day prior to exposure, BEAS-2B cells (passages 26-38)
were plated into collagen (PureCol)-coated 35 mm 6-well
culture dishes (460,000 cells/well).

Exposure of cells

Cells were exposed to either suspensions of native parti-
cles or to the various extracts in the concentration-range
corresponding to 0-400 pg/mL of native particles. The fi-
nal concentration of DMSO was equal in all cell culture
wells (including the non-exposed control cells), and did not
exceed 0.4%. The total exposure volume was 1.5 mL in
6-well 35 mm cell culture dishes. From this, it may be calcu-
lated that an applied particle concentration of 100 ug/mL
corresponds to a concentration of 16 pg/cm?, if all the sus-
pended particles deposit on the cells present on the surface
of the culture dishes.

Cells were also treated with a selection of the oxy-
and hydroxy-PAHs detected in the fractionated ex-
tracts, in order to investigate their contribution to
the effects induced by the fractions. The compo-
nents tested were 9-fluorenone, xanthone, phenalenone,
9,10-anthraquinone, benz[a]anthracene-7,12-dione and 2-
hydroxy-9-fluorenone, both alone (at concentrations rang-
ing from 1 nM-30 uM) and in combination. When tested
in combination, the applied concentrations of each com-
pound were based on the corresponding concentrations
detected in the high polar SPE fraction of the DEP-extract.
The resulting mixture of PAH derivatives was tested at
concentrations corresponding to 1, 10 and 100 times the

Totlandsdal et al.

concentrations in the high polar methanol fraction of the
DEP-extract.

Examination of cytotoxicity

After a 24-h exposure, cells were stained with propidium
iodide (PI; 10 ug/mL) and Hoechst 33342 (5 ng/mL) and
evaluated using a Nikon Eclipse E 400 (Nikon Gmbh.,
Disseldorf, Germany) fluorescence microscope, as pre-
viously described.’*! The percentage of apoptotic and
necrotic cells were determined as a fraction of the total
number of counted cells.

Quantification of cytokine release

After a 24-h exposure, cell culture supernatants were col-
lected and centrifuged for the removal of dead cells (300 x
g) and, if necessary, for removal of particles (8000 x g) and
stored at —70°C until cytokine analysis. Concentrations
of IL-6 and IL-8 in cell culture supernatants were deter-
mined by enzyme-linked immunosorbent assay (ELISA)
(R&D Systems, Minneapolis MN, USA), according to the
manufacturer’s manual. The increase in colour intensity
was measured and quantified using a plate reader with
Magellan V 1.10 software (TECAN Sunrise, Phoenix Re-
search Products, Hayward, CA, USA). Cytokine con-
centrations in cell culture supernatants are expressed in
pg/mL.

Calculations and statistical analysis

All chemical characterization data are based on triplicate
extraction/fractionation experiments analysis and are re-
ported as average plus/minus one standard deviation. The
results from cell culture experiments represent the mean
values of three independent experiments. Statistical analy-
sis of the data was performed by application of a two-way
ANOVA with Bonferroni post-tests. The data in Figures 3
and 4 were log-transformed prior to the analysis to fulfill
the assumptions for ANOVA. Statistical analyses were per-
formed using GraphPad Prism software (version 4.03, Inc.,
San Diego, CA, USA).

Linear regression analysis was performed to investigate
the influence of the contents of identified PAHs and PAH
derivatives on cytokine release and toxicity. Analyses were
performed for the total PAH content, and the contents of
PAHs and hydroxy-, oxy- and nitro-PAHs. For all the sta-
tistical analyses, P values < 0.05 were considered to reflect
statistically significant differences.

