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ABSTRACT

This study investigated an association between the cytochrome
P450 (CYP) 2C8*3 polymorphism with asthma symptom control in
children and changes in lipid metabolism and pro-inflammatory
signaling by human bronchial epithelial cells (HBECs) treated with
cigarette smoke condensate (CSC). CYP genes are inherently vari-
able in sequence, and while such variations are known to produce
clinically relevant effects on drug pharmacokinetics and pharma-
codynamics, the effects on endogenous substrate metabolism and
associated physiologic processes are less understood. In this
study, CYP2C8*3 was associated with improved asthma symptom
control among children: Mean asthma control scores were 3.68
(n 5 207) for patients with one or more copies of the CYP2C8*3
allele versus 4.42 (n 5 965) for CYP2C8*1/*1 (P 5 0.0133). In vitro,
CYP2C8*3 was associated with an increase in montelukast 36-
hydroxylation and a decrease in linoleic acidmetabolism despite lower
mRNA and protein expression. Additionally, CYP2C8*3 was associated

with reduced mRNA expression of interleukin-6 (IL-6) and C-X-C
motif chemokine ligand 8 (CXCL-8) by HBECs in response to CSC,
which was replicated using the soluble epoxide hydrolase inhibitor,
12-[[(tricyclo[3.3.1.13,7]dec-1-ylamino)carbonyl]amino]-dodecanoic
acid. Interestingly, 9(10)- and 12(13)- dihydroxyoctadecenoic
acid, the hydrolyzed metabolites of 9(10)- and 12(13)- epoxyoc-
tadecenoic acid, increased the expression of IL-6 and CXCL-8mRNA
by HBECs. This study reveals previously undocumented effects of
the CYP2C8*3 variant on the response of HBECs to exogenous
stimuli.

SIGNIFICANCE STATEMENT

These findings suggest a role for CYP2C8 in regulating the epox-
yoctadecenoic acid:dihydroxyoctadecenoic acid ratio leading to a
change in cellular inflammatory responses elicited by environmen-
tal stimuli that exacerbate asthma.

Introduction

Asthma causes intermittent narrowing of the airways and increased
airway hyperresponsiveness (AHR) (https://foundation.chestnet.org/
patient-education-resources/asthma/). AHR, defined by an exaggerated

response of the airway to pharmacological, physical, and chemical stimuli,
is associated with an increased risk of acute asthma exacerbation. Recur-
rent exacerbations among individuals with asthma are indicative of a pro-
gressive worsening of symptom control and a decline in pulmonary
function (Meurs et al., 2008; Chapman and Irvin, 2015). According to the
2021 Global Strategy for Asthma Management and Prevention, asthma is
a heterogenous disease defined by variable and recurring respiratory symp-
toms (i.e., wheeze, shortness of breath, chest tightness or pain, cough) and
variable expiratory airflow limitation (https://ginasthma.org/gina-reports/).
In addition to marked variability in disease pathogenesis, asthma is charac-
terized by variability in therapeutic responses due to complex interactions
of genetic and environmental factors (Huo and Zhang, 2018).
Variability in therapeutic responses can arise from genetic polymor-

phisms in the CYP enzymes. Several CYP enzymes are involved in the
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metabolic clearance of asthma therapeutics including CYP3A4 and
3A5, which metabolize inhaled corticosteroids such as fluticasone propi-
onate, budesonide, and beclomethasone dipropionate, as well as salme-
terol, a long-acting b2-adrenergic receptor agonist (Cazzola et al., 2002;
Roberts et al., 2013; Stockmann et al., 2013). In conjunction with cyto-
chrome P450 (CYP)2C8 (major) and CYP2C9 (minor), CYP3A4 and
3A5 also metabolize the cysteinyl leukotriene receptor 1 antagonist
montelukast (Karonen et al., 2012; Cardoso et al., 2015). Prior candidate
gene studies reported significant associations between nonsynonymous
single nucleotide polymorphisms (SNPs) in CYP3A4 (CYP3A4*22) and
CYP3A5 (CYP3A5*3) and improved asthma symptom control among
children treated with fluticasone propionate and beclomethasone dipro-
pionate, respectively (Stockmann et al., 2013, 2015). A basis for these
associations was hypothesized to be reduced hepatic, intestinal, and/or
pulmonary expression and activity of the variant enzymes, leading to re-
duced metabolic clearance of the active drugs (Wang et al., 2011; Arbitrio
et al., 2022). Similarly, CYP2C8*3 has been associated with reduced area
under the plasma concentration-time curve for montelukast, indicative of
increased drug clearance (Hirvensalo et al., 2018).
In addition to xenobiotic metabolism, CYP enzymes are one of three

