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ABSTRACT

Low molecular weight polycyclic aromatic hydrocarbons (LMW PAHs;<206.3 g/mol) are under regulated environmental
contaminants (eg, secondhand smoke) that lead to gap junction dysregulation, p38 MAPK activation, and increased mRNA
production of inflammatory mediators, such as cytokines and cyclooxygenase (COX2), in lung epithelial cells. However, the
early mechanisms involving lipid signaling through the arachidonic acid pathway and subsequent eicosanoid production
leading to these downstream events are not known. Common human exposures are to mixtures of LMW PAHs, thus C10
cells (a mouse lung epithelial cell line) were exposed to a representative binary PAH mixture, 1-methylanthracene (1-MeA)
and fluoranthene (Flthn), for 30 min–24 h with and without p38 and cytosolic phospholipase A2 (cPLA2) inhibitors. Cytosolic
phospholipase A2 inhibition reversed PAH-induced phospho-p38 MAPK activation and gap junction dysregulation at 30 min.
A significant biphasic increase in cPLA2 protein was observed at 30 min, 2, and 4 h, as well as COX2 protein at 2 and 8 h.
Untargeted metabolomics demonstrated a similar trend with significantly changing metabolites at 30 min and 4 h of
exposure relative to 1 h; a “cPLA2-like” subset of metabolites within the biphasic response were predominately
phospholipids. Targeted metabolomics showed several eicosanoids (eg, prostaglandin D2 (PGD2), PGE2a) were significantly
increased at 4, 8, and 12 h following exposure to the binary PAH mixture and this effect was p38-dependent. Finally, PAH
metabolism was not observed until after 8 h. These results indicate an early lipid signaling mechanism of LMW PAH toxicity
in lung epithelial cells due to parent PAH compounds.

Key words: lung; p38 MAPK/cPLA2; eicosanoids; metabolomics; polycyclic aromatic hydrocarbons; secondhand smoke.

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous envi-
ronmental and occupational pollutants (ATSDR, 2005) and
abundant in secondhand smoke (SHS; cigarette and marijuana)

(Lee et al., 2010; Moir et al., 2008); thus, the risk to human health
is evident. Toxicological research in this field has almost exclu-
sively focused on the high molecular weight (HMW; � 5 rings)
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PAHs and their carcinogenic potential (ATSDR, 2005; IARC, 2010;
U.S.E.P.A., 2002). However, humans are exposed to non-
genotoxic low molecular weight (LMW, 2–4 rings) PAHs at much
greater concentrations. Nevertheless, low molecular weight
polycyclic aromatic hydrocarbons (LMW PAHs) are under-
studied and under regulated (eg, lack of IARC classifications).
Our previous studies provide evidence that exposure to LMW
PAHs leads to gap junction dysregulation, activation of mito-
gen-activated protein kinase (MAPK) pathways (eg, p38, ERK1/2),
and inflammatory mediator production in lung epithelial cells,
critical cell signaling events that contribute to pulmonary dis-
ease (Osgood et al., 2013, 2017). Therefore, further investigation
of LMW PAH toxicity in lung cells is imperative.

Gap junction intercellular communication (GJIC) is necessary
for tissue homeostasis and, when dysregulated, can lead to
alterations in cell survival, growth, calcium signaling, ciliary
beating, and signaling (Cesen-Cummings et al., 1998; Chaudhuri
et al., 1993; Freund-Michel et al., 2016; Upham, 2011). Therefore,
dysregulated GJIC is considered an emerging hallmark of cancer
and an established biomarker of PAH toxicity (Bauer et al., 2017;
Montaner et al., 1997; Nahta et al., 2015; Osgood et al., 2013, 2017;
Upham et al., 1998, 2008). Gap junction intercellular communica-
tion was decreased in a time- and dose-dependent manner in
C10 cells (a mouse alveolar type II epithelial cell line) exposed to
1-methylcholanthrene (1-MeA), a LMW PAH, for 15 min–24 h.
p38 MAPK has vital roles in the signal transduction pathways
leading to inflammation involved in pulmonary diseases, such
as chronic obstructive pulmonary disease (Renda et al., 2008)
and cancer (Zarubin and Han, 2005), including activation of in-
flammatory lipid mediator pathways, such as eicosanoids
(Chandrasekharan and Sharma-Walia, 2015; Yun et al., 2016).
Significant p38 MAPK activation occurred concurrently with the
GJIC dysregulation in these cells as early as 15 min after expo-
sure to 1-MeA. Hence, these data support our working hypothe-
sis; p38-MAPK is involved in regulating GJIC inhibition and
subsequent early cell signaling events prior to 24 h in lung epi-
thelial cells, and that GJIC and the p38 MAPK pathway are likely
involved in events leading to inflammatory mediator produc-
tion and PAH-induced toxicities, all at noncytotoxic doses
(Osgood et al., 2017; Upham et al., 2008).

Single LMW PAH exposures are rare; therefore, we chose to
investigate an environmentally relevant 1:1 binary PAH mixture
of 1-MeA and fluoranthene (Flthn) to provide a more accurate
assessment of LMW PAH toxicity (IARC, 2010; NTP Board of
Scientific Counselors Meeting, 2012). In C10 cells, exposure to
the binary PAH mixture for 4–8 h significantly elevated cycloox-
ygenase (Cox2) mRNA expression far greater than either com-
pound alone (Osgood et al., 2017). COX2 is an enzyme, along
with lipoxygenase and cytochrome P450 enzymes, that leads to
the production of eicosanoids that primarily originate from ara-
chidonic acid (AA) release from membrane phospholipids via
cytosolic phospholipase A2 (cPLA2) and subsequent enzymatic
processing (Leslie, 2015; Ricciotti and FitzGerald, 2011). Similar
to the 1-MeA studies, the binary mixture also dysregulated GJIC,
activated p38-MAPK, and induced inflammatory cytokines (Il6,
Kc, Mcp1), metalloproteinases, and pathways associated with
steroid synthesis, metabolism, and oxidative responses in both
a time- and dose-dependent manner (primarily prior to 6 h) that
was additive and/or potentially synergistic compared with sin-
gle compound effects (Osgood et al., 2013, 2017). Given that Cox2
expression and p38-MAPK signaling were implicated in LMW
PAH exposures prior to 24 h, we were driven to investigate the
early mechanistic lipid signaling events of this binary PAH

mixture leading to inflammatory lipid mediator production in
lung cells.