Results

Chemical composition of particle extracts

The OC content in the extracts obtained from three
methanol extractions (first, second, and Soxhlet) is pre-
sented in Table 1 as mass percent compared to the amount
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Fig. 2. The distribution of identified polycyclic aromatic hydrocarbons (PAHs) and PAH-derivatives in fractionated methanol diesel
exhaust particle (DEP)-extracts of increasing polarity (rn-hexane, 20% dichloromethane (DCM) in n-hexane, methanol), and in Soxhlet
extracts of residual DEPs. The results are presented as average concentrations (ng/g of native particles) detected in three replicate
extractions. Methanol particle extracts were fractionated using SPE, and the characterization of both methanol particle extracts and

the Soxhlet extract was performed using gas chromatography-mass spectrometric analysis.
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Fig. 3. The distribution of identified polycyclic aromatic hydrocarbons (PAHs) and PAH-derivatives in fractionated methanol wood
smoke particle (WSP)-extracts of increasing polarity (n-hexane, 20% dichloromethane (DCM) in n-hexane, methanol), and in Soxhlet
extracts of residual WSPs. The results are presented as average concentrations (ug/g of native particles) detected in three replicate
extractions. Methanol particle extracts were fractionated using solid phase extraction (SPE), and the characterization of both
methanol particle extracts and the Soxhlet extract was performed using gas chromatography-mass spectrometric analysis.

of native particles submitted to extraction. The TOA re-
vealed that DEP contained a considerably higher fraction
of methanol extractable OC of native particles (60%) than
WSP (23%). A significant proportion of the extractable
material was extracted within the 1st sonication step (54%
and 17% for DEP and WSP, respectively), accounting for
90 and 70%, respectively, of the total OC extractable in
methanol. Although this observation suggested that the 1st
extraction was relatively successful, a considerable portion
was also extracted by the following Soxhlet extraction.
Therefore, the Soxhlet extracts, in addition to the three SPE
fractions of the extract obtained after the 1st sonication
step, were included in the biological experiments.

The three SPE-fractions of the 1st sonication extract dif-
fered for DEP and WSP with respect to which fractions
contained the highest amount of OC. For DEP, the highest
OC level was detected in the non-polar n-hexane fraction
whereas the polar methanol fraction contained the highest
OC level of the WSP extracts. It should be noted that a
significant portion of the OC spiked onto the SPE column
was not eluted (ca. 50% for both DEP and WSP) and was
thus retained on the column, even upon addition of a more
polar solvent, such as water. As shown below, a significant
toxicological response reported for unfractionated extracts
in our previous work [' was also observed in this study in
the obtained SPE fractions.
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Fig. 4. Cytotoxicity induced by native diesel exhaust and wood
smoke particles (DEP and WSP). Human bronchial epithelial
BEAS-2B cells were exposed to native diesel and wood smoke par-
ticles in the concentration range corresponding to 0—400 pg/mL
for 24 h, before they were stained with Hoechst 33342 and PI
and analysed by fluorescence microscopy. Bars represent the
means + SEM of the percentage of PI-positive cells counted in
separate experiments (n = 3). * P <0.05; exposed vs. control.

The GC-MS analysis targeted the quantification of
PAHs and their derivatives (+120 species), providing
trends in the distribution of major classes of compounds.
However, alkanes and branched alkanes are typically the
most abundant organic species in DEP?%I These non-polar
compounds occur in GC chromatograms as an unresolved
complex mixture (UCM). Presently, as shown in Figure 1,
the SPE fractionation enabled the separation of the
majority of non-polar species (i.e., alkanes and UCM) in
the n-hexane fraction.

An overview of the total content of PAHs and PAH-
derivatives in the SPE fractionated extracts, the extracts
obtained after the second sonication step and the Soxhlet
extracts is given in Table 3 for both DEP and WSP (for
a full dataset including quantification of individual com-
pounds see Table 1S and 2S). Although the OC levels were
almost three times higher in DEP than in WSP (Table 1),
the total contents of PAHs and PAH-derivatives were rel-
atively similar, 2315 and 2625 pg/g, respectively. However,
the distribution of PAHs and PAH-derivatives varied be-
tween the three DEP and WSP fractions. The mid-polar
20% DCM/n-hexane extract contained the highest total
amount of identified PAHs and PAH-derivatives for both
samples, but the polar MeOH fraction from WSP also con-
tained high levels of identified species in contrast to DEP
(Table 3, last row).