primary enzymatic systems (i.e., cyclooxygenase, lipoxygenase, and
CYP) that metabolize the v-6 and v-3 polyunsaturated fatty acids
(PUFAs) (Bishop-Bailey et al., 2014). Lipid-metabolizing CYPs possess
epoxygenase, lipoxygenase-like, and/or v-hydroxylase enzyme activity.
Biologically active lipid mediators derived from the CYP-dependent me-
tabolism of v-6 and v-3 PUFAs regulate an array of cellular responses,
including the onset and resolution of acute inflammation. Elevated con-
centrations of the linoleic acid (LA)-derived epoxyoctadecenoic acids
(EpOMEs) have been detected in people with asthma at baseline and fol-
lowing bronchial provocation tests when compared with nonasthmatic
controls (Nording et al., 2010; Lundstr€om et al., 2011, 2012; Larsson
et al., 2014). Furthermore, elevated concentrations of the EpOMEs
and their corresponding dihydrodiols, the dihydroxyoctadecenoic
acids (DiHOMEs), have been found in asthmatic and nonasthmatic
individuals following exposure to biodiesel exhaust and tobacco
smoke, both of which exacerbate asthma (Smith et al., 2005; Nording
et al., 2015; Gouveia-Figueira et al., 2017).
Despite well-documented differences in the levels of the CYP-derived

oxylipins in individuals with asthma, little is known about the consequen-
ces of genetic variants that alter CYP-dependent production of bioactive
lipids and the downstream effects on asthma. The objective of this study
was to examine the effects of a common allelic variant in the CYP2C8
enzyme (CYP2C8*3; rs11572080 (R139K) and rs10509681(K399R) on
asthma symptom control and the production of inflammatory mediators
that contribute to asthma exacerbation by lung epithelial cells. Exploring
the effects of genetic variation on the metabolism of endogenous sub-
strates by CYPs may increase our understanding of the mechanisms asso-
ciated with variability in therapeutic responses in children with asthma
independent of therapeutic disposition.

Materials and Methods

DNA Sample Collection and Purification. Genomic DNA was collected
from saliva samples obtained prospectively from children 2 to 17 years of age
with a physician-confirmed diagnosis of asthma. Subjects were recruited from
the emergency department and inpatient wards of Primary Children’s Hospital in
Salt Lake City, Utah. Information about chronic medical conditions, medication
use, and chief complaints was collected through a combination of structured in-
terviews and medical chart abstraction. Data were deidentified before genotype
analysis. Characteristics of the patient population have been previously described
(Stockmann et al., 2013; Deering-Rice et al., 2016; Rapp et al., 2023). Saliva (2
mL) samples were collected using Oragene DNA kits (DNA Genotek Inc., Ot-
tawa, ON, Canada), and genomic DNA was extracted for SNP genotyping follow-
ing supplier protocols.

Quantification of Asthma Symptom Control. Each patient’s level of
asthma symptom control was determined at the time of enrollment using a ques-
tionnaire based on guidelines from the National Heart Lung and Blood Institute
Expert Panel Report 3 (Expert Panel, 2007), as previously described by Stock-
mann et al. (Stockmann et al., 2013). In this questionnaire, asthma control scores
range from 0 (optimal control) to 15 (poor control) as recommended by the
American Thoracic Society and European Respiratory Society.

SNP Genotyping. SNP genotyping was performed using custom TaqMan
Open Array cards (Life Technologies) at the University of Utah Genomics core
facility. Prior to genotyping, 4 ng of genomic DNA was amplified using a cus-
tom TaqMan PreAmp MasterMix (Life Technologies). A TaqMan probe-based
SNP genotyping assay for CYP2C8*3 (rs11572080) and other CYP and asthma-
associated SNPs were contained on the array cards. TaqMan reactions were cy-
cled as recommended by the manufacturer on a Life Technologies QuantStudio
12K instrument. Data clustering analysis and genotype calls were generated us-
ing the TaqMan Genotyper software (Life Technologies).