Therefore, we hypothesized that a binary PAH mixture (1-
MeA and Flthn) activates mechanistic events prior to 24 h lead-
ing to upregulation of eicosanoid signaling via lipid-derived ac-
tivation of the AA pathway in a mouse lung epithelial cell
model. To elucidate the temporal relationship between these
inflammatory pathways and exposure to LMW PAHs, we used
several methodologies including pharmaceutic inhibitors, mea-
surement of p38 activation, GJIC activity, and protein expression
for cPLA2, COX1, and COX2. In addition, the amount of PAH me-
tabolism was also measured via gas chromatography/mass
spectrometry (GC/MS) analysis of PAH concentration in the
extracts. Finally, we used mass spectrometry-based targeted
lipidomics methodologies to quantify intracellular eicosanoid
profiles as well as untargeted lipidomics and corresponding
pathway enrichment analyses. This study will provide the
much-needed toxicity data on environmentally relevant PAHs
that can be used to develop preventative and therapeutic out-
comes pertaining to lung disease from exposure to SHS and en-
vironmental and occupational pollutants.

MATERIALS AND METHODS

Chemicals and Reagents
Fluoranthene (Flthn; purity 97.2%) was purchased from
AccuStandard (New Haven, Connecticut), and 1-methylanthra-
cene (1-MeA; purity 99.5%) from Crescent Chemical (Islandia,
New York). Dimethyl sulfoxide (DMSO) and Lucifer Yellow was
purchased from Sigma-Aldrich. The cPLA2 inhibitor, CAY10502,
was purchased from Cayman Chemicals (Ann Arbor, Michigan)
and p38 inhibitor, SB203580, was purchased from Tocris
Bioscience (Bristol, UK). All PAH stock solutions and inhibitors
were prepared in DMSO.

All internal standards used for liquid chromatography (LC)/
mass spectrometry (MS)/MS analysis of AA-derived lipid media-
tors were purchased from Cayman Chemical. All HPLC solvents
and extraction solvents (Sigma) for the metabolomics studies
were LC-MS grade or better. Unless otherwise noted, chemicals
were purchased from Sigma.

Cell Culture and Binary PAH Mixture Treatment
The C10 cell line was obtained from Dr Lori Nield (University of
Colorado). These cells are an immortalized, non-transformed al-
veolar type II cell line originally derived from a BALB mouse
(Bentel et al., 1989; Malkinson et al., 1997) that exhibits normal
gap junctional communication, expression of surfactant pro-
teins B and C (Tong et al., 2006), and were used previously for
acute responses to LMW PAH exposure (Osgood et al., 2013,
2017). Because type II cells are a progenitor cell for type I cells,
self-renewing, and known to initiate non-small cell lung carci-
nomas (eg, adenocarcinomas) (Desai et al., 2014; Lin et al., 2012),
the C10 cells are one of the best cell models for these studies.
This cell line was also extensively reviewed (Malkinson et al.,
1997).

Cells (passage< 20) were maintained in CMRL 1066 media
(Gibco, Thermo Fisher Scientific) containing 10% FBS and 1%
glutamate in a humidified atmosphere at 37�C, 5% CO2, and 95%
air (Osgood et al., 2013). Once cells were grown to confluence (2–
3 days), they were serum-deprived for 24 h prior to treatment
with the 1:1 PAH mixture (binary PAH mixture) of 1-MeA and
Flthn at a final dose of 40 lM for time points 30 min–12 h and
15 mM for 24 h. This mixture has been used previously in our lab
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(Osgood et al., 2013, 2017) to represent 2 LMW PAHs common in
SHS (Lee et al., 2010; Moir et al., 2008) and environmental expo-
sures (Vondracek et al., 2007). The 40 lM dose was selected
based on the IC50 for the dysregulation of GJIC at 30 min of ex-
posure in the C10 and is not cytotoxic up to 48 h (Osgood et al.,
2017). DMSO concentrations (< 0.01%) did not elicit cytotoxicity
to the cells; no differences between the DMSO and media con-
trol were observed. For all inhibitor studies, inhibitors were ap-
plied to the cells 30 min–1 h prior to binary PAH mixture
treatment. The p38 inhibitor concentration (5 lM) and incuba-
tion time was based on previous studies (Osgood et al., 2017),
whereas the 10 lM cPLA2 inhibitor concentration was based on
a dose-response conducted in the C10 cells (data not shown).
Cytotoxicity measurements for the cPLA2 inhibitor resulted in
no observable cytotoxicity (data not shown).

GJIC Activity via the Scalpel-loaded Dye-transfer Assay
Dysregulation of GJIC was measured following the method by
Upham (2011) and our laboratory (Osgood et al., 2017). Briefly,
cells were grown as noted above prior to treatment and immedi-
ately following the allotted treatment time, the scalpel-loaded
dye-transfer (SL/DT) assay performed as in Osgood et al. (2017).
GJIC was observed as area of dye spread with an Eclipse Ti-S mi-
croscope at 100X, captured with a DS-QiMc camera (Nikon
Instruments, Melville, New York), and quantified using ImageJ
software (http://imagej.nih.gov/ij/; Accessed November 21,
2018). Area of dye spread was quantified by comparing the bi-
nary PAH mixture, with and without cPLA2 inhibitor, and the
cPLA2 inhibitor alone to DMSO control for the final fraction of
control (FOC) percentages. Three cut lines were analyzed per
dish, 3 dishes were used per treatment, and the experiment was
repeated 3 times, for a total n¼ 9.

Protein Extraction and Immunoblots
C10 cells were maintained and treated as stated above.
Immediately following treatment, cells were harvested and
resuspended in homogenization buffer [20 mM HEPES, pH 7.5,
2 mM ethylenediaminetetraacetic acid, 2 mM ethylene glycol-
bis(2-aminoethyl)-N,N,N0,N0-tetraacetic acid, 1 mM dithiothrei-
tol, 10% glycerol] with protease inhibitor (Protease Inhibitor
Cocktail 100�, Sigma-Aldrich, St Louis, Missouri) and phospha-
tase inhibitor (Halt Phosphatase Inhibitor Cocktail 100�,
Thermo Fisher Scientific, Waltham, Massachusetts), disrupted
by sonication, and centrifuged at 16 000 � g for 30 min. The
resulting soluble fractions were used for cPLA2 immunoblotting.
The particulate fractions were resuspended in the above buffer
with the addition of 0.1% NP-40 and used for COX1 and COX2
immunoblotting. For p38 immunoblots (phospho- and total), we
followed our previous method, described in Osgood et al. (2017).
For all immunoblots, 15 mg of protein was separated on 10% SDS
page gels and transferred to a polyvinylidene fluoride mem-
brane (Millipore). Anti-rabbit phosphorylated cPLA2 (Santa Cruz,
Cat. No. 34391, 1:1000), anti-mouse cPLA2 (Santa Cruz, Cat. No.
454), anti-rabbit pp38 (Cell Signaling, Cat. No. 9215 S, 1:500),
anti-rabbit total p38 (Cell Signaling, Cat. No. 9212 S, 1:1000), anti-
goat COX1 (Santa Cruz, Cat. No. 1754, 1:500), anti-goat COX2
(Santa Cruz, Cat. No. 1747, 1:500), and anti-mouse b-Actin
(Sigma-Aldrich, Cat. No. A1978; 1:1000) primary antibodies were
used. Secondary antibodies used were mouse anti-goat-HRP
(Santa Cruz, Cat. No. 2354, 1:10 000), mouse anti-rabbit-HRP
(Santa Cruz, Cat. No. 2357, 1:7500), and goat anti-mouse-HRP
(Santa Cruz, Cat. No. 2005, 1:100 000). Supersignal West Dura
chemiluminescent (Thermo Scientific) were used to detect pro-
teins of interest. Immunoblots were quantified by densitometry

using the Image Studio Lite V5 software (Licor, Lincoln,
Nebraska).