The total levels of oxy-, hydroxy- and carboxy-PAHs
were significantly higher in WSP than in DEP, with approx-
imate sums of 1400 and 700 pg/g, respectively (Table 3).
Nevertheless, for both particle samples the total content of
identified PAHs and PAH-derivatives constituted only a mi-
nor fraction (<1%) of the total extractable organic carbon
(EOCQC) content. As for the total OC content, the SPE frac-
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tions (from the Ist sonication) contained the majority of
the total PAHs and PAH-derivatives for each sample, com-
pared to the extracts obtained within the second sonica-
tion step and the Soxhlet extract, which contained approx-
imately 10% of the identified species (Table 3). However,
the extract from the 2nd sonication step contained consid-
erably higher amounts of PAHs and PAH-derivatives than
the Soxhlet extract.

The purpose of SPE fractionation was to separate the
majority of PAHs and their derivatives into several frac-
tions (Figs. 2 and 3) allowing for a toxicological assessment
of the fractions obtained. Figures 2 and 3 show the distri-
bution of identified PAHs and PAH-derivatives in the SPE
fractionated extracts as well as the Soxhlet extracts of the
residual particles. The unsubstituted PAHs were detected
mainly in the mid-polar fraction (20% DCM in n-hexane)
of both DEP and WSP. The majority of high molecular
weight PAHs, oxy-PAHs, and nitro-PAH were observed
mainly in the mid-polar 20% DCM in n-hexane of both
DEP and WSP (Figs. 2 and 3).

The only exception was phenalone, which was abun-
dant also in the MeOH fraction. For WSP, the hydroxy-
PAHs and carboxy-PAHs were detected mainly in the po-
lar methanol fraction (Fig. 3), whereas for DEP different
hydroxy-PAHs were detected in two higher polarity SPE
and Soxhlet fractions in comparable amounts. In WSP,
the most abundant species were 2-hydroxy-9-fluorenone,
7-hydroxycadelene, 2-hydroxybiphenyl and isomers of hy-
droxypyrene. In DEP, 2-hydroxy-9-fluorenone was also
abundant; but, in addition, hydroxy-n-benzopyran-n-one
(tentatively identified by MS library match) was observed.
However, it is important to note that concentrations in
DEP were approximately 5 times lower than those in
WSP. Besides the hydroxy-PAHs, 3-ring carboxy-PAHs
(tentatively identified) were also found in the methanol
SPE DEP-fraction and Soxhlet extract of the sonication
residue. Moreover, nitroamine-PAH species (which to our
knowledge have not been previously observed) eluted in
the methanol SPE DEP-fraction (Table 1S). These species
included dihydro-nitro-phenanthrenamine isomers, nitro-
fluorenamine, as well as methyl-nitrocarbazole isomers
(all tentatively identified with 80-85% match to the MS
database).

The DEP sample, but not the WSP sample, also con-
tained nitro-PAHs, which were detected mainly in the mid-
polar 20% DCM in n-hexane fraction, where 1-nitropyrene
was the dominating species. In the WSP methanol SPE-
fraction, organic species other than PAH and PAH-
derivatives were also observed following the derivatization.
These species were previously identified WSP components
including levoglucosan, mono- and dicarboxylic acids, and
syringol and guaiacol derivatives.’’l As expected, none of
these compounds were observed in the DEP extracts.

The results from the GC-MS analysis show that the SPE
fractionation successfully separated the non-polar alka-
nes and branched alkanes into the appropriate polarity
extracts. For the PAH and PAH derivatives, there was a
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higher extent of overlap between the various fractions;
however, the majority of PAHs and oxy-, nitro-PAHs were
recovered in the 20% DCM in n-hexane whereas hydroxy-
and carboxy- and nitroamine-PAHs were recovered in the
methanol SPE fractions.

Cytotoxicity induced by native particles and SPE
fractionated particle extracts

Both DEP- and WSP-samples reduced the number of viable
cells. As judged by visual examination of cell number under
light microscopy, combined with fluorescence microscopy
of cells stained with PI/Hoechst, the cells died by necro-
sis. Both PM samples induced PI-positive cells, with DEP
clearly more cytotoxic than the WSP (Fig. 4). At a concen-
tration of 400 pg/mL, DEP induced approximately 90%
necrotic cells (PI-positive) versus 10% in the cell cultures
exposed to WSP.