Reagents. LA, 9(10)-EpOME, 12(13)-EpOME, 9(10)-DiHOME, 12(13)-
DiHOME, 9(10)-EpOME-d4, 12(13)-EpOME-d4, 9(10)-DiHOME-d4, 12(13)-
DiHOME-d4, montelukast, and 12-[[(tricyclo[3.3.1.13,7]dec-1-ylamino)carbonyl]
amino]-dodecanoic acid (AUDA) were purchased from Cayman Chemical (Ann
Arbor, MI). Montelukast 1,2-diol and montelukast-d6 were purchased from
Toronto Research Chemicals (North York, ON, Canada). Cigarette smoke conden-
sate (CSC) was prepared from equilibrated 3R4F reference cigarettes (University
of Kentucky Reference Cigarette Program, Lexington, KY) using a single-port
smoking machine operated essentially as described by the Massachusetts Standard
Smoking Regimen but without blocking the vent holes as previously described by
Shapiro et al. (Shapiro et al., 2013).

Cell Culture. Cells were maintained in a humidified cell culture incubator at
37�C with a 95% air and 5% CO2 atmosphere. Human adenocarcinoma cells
were purchased from ATCC (Manassas, VA) and cultured in Dulbecco’s modified
Eagle medium containing 10% fetal bovine serum and 1x penicillin/streptomycin.
Human bronchial epithelial cells (BEAS-2B) were purchased from ATCC (Manassas,
VA) and cultured in Lechner and LaVeck media (LHC-9). Normal human bronchial
epithelial cells immortalized with CDK4 and hTERT (HBEC3-KT) were purchased
from ATCC and cultured with airway epithelial cell basal medium supplemented
with the bronchial epithelial cell growth kit from ATCC. Primary human small air-
way epithelial cells (SAEC; donor ID 01925, 00656, 02195, 05100), primary human
lung bronchial epithelial cells (donor ID 01344), and primary human bronchial/
tracheal epithelial cells (donor ID 00655) were purchased from Lifeline Cell
Technology (Frederick, MD) and cultured using the Bronchia Life epithelial airway
medium complete kit from Lifeline Cell Technology. All primary cell lines were
maintained for no more than five passages according to supplier recommendations.

CYP2C8 Cloning and Site-Directed Mutagenesis. A cDNA clone of the
CYP2C8 open reading frame (ORF; GenBank Accession No.: BC020596) was
obtained from transOMIC technologies as a bacterial glycerol stock. The
CYP2C8 ORF was amplified using Platinum SuperFi PCR Master Mix (Thermo
Fisher, Waltham, MA) and oligonucleotides A, 50-CACCATGGAACCTTT
TGTGGTCCTGGTGC-30 (forward primer) and B, 50-GACAGGGATGAAG-
CAGATCTGGTATGAG-30 (reverse primer). Oligonucleotide A contained the
Kozak translation initiation sequence with an ATG initiation codon for proper
initiation of translation in mammalian cells and CACC overhang for optimized
expression in mammalian cells and directional cloning into the pcDNA3.1 Direc-
tional TOPO mammalian expression vector (Thermo Fisher). Oligonucleotide B
was designed without a stop codon to fuse CYP2C8 in frame with the C-terminal
V5 epitope and 6xHis tag. The polymerase chain reaction (PCR)-amplified prod-
uct was cloned into the pcDNA3.1 vector according to the manufacturer’s in-
structions and transformed into One Shot TOP10 chemically competent E. coli
for amplification. Plasmid DNA was isolated using the GenElute HP Plasmid
Midiprep Kit (Millipore Sigma), and the insert sequence and orientation was ver-
ified by sequencing. Sequencing was performed using the T7 forward and BGH
reverse primers in addition to primers beginning at the 429 and 922 of the
CYP2C8 ORF. The CYP2C8*3 expression plasmid was created using the Quik-
Change II XL Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara,
CA) according to the manufacturer’s instructions using oligonucleotides C, 50-
CGGTCCTCAATGCTCTTCTTCCCCATCCCAA-30 (forward primer) and D,
50-TTGGGATGGGGAAGAAGAGCATTGAGGACCG-30 (reverse primer) for
the R139K amino acid mutation and E, 50-GACTTCCGTGCTACATGATGA-
CAGAGAATTTCCTAATCCAA-30 (forward primer) and F, 50-TTGGATT
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AGGAAATTCTCTGTCATCATGTAGCACGGAAGTC-30 (reverse primer) for
the K399R mutation. Recombinant vectors were transformed into XL-10 Gold
ultracompetent cells for amplification and the sequences verified as previously
described. Finally, both the CYP2C8*1 (reference) and CYP2C8*3 (variant)
ORFs were amplified using Platinum SuperFi PCR Master Mix and oligonucleo-
tides A and B and purified using the QIAquick PCR purification kit (Qiagen, Ger-
mantown, MD). Following purification, adenosine overhangs were added to the
respective PCR products using Taq DNA Polymerase (Thermo Fisher). The products
were then cloned into the pcDNA5/FRT/V5-His TOPO TA mammalian expression
vector (Thermo Fisher) and the sequence verified before being used to create
the CYP2C8*1 and CYP2C8*3 overexpressing BEAS-2B cell lines.