Untargeted Metabolomics
Cell lysate sample preparation. The C10 cells were maintained and
treated as stated above. Immediately following treatment, cell
monolayers were washed 3 times with cold PBS, scraped into
500 ll 70% MeOH, transferred into 1.5 ml Eppendorf tubes
(Hamburg, Germany), and immediately stored at �80�C until
further processing. The hydrophobic fraction was then
extracted from the samples using an organic liquid-liquid ex-
traction technique with methyl tert-butyl ether and water
(Cruickshank-Quinn et al., 2014; Yang et al., 2013). The upper hy-
drophobic layer was transferred to a new tube, dried under ni-
trogen, reconstituted in 200 ml of methanol, and stored at �80�C
until LCMS analysis. Each exposure was replicated 4 times and
the experiment was not repeated, for a total n¼ 4.

Liquid chromatography mass spectrometry. The hydrophobic frac-
tions were analyzed using reverse phase chromatography on an
Agilent Technologies (Santa Clara, California) 1290 ultra-high
precision liquid chromatography system on an Agilent Zorbax
Rapid Resolution HD SB-C18, 1.8 mm (2.1� 100 mm) analytical
column with an Agilent Zorbax SB-C18, 1.8 mm (2.1� 5 mm)
guard column. An Agilent Technologies 6210 time-of-flight
mass spectrometer (Agilent Technologies) in positive electro-
spray ionization modes was used for compound detection for
the hydrophobic fractions as previously described in
Heischmann et al. (2016).

Data processing. Compound data was extracted using Agilent
Technologies Mass Hunter Profinder Version B.08.00 (Profinder)
software in combination with Agilent Technologies Mass
Profiler Professional Version 14 (MPP) as previously described in
Heischmann et al. (2016). Briefly, a naive feature-finding algo-
rithm “Find By Molecular Feature” was used in Profinder to ex-
tract compound data from all samples and sample preparation
blanks. Extracted compounds were imported into MPP and com-
pounds present in blanks were removed from further analysis.
To reduce the presence of missing values, a theoretical mass
and retention time database was then generated for compounds
present in at least 2 samples. This database was then used to
re-search the raw sample data in Profinder using the “Find By
Ion” algorithm.

Compound identification. An in-house database containing
METLIN (PMID: 16404815), Lipid Maps (PMC1669719), Kyoto
Encyclopedia of Genes and Genomes (KEGG) (PMC102409), and
Human Metabolomics Database (HMDB) (PMC1899095) spectral
data was used to annotate metabolites based on exact mass,
isotope ratios, and isotopic distribution with a mass error cutoff
of 10 ppm. This corresponds to a Metabolomics Standards
Initiative metabolite identification level 3 (Sumner et al., 2007).
The data obtained in this study will be accessible at the NIH Common
Fund’s Data Repository and Coordinating Center (supported by NIH
grant, U01-DK097430) website, the Metabolomics Workbench, http://
www.metabolomicsworkbench.org. It is under Study number
ST001094.

Targeted Lipidomics
Treatment and sample collection. The C10 cells were maintained
and treated as stated above. Each exposure was replicated 4
times and the experiment was not repeated, for total n¼ 4.
Immediately following treatment, cell monolayers were washed
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3 times with cold PBS, scraped into 500 ll 70% MeOH, transferred
into 1.5 ml Eppendorf tubes (Hamburg, Germany), and immedi-
ately stored at �80�C until pretreatment for solid phase extrac-
tion (SPE), as follows.

Sample preparation. Briefly, before SPE cleanup, the frozen sam-
ples were removed from the freezer and thawed on ice, and cen-
trifuged at 14 000 rpm at 4�C for 10 min. The supernatant was
removed, transferred to a new microcentrifuge tube, and spiked
with 10 ll of 10 pg/ll internal standard solution (100 pg of each:
5(S)-HETE-d8, 8-iso-PGF2a-d4, 9(S)-HODE-d4, LTB4-d4, LTD4-d5,
LTE4-d5, PGE2-d4, PGF2a-d9, and RvD2-d5 in ethanol). The super-
natant was dried in a vacuum centrifuge and reconstituted with
1.0 ml of 10% methanol. The reconstituted extracts were loaded
on a Strata-X 33 lm 30 mg/1mal SPE column (Phenomenex,
Torrance, California) preconditioned with 1.0 ml of methanol
followed by 1.0 ml of water. The SPE column was washed with
10% methanol and then eluted directly into a reduced surface
activity/maximum recovery glass autosampler vial with 1.0 ml
of methyl formate. The methyl formate was evaporated
completely from the vial with a stream of nitrogen and the SPE
cartridge was then eluted with 1.0 ml of methanol directly into
the same autosampler vial. The methanol was evaporated to
dryness with a stream of nitrogen, and the sample was reconsti-
tuted with 20 ml of ethanol. The samples were analyzed immedi-
ately or frozen at �70�C until analysis. Liquid chromatography-
mass spectrometry of Scanning probe microscopes was per-
formed as previously described in Kosaraju et al. (2017). The
data obtained in this study will be accessible at the NIH
Common Fund’s Data Repository and Coordinating Center (sup-
ported by NIH grant, U01-DK097430) website, the Metabolomics
Workbench, http://www.metabolomicsworkbench.org. It is un-
der study number ST001124.

Statistical Analysis
All analyses (SL/DT assays, immunoblots, targeted metabolo-
mics, and PAH metabolism) were performed using SAS/STAT
(Version 9.4) for Windows. A mixed method ANOVA model was
used to compare binary PAH mixture treatment groups to DMSO
control with experimental repeats as the random effect and the
toxicity end point of interest as the fixed effect. All differences
were considered statistically significant at p< .05. However, the
untargeted metabolomics analysis required more extensive sta-
tistical methods.