Cells were exposed to three consecutive SPE fractions
or the Soxhlet extract in the amounts corresponding to
the concentrations of native particles they were extracted
from, with 400 png/mL of native particles as the maximum.
Only the polar methanol fraction of both DEP and WSP
induced a significant increase in necrotic cell death (Fig. 5).
In accordance with the effects induced by the native parti-
cles, the polar methanol fraction of the DEP appeared to
be more potent than the corresponding WSP fraction, with
maximum responses of similar magnitudes as the respec-
tive native particles (Fig. 5). The Soxhlet extracts did not
significantly increase the cytotoxicity.

Cellular release of IL-6 and IL-8 induced by native particles
and SPE fiactionated particle extracts

The 24-h exposure to DEP induced concentration-
dependent increases in both IL-6 and IL-8 release, which
reached statistical significance at 50 ug/mL, before the lev-
els declined at concentrations above 100 pg/mL (Fig. 6).
WSP did not induce any statistical significant increase in
the release of these mediators, although the levels tended
to increase with increasing particle concentrations, with
maximum levels at 400 pug/mL (Fig. 6).

The IL-6 release induced by the three SPE extracts
showed a similar trend as the cytotoxicity; namely, only the
polar methanol-fraction from both particle types increased
the IL-6 release (Fig. 7A). Concentrations corresponding
to 100 pg/mL of native DEP and 200 pg/mL of native
WSP increased the IL-6 release significantly, in contrast
to the responses induced by the native particles, of which
only DEP induced a significant increase. The IL-8 release
did however show a different response pattern, since the
high-polar methanol-fractions from both DEP and WSP
as well as the DEP Soxhlet extract reduced the release of
IL-8 significantly (Fig. 7B).

Thus, the polar methanol SPE fraction exhibited the
most severe effect on both the IL-6 and IL-8 release, but
caused increases in 1L-6 release and decreases in IL-8 re-

Concentrations corresponding to concentrations of native particles:
] Opg/mL 1 50 pg/mL B 100 pg/mL B 200 ng/mL EE 400 pg/imL
100+
& 75
w *
[
2
7
o
g
E *
© Se o B @ So o B
5 35 §5 = § 85 § =
= o x = = = Q x = =
@ o U = o [ s = o
= £ GE’ 1) &= ac: = uE: 5]
c g = c Q=
DEP WSP

Fig. 5. Cytotoxicity induced by fractionated extracts of diesel
exhaust and wood smoke particles (DEP and WSP). Hu-
man bronchial epithelial BEAS-2B cells were exposed to SPE-
fractionated DEP and WSP methanol-extracts of increasing po-
larity (n-hexane, 20% DCM in n-hexane, methanol), and to Soxh-
let extracts of residual DEP and WSP in the concentration range
corresponding to 0-400 pg/mL of native particles for 24 h, be-
fore they were stained with Hoechst 33342 and PI and analysed by
fluorescence microscopy. Bars represent the means + SEM of the
percentage of PI-positive cells counted in separate experiments (n
=3).* P < 0.05; exposed vs. control.

lease. The reduced IL-8 release induced by the DEP Soxhlet
extract suggests that some biologically active organic com-
pounds remained in the residual particles after the 1st and
2nd extraction procedures.

Cells were also treated with a selection of commercially
available oxy- and hydroxy-PAHs detected in the frac-
tionated extracts, in order to investigate their contribu-
tion to the observed responses. This included 2-hydroxy-
9-fluorenone, which was detected in higher concentrations
in the polar methanol SPE fraction, as compared to the
other fractions. Concentrations from 1 nM-30 uM of 9-
fluorenone, xanthone, phenalenone, 9,10-anthraquinone,
benz[a]anthracene-7,12-dione and 2-hydroxy-9-fluorenone
did not cause significant cellular effects; neither did the
mixture of these compounds corresponding to 1, 10 and
100 times the concentrations of the compounds detected
in the polar fraction of the DEP methanol extract (Figs.
1S and 28, in the online supplementary files). Notably, the
occurrence and abundance of these and other derivatives
differed in extracts of the two studied PM samples, making
it difficult to estimate the contribution of individual species.