Generation of CYP2C8*1 and CYP2C8*3 Overexpressing Cell Lines.
The Flp-In BEAS-2B cell line was created by transfecting BEAS-2B cells with
the pFRT/lacZeo vector (Thermo Fisher) and selecting for zeocin resistant cells
containing a single integrated FRT site according to the manufacturer’s instruc-
tions. Briefly, zeocin-resistant foci derived from single cells sorted into wells of
a 96-well plate were screened using a TaqMan Copy Number Assay for the lacZ
gene (Mr00529369_cn) to identify single integrands. Single integrands were then
screened for b-galactosidase activity using ortho-nitrophenyl-b-galactoside, a lac-
tose analog, and chromogenic substrate for b-galactosidase. The colony with the
highest b-galactosidase activity was chosen as the host cell line. Human
CYP2C8 overexpressing cell lines were created by cotransfecting the Flp-In
BEAS-2B host cell line with the pOG44 Flp recombinase expression vector and
the pcDNA5/FRT/V5-His TOPO TA expression vectors harboring either CY-
P2C8*1 or CYP2C8*3 using FuGene6 transfection reagent (Promega, Madison,
WI) according to the manufacturer’s instructions, with slight modifications.
Briefly cells were transfected in a 6-well plate using 5 lg plasmid DNA per well
and a 3:1 FuGene6 to DNA ratio in 250 lL of Hank’s balanced salt solution
(Sigma-Aldrich, St. Louis, MO) for 4 hours, after which 2 mL of Dulbecco’s
modified Eagle medium/F12 medium containing 5% fetal bovine serum was
added for an additional 24 hours. After 24 hours, the medium was replaced with
LHC-9 and incubated for an additional 48 hours. After 48 hours, cells were cul-
tured in LHC-9 containing hygromycin (20 lg/mL) until cells in the nontrans-
fected control well were no longer viable. The CYP2C8 overexpressing cell lines
were maintained in LHC-9 media containing hygromycin (20 lg/mL).

mRNA Quantification by Quantitative PCR. Cells were plated at a den-
sity of 25,000 to 30,000 cells per cm2 and cultured for 72 hours prior to treat-
ment. Total RNA was isolated using the PureLink RNA Mini Kit (Invitrogen,
Carlsbad, CA), and the concentration and quality of the RNA was determined
spectrophotometrically using the NanoDrop One Microvolume UV-Vis Spectro-
photometer (Thermo Scientific). cDNA was synthesized from total RNA using
the High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (Ap-
plied Biosystems, Waltham, MA). Quantitative PCR was performed using a Life
Technologies QuantStudio 6 Flex instrument and TaqMan probe-based assays
for human CYP2C8 (Hs00946140_g1), human CYP2C9 (Hs02383631_s1), hu-
man CYP2J2 (Hs00356035_m1), human interleukin 6 (IL-6) (Hs00174131_m1),
and human C-X-C motif chemokine ligand 8 (CXCL-8) (Hs00174103_m1). The
DDCT method was used to calculate target gene expression by normalizing to glycer-
aldehyde 3-phosphate dehydrogenase (Hs02786624_g1) and/or b2-microglobulin
(Hs00187842_m1).