Untargeted metabolomics. Data were summarized across technical
replicates by sample for each metabolite using updated MSPrep
package (Hughes et al., 2014). Sample replicates were summa-
rized with their mean if they had a coefficient of variation (CV)
less than or equal to 50%. If their CV was greater than 50% and
there was data for all 3 replicates they were summarized using
their median. If their CV was greater than 50% and there was
missing data for at least 1 replicate, that metabolite was
assigned a missing value. We filtered out metabolites that had
more than 1 missing value per group (ie, DMSO or binary PAH
mixture) per time point. These data were then log2 trans-
formed, median normalized using the full dataset, and quantile
normalized within each unique treatment and time. Quantile
normalization was done using the EDASeq package (v. 2.10.0)
(Bullard et al., 2010). Quantile normalization caused some
metabolites to have zero variance at a given time point (1 per
time point); these metabolites were removed. Bayesian princi-
ple component analysis method (Nyamundanda et al., 2010) was
used to impute data.

To determine whether either exposure, DMSO control or bi-
nary PAH mixture, produced a temporal effect, we used sepa-
rate 1-way ANOVA models that included only metabolites
present at 2 or 3 time points for each treatment group. p Values
were adjusted to control false discovery rate (FDR) using the
Benjamini and Hochberg method (Benjamini and Hochberg,
1995) using the function p.adjust in the stats package of R (R
Core Team, 2017). Adjustment was done on all ANOVA tests
within a specific treatment group. To determine temporal
effects, t tests between each pairwise combination of times
were performed. This was performed instead of an ANOVA due
to various missing data between the different types of
metabolites.

To examine the differential abundance for each metabolite
detected, we performed 2-sample t tests to generate a fold
change (FC) difference in abundance compared with DMSO con-
trol. Again, p values were adjusted to control FDR using the
same method aforementioned. Metabolites that were present
only in DMSO control samples were filtered out. Significance
was determined as p< .05 after controlling for FDR. Those
metabolites annotated with either KEGGID or HMDB-ID were in-
cluded in the heat map. Biological relevance was determined to
be a FC less than 0.6 or greater than 1.5.

RESULTS

P38 Pathway Activation and Dysregulation of GJIC: A Role for cPLA2

We previously demonstrated activation of p38 MAPK in re-
sponse to exposure a 1:1 binary PAH mixture, 1-methylanthra-
cene and fluoranthene, for 30 min–8 h which coincided with
dysregulated GJIC (Osgood et al., 2017). In this study, exposure to
the same binary PAH mixture for 30 min in the C10 cells signifi-
cantly reduced p38 activity when cells were first exposed to
CAY10502, a cPLA2 inhibitor (Figure 1A). In addition, GJIC was
significantly reduced following exposure to the binary PAH mix-
ture for 30 min; however, GJIC inhibition was significantly, albeit
partially, reversed in the presence of CAY10502, indicating a
role for cPLA2 in the early events involved in PAH-induced GJIC
dysregulation (Figs. 1A and B).

Changes in Lipid Mediators: Eicosanoid Involvement
Due to the early involvement of cPLA2, a key enzyme in eicosa-
noid biosynthesis, in response to the binary PAH mixture, we in-
vestigated the changes in several enzymes and lipid mediators
along this pathway. C10 cells were exposed to 40 lM of binary
PAH mixture over time (0.5, 1, 2, 4, 8 h). Phospho-cPLA2 was sig-
nificantly elevated after 0.5, 2, and 4 h compared with control
(Figs. 2A and B). Following cPLA2 activation, the downstream en-
zyme COX2 was significantly elevated at 2 and 8 h after expo-
sure, COX1 was unchanged (Figs. 3A and B, Supplementary Figs.
1A and B). Interestingly, both cPLA2 and COX2 enzymes demon-
strated a biphasic response from exposure to the binary PAH
mixture at these early time points.

Intracellular targeted lipidomics analysis via LC/MS demon-
strated significantly increased expression of several down-
stream prostaglandins, namely, PGD2, PGE2, PGF2a, and 15 R-
PGF2a (a PGF2a metabolite, data not shown) after exposure to 4,
8, and 12 h of the binary PAH mixture (Figs. 4A–C). When cells
were treated with p38 inhibitor, SB203580, 30 min prior to PAHs,
the expression was reduced significantly at 8 and 12 h.
Similarly, 8-iso-PGF2a, an isoprostane associated with oxidative
stress, was significantly increased after 4, 8, and 12 h of expo-
sure (Figure 4D), and was significantly reduced in the presence
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of p38 inhibitor at 8 and 12 h. In addition to the prostaglandins,
other pro-inflammatory eicosanoids were significantly elevated
following 4 h exposure to binary PAH mixture such as 14(15)-
EET, and 8S-HETE (Supplementary Figure 2A), as well as some
anti-inflammatory mediators, such as 15S-HETE and LXA4

(Supplementary Figure 2B); none of these lipid mediators were

reduced with p38 inhibitor. Several other eicosanoid mediators
were measured but did not change in response to the binary
PAH mixture, such as 8-iso-15R-PGF2a and 8, 9-EET
(Supplementary Figure 2A), as well as PGI2, 11B-PGF2a, TXB2,
LTB4, LTD4, and LTE4 (data not shown). Figure 5 demonstrates
the temporality of this lipid signaling pathway observed in the
C10 cells for cPLA2, COX2, and the prostaglandins that were in-
duced by this binary PAH mixture. Finally, we did this same tar-
geted lipidomics analysis at the 24 h time point (Supplementary
Table 1) and only isoprostane (8-iso-PGF2a) demonstrated a sig-
nificant difference compared with control.

Collectively, we provide sufficient evidence to support that
the binary PAH mixture is influencing eicosanoid production
that is likely initiated due to the release of phospholipids in the
membrane. Figure 6 is a working hypothesis of the production
of these lipid mediators in these C10 cells. Finally, we sought to
evaluate the makeup of the cellular lipid metabolism at similar
time points using an untargeted approach.

Untargeted Metabolomics Demonstrates Involvement of
Glycerophospholipid Metabolism
An untargeted metabolomics analysis was conducted to further
establish the mechanism and potential pathological events as-
sociated with binary PAH mixture toxicity at 30 min, 1, and 4 h.
Specifically, the early mechanistic events of PAH mixture toxic-
ity leading to eicosanoid production via activation of cPLA2

could use several fatty acid substrates, from either endogenous
(eg, phospholipids in the plasma membrane of the epithelial cell)
or exogenous (eg, phospholipids contained in culture media con-
taining serum) sources. To determine these substrates, untargeted
metabolomics analysis via LC/MS were used to measure the abun-
dance of intracellular metabolites associated with exposure to the
binary PAH mixture or DMSO control over time (0.5, 1, and 4 h) and
disease outcomes through pathway enrichment analyses.