Influence of the content of identified PAHs and PAH
derivatives on the biological responses

To what extent the presence of the identified PAHSs
and PAH derivatives could explain the differential cellu-
lar responses to the different various extracts, was also
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Fig. 6. Cellular release of IL-6 and IL-8 induced by native diesel exhaust and wood smoke particles (DEP and WSP). Human bronchial
epithelial BEAS-2B cells were exposed to native diesel and wood smoke particles in the concentration range of 0-400 png/mL for 24 h,
before IL-6 (A) and IL-8 (B) concentrations in cell culture supernatants were determined by ELISA. Bars represent means - SEM of

separate experiments (n = 3). * P < 0.05; exposed vs. control.

investigated by linear regression analysis. With two excep-
tions, the overall analysis indicated that the content of the
identified PAHs and PAH derivatives had either limited in-
fluence or no influence on the biological effects induced by
the fractionated extracts. However, the presence of hydroxy-
PAHs was positively correlated with IL-6 (+* = 0.32) and
negatively correlated with IL-8 (+° = 0.40). Further, the
content of PAHs (not total PAHs) was positively correlated
with IL-8 (+* = 0.36). However, the r° values of about 0.4 in-
dicated that only 40% of the variability could be explained
by the content of hydroxy-PAHs and PAHs. Moreover, the
slopes of the corresponding regression lines were relatively
low and therefore had limited biological relevance. For in-
stance, 1L-6 versus hydroxy-PAHs resulted in a positive
slope of 22 pg/mL per 100 ng/g PM. As a reference, the
levels of hydroxy-PAHs varied from 0 to 330 pg/g in the
different DEP and WSP extracts, and the general IL-6 levels
varied between 50-190 pg/mL.

Discussion

We and others previously reported that the organic frac-
tion of combustion PM accounts for the majority of their
biological reactivity, ranging from genotoxic and muta-
genic effects to induction of pro-inflammatory media-
tors.B10:11.28-321 Tny the present study we have specifically
characterized SPE fractionated organic extracts of DEP
and WSP with regard to their specific content of OC, PAHs
and PAH-derivatives and evaluated their cytotoxicity and
cytokine responses in BEAS-2B cells. In particular, the aim
was to explore any possible role of PAHs and their oxi-
dation products in the pro-inflammatory effects of DEP
and WSP. For both of the two distinct PM samples it was
demonstrated that the most polar (methanol) SPE frac-

tion was the most potent in inducing cytotoxicity and cel-
lular release of IL-6. However, the chemical compounds
accounting for these toxicological effects could not easily
be identified among the >120 PAHs and PAH-derivatives
quantified. The present findings indicate a need for further
characterisation of PM organic extracts, also beyond an
extensive analysis of PAH and PAH-derivatives, in order
to enhance our understanding of the driving effects behind
the toxicity of PM.

Role of alkanes, PAHs and their mildly polar derivatives

The majority of abundant alkanes and components of the
unresolved complex mixture were successfully separated
from PAHs and other species in the non-polar n-hexane
SPE fraction of DEP (Fig. 1). This enabled us to confirm
that these species do not have significant effects on cytoxi-
city and cytokine release induced by the investigated DEP
and WSP samples.

With respect to combustion emissions, PAHs represent
a group of compounds that gained a particular attention
due to their carcinogenic properties.!!! In this work, PAHs,
nitro-PAHs and also oxy-PAHs were recovered primarily
in the mid-polar SPE fractions, with individual concentra-
tions in the low nM-range. These concentrations are about
1000-fold less than those previously used to demonstrate
cytokine responses to single PAHs.[192%]

Moreover, these mid-polar (20% DCM in n-hexane) SPE
fractions did not induce significant cellular effects (Figs. 5
and 7), and accordingly the content of these groups of com-
pounds did not correlate with the toxicological effects in the
linear regression analysis. This is in line with previous find-
ings for one of the most carcinogenic PAHs, B[a]P, which
did not induce cytokine responses in the BEAS-2B cells.['’]
Thus, the present findings seem to support the previous
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Fig. 7. Cellular release of IL-6 and IL-8 induced by fraction-
ated extracts of diesel exhaust and wood smoke particles (DEP
and WSP). Human bronchial epithelial BEAS-2B cells were ex-
posed to SPE-fractionated DEP and WSP methanol-extracts of
increasing polarity (n-hexane, 20% dichloromethane (DCM) in n-
hexane, methanol), and to Soxhlet extracts of residual DEP and
WSP in the concentration range corresponding to 0-400 png/mL
of native particles for 24 h, before IL-6 (A) and IL-8 (B) concen-
trations in cell culture supernatants were determined by ELISA.
Bars represent the means + SEM of separate experiments (n =
3). * P < 0.05; exposed vs. control.

suggestions that unsubstituted PAHs and other organic
compounds with high affinity for the aryl hydrocarbon re-
ceptor are not the primary drivers of the pro-inflammatory
effects induced by DEP.!!”]