Western Blotting. Cells were plated at a density of 20,000 cells per cm2 in
6-well plates and cultured for 72 hours. Total protein was harvested on ice using
radioimmunoprecipitation buffer, supplemented with 6 M urea, 1% SDS, Halt
protease inhibitor (Invitrogen), and ethylenediaminetetraacetic acid. Lysates were
sonicated on ice 3x for 3 seconds and clarified by centrifugation at 13,000 × g
for 15 minutes at 4�C. Protein concentrations were determined using the bicin-
choninic acid method (Thermo Fisher). Twenty-five micrograms of protein were
loaded into each well of a 4–12% Bolt Bis-Tris 12-well gel (Invitrogen) and re-
solved by electrophoresis for 1 hour at 150 V. Protein was transferred to a poly-
vinylidene fluoride membrane using the iBlot 2 Gel Transfer Device (Life
Technologies). After transfer, the membrane was blocked in SuperBlock (Invitrogen)
for 1 hour at room temperature. SeeBlue Plus2 prestained protein standard (10 lL)
was used (Invitrogen). A primary rabbit polyclonal antibody against CYP2C8 (PA5-
29796; Invitrogen; 1:1000 in 5% bovine serum albumin with 0.1% sodium azide)
and a primary rabbit monoclonal antibody against glyceraldehyde 3-phosphate dehy-
drogenase (2118; Cell Signaling Technology; Danvers, MA; 1:1000 in 5% bovine
serum albumin with 0.1% sodium azide) were incubated at 4�C overnight and used
in conjunction with horseradish peroxidase–conjugated sheep–anti-rabbit secondary

antibodies (GE Health Sciences, Marlborough, MA; 1:5000 in SuperBlock). Super-
Signal West Dura Extended Duration Substrate (Thermo Fisher) was added to the
membrane, and immunostaining was visualized using a FluorChem M imager with
the chemiluminescence plus markers setting. Bands were quantified using densitom-
etry on ImageJ and normalized to the control cell line.

Lipidomic Analysis. Cell culture media was collected from cells grown to
confluence in a 25 cm2

flask and frozen at –80�C. Nonesterified oxylipins, endo-
cannabinoids, and polyunsaturated fatty acids were isolated from cell culture me-
dia using solid phase extraction with 60 mg Hydrophilic-Lipophilic-Balanced
columns (Oasis, Waters Corporation, Milford, MA) and quantified by ultra-
performance liquid chromatography-tandem mass spectrometry (UPLC–MS/MS)
at the West Coast Metabolomics Center at UC-Davis, as previously described
(Pedersen and Newman, 2018). Briefly, columns were washed with one column
volume of ethyl acetate followed by two column volumes of methanol and further
conditioned with two column volumes of 5% methanol, 0.1% acetic acid in water.
Next, columns were spiked with 5 mL butylated hydroxytoluene/ethylenediamine-
tetraacetic acid (1:1 methanol: water) and 5 mL of 250 nM deuterated oxylipin and
endocannabinoid surrogates in methanol. Samples (2 mL) were mixed with 1 mL
of 5% methanol, 0.1% acetic acid in water, transferred onto the column, and ex-
tracted under the gravity. Columns were then washed with 1 column volume of
30% methanol, 0.1% acetic acid in water. Analytical targets were eluted with
0.5 mL methanol followed by 1.5 mL ethyl acetate. Eluents were dried under the
vacuum; reconstituted in 50 mL of 1-cyclohexyl ureido, 3-dodecanoic acid, and
1-phenyl ureido 3-hexanoic acid at 5 mM in 1:1 methanol: acetonitrile; filtered
through 0.1 mm PVDF spin filter; and collected for mass spectrometry analysis.
Residues in extracts were separated on a 2.1 mm × 150 mm, 1.7 mm BEH C18 col-
umn (Waters) and detected by electrospray ionization with multireaction monitor-
ing on an API 6500 QTRAP (Sciex; Redwood City, CA) and quantified against
7- to 9-point calibration curves of authentic standards using modifications of previ-
ously reported methods.