First, to determine if the metabolomics assay was able to
capture a temporal effect in response to treatment, an ANOVA
was done for the 3489 metabolites present in at least 2 time
points, regardless of exposure. After controlling for FDR, there

Figure 1. Cytosolic phospholipase A2 inhibition reverses phospho-p38 MAPK activation and gap junction intercellular communication (GJIC) dysregulation from 30 min

exposure to binary polycyclic aromatic hydrocarbon (PAH) mixture in C10 cells. A, Representative pp38 immunoblot and graph (white bars) of cells exposed to DMSO

control (C), binary PAH mix (P), binary PAH mix plus cPLA2 inhibitor (Pþ I), or cPLA2 inhibitor (I) (PAH mix of 40 lM, 1:1 ratio of 1-methylanthracene and fluoranthene;

10 lM of cPLA2 inhibitor, CAY10502). pp38 MAPK is normalized to total p38 and expressed as fraction of control (FOC). Black bars represent GJIC presented as FOC for

the same 4 treatments using a SL/DT assay. Mean 6 SE presented; n¼3 per treatment; repeated 3 times. *p< .05, significantly different from control; þp< .05, signifi-

cantly different from PAH mix alone. B, Representative images of GJIC dysfunction in response to the binary PAH mixture and reversal by cPLA2 inhibition. Area of dye

spread is used for GJIC quantification. The color version of this figure is available online.

Figure 2. Cytosolic phospholipase A2 activation in response to the binary PAH

mixture in C10 cells. A, Immunoblots of phosphorylated cPLA2 (p-cPLA2), total

cPLA2 (t-cPLA2), and b-actin protein in C10 exposed to binary PAH mixture (40 mM

for 0.5–8 h; 15mM for 24 h) or DMSO control for 0.5–24 h. Arrow points to phos-

phorylated band, bottom. B, Densitometric analysis of p-cPLA2 protein activity

normalized to b-actin and then presented as a ratio compared with t-cPLA2

shows a biphasic increase at 0.5, 2, and 4 h following exposure to binary PAH

mixture (40 mM; 1:1 ratio of 1-methylanthracene and fluoranthene). Mean 6 SE;

n¼3, repeated twice. *p< .05, significantly different from control.
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were 232 and 1461 metabolites significantly changing over time
from DMSO control and binary PAH mixture, respectively, for a
total of 1693 metabolites. However, 151 of these metabolites
were common between treatments and, subsequently, consid-
ered to be basal response metabolites. Therefore, a total of 1542
metabolites, 81 from DMSO and 1310 from binary PAH mixture,
were significantly changing over time (Supplementary Figure 3).
With a significant temporal relationship established between
treatment and time, we then determined when these effects oc-
curred, and which metabolites and/or disease outcomes are in-
volved. Post hoc t tests were performed on the 1-way ANOVAs
testing for a temporal relationship between time points. Of the
1693 metabolites that were detected in at least 2 time points,
395 and 72 were significantly different between 30 min and 1 h
following binary PAH mixture and control exposure, respec-
tively. Between 1 and 4 h, there were 284 and 25 significantly
different metabolites from exposure to the binary PAH mixture
and control, respectively (Supplementary Table 2). Finally, be-
tween 30 min and 4 h, there were 355 and 76 significantly differ-
ent metabolites, respectively (Supplementary Table 2). The
specific metabolites changing between each time point from
each treatment can be found in Supplementary Tables 3 and 4.

To measure the differential abundance of significant metab-
olites from exposure to binary PAH mixture compared with
DMSO control, a 2-sample t test was performed for each metab-
olite at each time point (Table 1). After removing those metabo-
lites identified in DMSO only treated group, a total of 3093, 3332,
and 3243 metabolites were used in the subsequent analysis. Of
those metabolites detected in either 30 min treatment, only 224
(32%) were annotated with either KEGG or HMDB ID. Similarly,
at 1 and 4 h of exposure, only 121 (45%) and 263 (36%) of those
were annotated, respectively. All annotated and unannotated

metabolites can be found in Supplementary Table 5 for all time
points. One hundred and eighty-two, 77, and 181 metabolites
were found to be biologically relevant (FC< 0.6 or> 1.5) with 125,
64, and 148 upregulated and 57, 13, and 33 downregulated, after
0.5, 1, and 4 h of exposure, respectively (Table 1). Each biologically
relevant metabolite can be found grouped by compound class
with corresponding FC at each time point in Figure 7.

Metabolomics analyses enable to align significant metabo-
lites with pathways associated with relevant pathological out-
comes. Therefore, a list of annotated metabolites was
combined, similar to genomics platform ones. In this study,
those significant metabolites with biologically relevant FCs
were included in pathway analyses via MetaboAnalyst at each
time point based on their KEGGID. Significant pathways in-
cluded glycerophospholipid metabolism, sphingolipid metabo-
lism, phosphatidylinositol signaling system, glycerolipid
metabolism, pathways in cancer, and metabolic pathways
(Table 2). In addition, we have displayed how the glycerophos-
pholipids are enriched in response to the binary PAH mixture
on the heat map by color coding on the right side of Figure 7 to
demonstrate the abundance of these metabolites. The most no-
table class of phospholipids was the phosphatidylcholines
(PCs), for which many were upregulated in response to the bi-
nary PAH mixture (see red bar on the right side of Figure 7).
Figure 8 depicts those significant metabolites that were identi-
fied at the time points that the cPLA2 protein was upregulated
categorized by chain length of the phospholipids. Interestingly,
one of the metabolites was a chain length for phosphatidylcho-
line, PC 36:4, that is known to be cleaved to AA (Banno et al.,
2017).

PAH Metabolism Is Not a Factor Prior to 24 h
We observed that the parent compounds of the binary PAH mix-
ture were not metabolized in these cells until 24 h (see
Supplementary Figs. 4 and 5; Supplementary Methods). We ana-
lyzed the amount of each PAH metabolized (1-MeA and Flthn)
via GC/MS at 0.5, 1, 4, 8, and 24 h time points. All times prior to
24 h observed approximately 100% recovery of the parent com-
pounds, whereas at 24 h, only 50%–60% of parent compounds
were recovered. This suggests that PAH parent compounds are
active without metabolism prior to 24 h and that the early cell
signaling events we have measured are elicited by these parent
compounds rather than their metabolites.