We previously reported that certain nitro-PAHs may
induce strong increases in cytokine responses in BEAS-
2B cells, but that these effects required high concentra-
tions above 1 uM.!" Previous studies also suggested that
quinones and resins may be involved in the cytotoxic ef-
fects,1*” while DEP-induced suppression of NO-production
in macrophages has been attributed to resins only.?3 In this
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study, the content of oxy-PAHs (including quinonic species)
did not correlate with the toxicological responses.

In addition, exposure to a selection of the identified
oxy-PAHs (9-fluorenone, xanthone, phenalenone, 9,10-
anthraquinone and benz[a]anthracene-7,12-dione) did not
induce any significant IL-6 and IL-8 responses or cy-
totoxicity in the BEAS-2B cells. In accordance with
our data, Shima and colleagues were also unable to
emulate the effects of the n-hexane insoluble fraction
of DEP DCM-extracts when using selected quinones
(1,2-/1,4-naphthoquinone, 9,10-anthraquinone and 9,10-
phenanthraquinone).l'! Thus, similarly as for PAHs and
nitro-PAHs, the pro-inflammatory and cytotoxic effects of
DEP and WSP could not easily be explained by the pres-
ence of quinonic species here identified (i.e., oxy-PAHs).

Contribution of polar firactions, toxicity vs. chemical
characterisation

In contrast to the non- and mid-polar SPE fractions, the
polar methanol SPE fractions of both DEP and WSP in-
duced significant increases in IL-6 release and cytotoxicity
in BEAS-2B cells. Notably, DEP-induced mitochondrial
dysfunction was previously attributed to the polar frac-
tion,% and was suggested to be the main contributor to
the pro-inflammatory and cytotoxic effects of PM2.5 from
Puerto Rico.’?) Moreover, the mid- and high-polar frac-
tions of DEP DCM-extract (n-hexane insoluble) have been
reported to induce pulmonary inflammation in mice.!'®! Ad-
ditionally, it was reported that the non-polar (n-hexane
soluble) fraction did not induce pulmonary inflammation
response.l'® However, studies on immune responses in mice
suggest that different fractions of DEP organic extracts dif-
ferentially regulate Th1 and Th2 responses.[*¥

Thus, the contribution of different organic compounds
to the DEP-effects is complex and different organic com-
pounds might affect different biological endpoints. Shima
and colleagues previously reported that the polar n-hexane
insoluble fraction of DEP DCM-extracts displayed the
highest oxidative capacity and induced the strongest in-
flammatory response in mice.!'® The authors noted that this
polar fraction was mainly composed of PAHs with func-
tional groups related to oxygenation, such as hydroxyl- and
carbonyl groups.!'® In the present study, the chemical anal-
ysis revealed that the polar methanol fraction contained
higher amounts of hydroxy-PAHs.

Moreover, the hydroxy-PAH abundances slightly cor-
related to the toxicological effects in the linear regression
analysis, partly supporting the suggestion that these PAH
oxidation products might be involved in the observed
pro-inflammatory and cytotoxic effects. In contrast, the
oxy-PAHs (e.g., carbonyls) did not appear to influence the
toxicological endpoints measured. We did not detect any
significant cytotoxicity and/ or pro-inflammatory effects
with the most abundant hydroxy-PAH detected in DEP and
WSP polar SPE fractions (Supplementary Information,
Fig. 1S). The occurrence and abundance of other hydroxy
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species differed drastically in the two PM samples, making
it difficult to estimate the contribution of individual species.