DISCUSSION

We previously provided evidence that a binary mixture of 1-
MeA and Flthn, both LMW PAHs, elicited GJIC-dysregulation and
induced p38 MAPK activity leading to cytokine production at ex-
posure times prior to 24 h indicating early mechanistic involve-
ment of inflammatory mediators in C10 cells (Osgood et al.,
2017). In a human bronchial epithelial cell line (HBE1)
(Yankaskas et al., 1993), we also observed GJIC-dysregulation
and p38 MAPK activation following exposure to the same LMW
PAHs at 30 min (see Supplementary Figs. 6 and 7) supporting our
previous findings. Because LMW PAHs are ubiquitous environ-
mental contaminants (eg, SHS, air pollution) that humans are
rarely exposed to as a single compound, we hypothesized that
this binary PAH mixture activates mechanistic events prior to
24 h leading to upregulation of eicosanoid signaling via lipid-
derived activation of the AA pathway in a mouse lung epithelial
cell model. To elucidate the temporal relationship between these
inflammatory pathways in response to exposure to LMW PAHs,
we employed several methodologies, including specific signaling

Figure 3. COX2 expression is upregulated in response to the binary PAH mixture

in C10 cells. A, Immunoblots of COX2 and b-actin protein in C10 exposed to

DMSO control (C) or binary PAH mixture (P; 40mM) for 0.5–8 h. B, Densitometric

analysis of COX2 protein expression normalized to b-actin shows a biphasic in-

crease at 2 and 8 h following exposure to PAH mixture (40mM; 1:1 ratio of 1-

methylanthracene and fluoranthene). Mean 6 SE; n¼3, repeated twice. *p< .05,

significantly different from control.
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Figure 4. Prostaglandin production in C10 cells from exposure to the binary PAH mixture with and without p38 MAPK inhibition. Prostaglandin levels were determined

using a LC/MS protocol. (A) prostaglandin D2 (PGD2), (B) prostaglandin E2 (PGE2a), (C) prostaglandin F2a (PGF2a), (D) 8-iso-prostaglandin F2a (8-iso-PGF2a). Mean 6 SE pre-

sented; n¼4, repeated once. *p< .05, significantly different from control; þp< .05, significantly different from p38 MAPK inhibitorþbinary PAH mixture treatment.

Figure 5. Kinetics of lipid signaling events following C10 cell exposure to the binary PAH mixture. A time course of metabolic enzymes and downstream prostaglandins

following exposure to binary PAH mixture. Cytosolic phospholipase A2 and COX2 protein expression were measured by immunoblotting and eicosanoids by LC/MS

analysis. Phosphorylated cPLA2 densitometry was first normalized to b-actin and reported as a ratio compared with t-cPLA2; COX2 was normalized to b-actin as well.

Each was then displayed as a fraction of control (FOC). The prostaglandins are reported as an FOC of the mean concentration across n�4. Error bars represent SE.

*Significantly different from control, p< .05. The color version of this figure is available online.
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pathway inhibitors, measurement of p38 activation, GJIC activity,
protein expression for enzymes involved in eicosanoid signaling,
and PAH parent compound metabolism. Finally, we used targeted
mass spectrometry-based lipidomics methodologies to quantify
intracellular eicosanoid profiles as well as untargeted lipidomics
and pathway enrichment analyses.

p38 MAPK has an important role in the signal transduction
pathways leading to inflammation in lung diseases such as can-
cer (Zarubin and Han, 2005), including the production of

eicosanoids (Chandrasekharan and Sharma-Walia, 2015; Yun
et al., 2016). Eicosanoids are produced through the hydrolysis of
AA, a fatty acid, via activated cPLA2 using components of the
phospholipid membrane as substrates (Leslie, 2015; Ricciotti
and FitzGerald, 2011). Arachidonic acid is further metabolized

Figure 6. A schematic demonstrating the early mechanistic events leading to eicosanoid production from exposure to the binary PAH mixture prior to 24 h.

Abbreviations: COX, cyclooxygenase; CYP, cytochrome p450 enzymes; DAGs, diacylglycerols; EET, epoxyeicosatrienoic acid; GJIC, gap junctional intercellular communi-

cation; HETE, hydroxyeicosatetraenoic acid; LT, leukotriene; LX, lipoxin; LOX, lipoxygenase; PG, prostaglandin; cPLA2, phospholipase A2; PL, phospholipids; ROS, reac-

tive oxygen species; TX, thromboxane. The color version of this figure is available online.

Table 1. Untargeted Metabolomics Analysis Determined Abundance
of Significant Metabolites Over Time From Exposure to Binary PAH
Mixture

0.5 h 1 h 4 h

Detected metabolites 3291 3561 3474
Metabolites in DMSO only 198 229 231
Total metabolites analyzed

(detected minus DMSO-only)
3093 3332 3243

Significant metabolites 697 266 732
Annotated metabolites 224 121 263
Biologically relevant FC 182 77 181
" FC 125 64 148
# FC 57 13 33
Significant w/o biologically relevant FC 42 44 82
Biologically relevant FC w/o significance 110 72 63

C10 cells were exposed to binary PAH mixture (40mM; 1:1 ratio of 1-methylan-

thracene and fluoranthene) or DMSO control for 0.5, 1, and 4 h and analyzed us-

ing untargeted metabolomics via LC/MS methods described above. This table

displays the number of detected metabolites after exposure at each time point.

Significance was determined via methods described above using p< .05.

Metabolites were annotated with either KEGGID or HMDBID. Biologically rele-

vant FC<0.6 or> 1.5.

Table 2. Pathway Enrichment Analysis of the Biologically Relevant
Metabolites at Each Time Point Annotated by KEGGID and Analyzed
With MetaboAnalyst

Pathway Time (h) No. of Matched
Metabolites

Pathway
p Value

Glycerophospholipid
metabolism

0.5 10 <.0001
1 9 <.0001
4 9 <.0001

Sphingolipid metabolism 0.5 6 <.0001
1 3 .004
4 3 .004

Phosphatidylinositol
signaling system

0.5 4 .0007
1 3 .004
4 3 .004

Glycerolipid metabolism 0.5 4 .001
1 9 .006
4 9 .006

Pathways in cancer 0.5 3 .003
Metabolic pathways 0.5 18 .02

The biologically relevant metabolites detected at 0.5, 1, and 4 h (182, 77, and 181,

respectively) were analyzed for possible pathological relevance through path-

way enrichment using MetaboAnalyst. This table shows significant pathway

with corresponding time point, number of matched metabolites, and p value de-

termined through the software algorithm. There were no metabolites with

KEGGID’s detected in “pathways in cancer” or “metabolic pathways” at the 1 and

4 h time points.
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through 3 enzymatic pathways: cyclooxygenase (COX), lipoxy-
genase (LOX), and cytochrome P450 (CYP450). As a result, a vari-
ety of either pro- or anti-inflammatory eicosanoids are
produced such as prostaglandins, leukotrienes, lipoxins, and
resolvins (Dennis and Norris, 2015). Lipid signaling leading to
eicosanoids through the COX pathway is further complicated
due to different tissue-specific responses and bifunctional enzy-
matic activities; therefore, many therapeutics designed mainly
for chronic inflammatory diseases that are based on this path-
way fail (Dennis and Norris, 2015).

In our mouse lung epithelial model using C10 cells, exposure
to the binary PAH mixture in the C10 cells for 30 min led to
cPLA2-dependent p38 activation with corresponding partial
cPLA2-dependent GJIC dysregulation. Because we did not have a
positive control for the cPLA2 inhibitor, it is possible that the in-
hibitor was not fully active. However, we also know that p38
MAPK inhibition does not fully reverse the GJIC response, thus
other unknown pathways are likely involved (Osgood et al.,
2013, 2017), such as other phospholipases (Upham et al., 2008).
Dysregulated GJIC can lead to disrupted communication

between cells and, therefore, could potentially result in dis-
rupted resolution of inflammation (Dennis and Norris, 2015;
Islam et al., 2012). In addition, GJIC dysregulation has also been
linked to early events in tumor promotion by known tumor pro-
moters (eg, TPA) (Chaudhuri et al., 1993; Osgood et al., 2013;
Upham et al., 2008) and GJIC inhibition is considered a compo-
nent of the evasion of growth suppression Hallmark of Cancer
(Nahta et al., 2015).

When C10 cells were exposed to this same binary PAH mix-
ture for 0.5–12 h, a biphasic activation of cPLA2 protein was ob-
served at 0.5, 2, and 4 h (Figure 2B). Although we have no
definitive explanation for the observed biphasic response on
PAH-induced activation of cPLA2, we hypothesize that there is
an early transient response that is gap junction dependent, as
gap junctions are not significantly closed under 10 min (Osgood
et al., 2013), followed by a gap junction-independent activation
of cPLA2, where gap junctions are significantly inhibited by the
PAH mixture at 10 min and longer (Osgood et al., 2013, 2017).
Also, a very similar biphasic activation of cPLA2 in response to
estrogen in MCF7 cells (breast cancer cell line) was observed

Figure 7. Heat map depicting the biologically relevant annotated metabolites that were significantly different in the C10 cells in response to the binary polycyclic aro-

matic hydrocarbon (PAH) mixture. Fold changes of the 293 biologically relevant metabolites (having KEGG annotation) differentially abundant between exposure

groups, binary PAH mixture (40mM) to DMSO control exposure, over time are shown here as a heatmap. Red indicates an increased fold change and blue indicates a de-

crease. If the fold change was not significant, the value for the heatmap was forced to 1 as it is not significantly different than 1 (white). The metabolites are clustered

by fold change pattern over time (left-hand side). The colored bars on the right depict different metabolite types of interest: lysophosphatidylcholine (LysoPC; blue),

lysophosphatidylethanolamine (LysoPE; orange), phosphatidic acid (PA; green), phosphatidylcholine (PC; red); phosphatidylethanolamine (PE; purple), phosphatidyl-

glycerol (PG; yellow), phosphatidylglycerophosphate (PGP; brown), phosphatidylinositol (PI; pink), phosphatidylserine (PS; black).The color version of this figure is avail-

able online.
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Figure 8. A cPLA2-like subset of metabolites are predominately phospholipids. Sample-level ratio to time-specific DMSO abundance is shown for 26 metabolites dis-

playing a cPLA2-like temporal pattern (upregulated in binary PAH mixture exposure at 0.5 and 4 h, but no statistical difference at 1 h). The metabolites are clustered by

abundance at 30 min only (left-hand side) and labeled with corresponding chain length (right-hand side). The color version of this figure is available online.

Figure 9. Glycerophospholipid metabolism pathway with corresponding temporal response from exposure to binary polycyclic aromatic hydrocarbon (PAH) mixture.

The glycerophospholipid metabolism pathway is displayed through box and whisker plots and depicted with mean fold change (FC) of specific metabolites within glyc-

erophopsholipid compound classes (ie, all metabolites within that specific class combined) changing from exposure to binary PAH mixture over time as measured

through untargeted metabolomics analysis (n>or¼ 2). Graphs display variation in FC (y-axis) of compound class significantly changing compared with DMSO control

at 0.5, 1, and 4 h (x-axis; purple, blue, and green, respectively). Dotted line represents biological relevance (0.6–1.5 FC) and error bars represent SE. Note: If no graph is

displayed, n<2. Abbreviations: CDP-DAG, CDP-diacylglycerol; LysoPA, lysophosphatidic acid; LysoPC, lysophosphatidylcholine; LysoPE, lysophosphatidylethanol-

amine; LysoPG, lysophosphatidylglycerol; PA, phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PGP, phosphatidyl-

glycerophosphate; PI, phosphatidylinositol; PS, phosphatidylserine; DAG, sn-1, 2-diacylglycerol; TAG, triacylglycerol. *Significantly different between times, p< .001;

þp< .01; #p< .05. The color version of this figure is available online.
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with nearly identical periods and methods of detection (Caiazza
et al., 2010).

An increase in the downstream COX2 enzyme was observed
at 2 and 8 h following exposure to the binary PAH mixture
(Figure 3B). Targeted lipidomics provided evidence of increased
production of eicosanoids that were p38-dependent, at the later
time points between 4 and 12 h (Figs. 4A–C). The temporal rela-
tionship among cPLA2, COX2, and eicosanoids is a known in-
flammatory mechanistic pathway that has been implicated in
lung disease and cancer (Heasley et al., 1997; Hida et al., 1998;
Keith et al., 2006; Meyer et al., 2004) (Figure 5). In Figure 6, our
working hypothesis, cPLA2 acts upon phospholipids in the cell
membrane, leading to AA release and subsequent pro- and anti-
inflammatory eicosanoid production (eg, prostaglandins, iso-
prostanes), but also activates p38 MAPK. p38 MAPK leads to ad-
ditional inflammatory mediators known to be involved in lung
inflammation (ie, KC, MCP1, IL6; Osgood et al., 2017) as well as
prostaglandin production, supported by significant reductions
in PGD2, PGE2, PGF2a, and 8-iso-PGF2a in response to the p38
MAPK inhibitor. Recently, a study using diesel exhaust (DE)
known to contain both B[a]P and several LMW PAHs, observed
changes in human bronchial epithelial cells in response to DE,
such as increases in AA, PGE2, and isoprostanes, supporting our
eicosanoid pathway observations (Rynning et al., 2018). In addi-
tion, in a human monocytic cell line (THP1), these same LMW
PAHs also induced apoptosis, and more specifically, fluoran-
thene-induced phosphatidylinositol-phospholipase C and PGD2

synthase gene expression, further supporting a role for specific
phospholipases and eicosanoids in the mechanism driving the
effects we observed in the C10 lung cells (Wan et al., 2006, 2008).

Several studies provide additional support for our findings
linking PAHs to eicosanoid signaling. Generation of AA in re-
sponse to exposure to LMW PAHs has been measured in several
other species (rat and human) and cell types (WB liver epithelial
and endothelial cells) (Tithof et al., 2002; Upham et al., 2008). In
addition, a mouse study using gavaged B[a]P demonstrated that
COX2 was elevated in response to B[a]P (Barnwal et al., 2018). In
a rat lung alveolar type II cell line (RLE-6TN), exposure to B[a]P
with TNF-induced COX2 expression after 6 and 24 h with a sub-
sequent increase in PGE2 after 24 h from exposure to B[a]P alone
(Umannov�a et al., 2011). The “eicosanoid storm” can occur in
conjunction with inflammasome activation and produce, not
only inflammatory responses, but also resolving mediators
(Dennis and Norris, 2015).