Other species observed in the polar fraction of DEP were
tentatively identified nitro-amino-PAHs. These species were
not previously reported for PM, possibly due to problems
of their isolation from PM samples. A previous comparison
of some amino-PAH derivatives to their nitro-counterparts
showed a decreased or altered cytokine and chemokine
response for the amino-derivative.'’l However, these ef-
fects were observed with concentrations several orders of
magnitude higher than those occurring in DEP-exposed
cells. Thus, the nitro-PAH species identified in this work
do not readily account for the DEP-induced effects in the
BEAS-2B cells. It is of note, we identified PAH-derivatives
containing both nitro and amino groups, but to our knowl-
edge, the pro-inflammatory responses to such PAH-species
have yet to be determined.

Differential effects on IL-6 and IL-8 release and
mechanisms involved

Whereas both native WSP and DEP increased the release
of IL-6 and IL-8 (Fig. 6), a contrasting trend was observed
for the SPE fractions for these two endpoints. Although
the polar methanol fractions increased the IL-6 release,
the IL-8 release was reduced (Fig. 7). Similarly, polar or-
ganic extracts from PM2.5 have been found to increase 1L-6
and reduce IL-8 release from BEAS-2B cells.’??l Addition-
ally, a reduced IL-8 response was observed for the Soxhlet
DEP extract (obtained following the sonication) (Fig. 7).
Interestingly, both the methanol SPE fraction and Soxhlet
extracts of DEP contained carboxy-PAHs that could con-
tribute to a reduced IL-8 response, although no association
could be detected in the regression analysis.

A possible explanation of the discrepancy between the
IL-8 responses to the native particles and the fractionated
extracts is that the organics inhibiting IL-8 release could
be less available when bound to the particles, while others
may be more efficiently delivered. Alternatively, it may be
related to some specific PM-properties of functional groups
necessary for receptor-interactions.

Contribution of other organic species

In addition to the suggested influence of hydroxy-PAHs
on the IL-6 release and cytotoxicity, other organic com-
pounds are also likely to have contributed to the observed
toxicological effects. Besides the need for identification of
the groups of organic species responsible for the toxico-
logical effects, the exact cellular mechanisms involved also
remain to be elucidated. Suggested novel mechanisms for
DEP-induced inflammation include calcium signalling and
increased matrix metalloproteinase-1 release, activation of
TRPV1 receptors (transient receptor potential cation chan-
nel subfamily V member 1), and activation of the recep-
tor for advanced glycation end products.?37 Interestingly,
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these mechanisms involve other groups of compounds than
PAHs and PAH-derivatives, including carbonyls.

Relevance of the applied PM samples

The potential of PM to induce biological effects seems to
strongly depend on its physical and chemical properties
such as size, structure and surface area of the particles, and
components adsorbed on the particle surface.l*®! Notably,
the physicochemical properties of combustion PM, includ-
ing the content of organic compounds such as PAHs, may
be rather diverse, depending on the properties of the fuel
and emitting source, as well as post-formation processes.!
The chemical analysis revealed that the DEP used in the
present study contained about 60% EOC. This is a rela-
tively high amount, but within the range of EOC levels
reported by others.?”3% Both samples used in the present
study were collected from either an exhaust pipe or a chim-
ney and may therefore be less representative for the DEPs
and WSPs emitted to ambient air. In addition, ambient
particles are also subjected to atmospheric aging, causing
further changes in their organic chemistry. Thus, studies
on combustion PM collected from ambient air are neces-
sary in order to confirm and further explore the present
findings, also including application of other models like
primary human lung epithelial cells.

Conclusion

In this study we have characterized the SPE fractionated
organic extracts of DEP and WSP with regard to their spe-
cific content of OC, PAHs and PAH-derivatives; and eval-
uated their cytotoxicity and cytokine responses in BEAS-
2B cells. We report that the most polar fractions of the
combustion PMs were most potent in inducing both cyto-
toxicity and cellular release of IL-6. However, the chemical
compounds accounting for these toxicological effects could
not be readily identified among the >120 quantified com-
pounds. To totally exclude a possible role of PAHs and
PAHs derivatives in inflammatory responses to combus-
tion PM, more work is needed. Future work may include
testing of pro-inflammatory responses of a wider range of
individual PAHs and PAHs-derivatives alone or in combi-
nation as well as application of other model systems such
as primary human lung epithelial cells. Finally, the present
findings suggest a need for further characterisation of or-
ganic PM extracts, beyond extensive analyses of PAH and
PAH-derivatives.
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