Although PGE2 and PGI2 are produced mostly by COX2
(Dennis and Norris, 2015), in the lung, there is a fine balance be-
tween PGE2:PGI2 levels that likely determines the inflammatory
nature of this pathway, because in general, PGE2 is pro-
inflammatory, promotes cell proliferation, and blocks apoptosis
whereas PGI2 is anti-inflammatory in the lung (Keith et al., 2004;
Leone et al., 2007; Sinicrope et al., 2004; Stolfi et al., 2008). If this
balance is perturbed, the resulting response is either increased
or decreased lung inflammation, or in this case, production of
pro-inflammatory mediators (Bauer et al., 2001; Dwyer-Nield
et al., 2005; Keith et al., 2004; Tennis et al., 2010). We did not ob-
serve any PGI2 nor other anti-inflammatory eicosanoids, from
the C10 cells in this toxicant model, however, previous studies
demonstrated that these cells can in fact produce PGI2 (Dwyer-
Nield et al., 2005). Thus, this data supports that these PAHs are
specifically eliciting a pro-inflammatory lipid mediator
response.

Metabolomics analyses are more representative of pheno-
type compared with other “omics” because they reflect

biochemical responses downstream of transcription, protein
modification, and feedback mechanism (Bouhifd et al., 2013).
Toxicometabolomics of in vitro studies is gaining more and
more credibility within the toxicology community because the
recent push to reduce the burdens associated with animal stud-
ies. Doing these analyses on both culture media and cell lysate
samples can gather insight into biomarker discovery and, as in
this study, mechanistic data on a cellular level (Bouhifd et al.,
2013). This study used both targeted and untargeted metabolo-
mics approaches to determine the cellular mechanism of how a
binary PAH mixture induces toxicity through the p38-MAPK
pathway and subsequent lipid-signaling involving eicosanoids.
The untargeted analysis allowed us to cast a wide net to, not
only measure significant cellular metabolites from exposures to
a binary PAH mixture, but also to establish a temporal effect.
Based on these results, we could then take a targeted approach,
which focused on eicosanoids and other lipids involved in cell
signaling.

An untargeted metabolomics analysis demonstrated the in-
volvement of upstream glycerophospholipid metabolism, as
early as 30 min, following exposure to the binary PAH mixture
providing evidence that the plasma membrane is supplying
substrates for the p38 MAPK/cPLA2 pathway (Figs. 7–9). The
metabolites that were significantly different from DMSO control
were grouped through hierarchical clustering and analyzed for
compound class. The glycerophospholipid metabolism pathway
following exposure to binary PAH mixture in the C10 cell is
shown in Figure 9. Phosphatidylinositol, an early lipid signaling
compound, was shown to be most active after 30 min exposure
(Figs. 7 and 9). Phosphatidylcholine, perhaps the most well-
characterized phospholipid, is hydrolyzed directly by cPLA2 to
remove a fatty acid group to produce lysophosphatidylcholine,
and was shown to be associated significantly with exposure to
the binary PAH mixture (Figure 7) and increased primarily at 0.5
and 4 h after exposure (Figure 9). In addition, the top PC identi-
fied in Figure 8 (PC 36:4) has also been specifically linked to AA
production (Banno et al., 2017), providing further evidence in
support of our findings herein. Phospholipids, such as PC,
LysoPC, PE, and LysoPE, were upregulated in the HepG2 cell line
exposed to PAHs and SCCP and analyzed via metabolomics
methods (Wang et al., 2018). Polycyclic aromatic hydrocarbon
exposure can also activate PLA2 with fatty acid supplementa-
tion (Gdula-Argasi�nska et al., 2016; Tithof et al., 2002).

With evidence of a biphasic response from cPLA2 protein, we
chose a subset of 26 significant metabolites that reflected this
cPLA2-trend, increasing in abundance only at 0.5 and 4 h (Figure
8). These metabolites were grouped by hierarchical clustering
based on FC and displayed as a heat map of individual repli-
cates for each treatment group. Through this display of the
data, we show little variance between replicates for both treat-
ment groups. In addition, this “cPLA2-like” subset showed an in-
creased abundance with respect to a binary PAH mixture and
the compounds were almost entirely phospholipids. We believe
this strongly supports the proposed mechanism of toxicity from
the binary PAH mixture involving the early activation of glycer-
ophospholipids as substrates for cPLA2 enzyme activity leading
to downstream responses such as increased COX2 and
eicosanoids.

Interestingly, these adverse effects were observed at noncy-
totoxic doses (Osgood et al., 2017) challenging the traditional
toxicological dogma requiring cytotoxicity from toxicants pro-
ducing adverse health outcomes. In addition, these events were
all measured prior to PAH metabolism (happening at 24 h,
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Supplementary Figure 4) indicating that these are parent com-
pound effects. However, recovery yields are reported as being
greater than 100%. Given the accepted error attributed from in-
strumentation and sample preparation, recovery yields ranging
between 80% and 120% are regarded as complete recovery. In
addition, matrix-induced signal enhancement (from the cell ly-
sate) can occur in GC/MS when active surfaces in the system
(eg, injector column, detector) cause retention and/or degrada-
tion of analytes. Conversely, standard analytes that do not con-
tain cell matrix can fill active sites throughout the system
which, in turn, reduces the percent recovery. Injected samples
that contain cell matrix are biased to produce higher yields be-
cause cell matrix material will fill these active sites first allow-
ing for increased efficiency of analyte transfer through the GC/
MS system and then detector (Liu et al., 2012).

CONCLUSION

Collectively, the mechanism of toxicity from this environmen-
tally relevant binary PAH mixture indicates the early involve-
ment of fatty acid-derived eicosanoids. Therefore, this study
will provide the much-needed toxicity data on environmentally
relevant PAH mixtures that can be used to develop preventative
and therapeutic interventions pertaining to lung disease from
SHS, environmental, and occupational exposures (ATSDR, 2005;
Ghoshal et al., 1999; Lee et al., 2010; Moir et al., 2008; U.S.E.P.A.,
2002). We have tested our hypothesis using several established
methodologies to determine a full spectrum of mechanisms of
PAH toxicity at the cellular level; from transcription to protein
concentration to cell signaling and, finally, cellular metabolo-
mics. Because we have only used in vitro or cell lysate samples
throughout the entire study, we were not able to capture extra-
cellular events and possible biomarker identification. However,
cell culture media samples were collected throughout these
studies and will be evaluated for similar events in the future.
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