Analysis of Montelukast Metabolism In Vitro. Cells were plated at a
density of 20,000 cells per cm2 in 6-well plates and cultured for 72 hours. Once
confluent, cells were incubated with montelukast (1 lM) for 24 hours and cell
culture media was collected for analysis. All incubations were performed in trip-
licate (n 5 3). The reaction was terminated by the addition of 500 lL of ice-cold
acetonitrile containing montelukast-d6 (50 ng/mL) as an internal standard. Fol-
lowing the addition of acetonitrile, samples were vortex-mixed and centrifuged
at 3350 × g for 5 minutes to remove cellular debris. The supernatant was trans-
ferred to a clean culture tube and extracted using 2 mL of methyl-tert-butyl ether.
Extracts were vortexed for 30 seconds and centrifuged at 3350 × g for 10 minutes to
separate the organic and aqueous phases. The organic layer was collected and dried
at 40�C at 15 psi. The residue was reconstituted in 80 lL of mobile phase (70:30
acetonitrile:0.1% formic acid) and 10 lL was injected onto the UPLC-MS/MS.

Quantification of Montelukast 1,2-Diol Using UPLC-MS/MS. Concen-
trations of montelukast and montelukast 1,2-diol were determined using a Ther-
moScientific Vanquish Flex UPLC System interfaced with an LTQ Velos Pro
Linear Ion Trap Mass Spectrometer. Chromatographic separation was achieved
using a BEH C18 column (150 × 3 mm i.d.; 1.7 lm particle size; Waters) at
room temperature. Isocratic elution mode was applied using a mobile phase con-
sisting of acetonitrile and water containing 0.1% formic acid in the proportion of
70/30 (v/v) at a flow rate of 0.25 mL/min. Positive electrospray ionization selec-
tive reaction monitoring was used. The MS/MS parameters were optimized by
infusion of montelukast and montelukast 1,2-diol into the MS/MS system and
the precursor to product ion transitions used were m/z 586.1!422.0 for montelu-
kast and m/z 602.1!438.0 for montelukast 1,2-diol. The mass transitions used
for the detection of internal standard (montelukast-d6) was m/z 592.1!428.2.
Data acquisition and processing were performed using the Thermo Scientific
Xcalibur software. Stock solutions of montelukast and montelukast 1,2-diol were
prepared at a concentration of 1.0 mg/mL in methanol and diluted to concentra-
tions between 0.01 and 2.5 lM and 0.001 and 0.25 lM, respectively, for use as
calibration standards. Montelukast and montelukast 1,2-diol were quantified by
using the ratio of peak area of the metabolite to peak area of internal standard.
Linear responses (r2 > 0.99) for all analytes were observed over the concentration
range evaluated.

Analysis of Linoleic Acid Metabolism In Vitro. Cells were plated at a
density of 30,000 cells per cm2 in 6-well plates and cultured for 96 hours. Once
confluent, cells were incubated with linoleic acid (7.5 lM) in serum-free media
for 12 hours. All incubations were performed in triplicate (n 5 3). Conditioned
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cell culture media (1 mL) was collected and subsequently spiked with 9(10)-
EpOME-d4 (0.25 lM), 12(13)-EpOME-d4 (0.25 lM), 9(10)-DiHOME-d4 (0.05
lM), and 12(13)-DiHOME-d4 (0.05 lM) as internal standards. The LA-derived
oxylipins were extracted from cell culture media three times using 2 mL ethyl
acetate. Extracts were vortexed for 30 seconds and centrifuged at 3350 × g for
5 minutes to separate the organic and aqueous phases. The ethyl acetate layer
was collected and pooled in a clean culture tube and dried under nitrogen at
23�C at 15 psi. The residue was reconstituted in 50 lL of methanol and 10 lL
was injected onto the UPLC-MS/MS.

Quantification of Oxylipins Using UPLC-MS/MS. Concentrations of
oxylipins [LA; 9(10)- and 12(13)-EpOME; 9(10)- and 12(13)-DiHOME] were
determined using a ThermoScientific Vanquish Flex UPLC System interfaced
with an LTQ Velos Pro Linear Ion Trap Mass Spectrometer. Chromatographic
separation was achieved using a BEH C18 column (150 × 3 mm i.d.; 1.7 lm par-
ticle size; Waters) at 35�C with gradient elution. Gradient elution was applied us-
ing a mobile phase consisting of (1) 0.1% acetic acid in H2O and (2) 9:1
acetonitrile:isopropanol at a flow rate of 0.25 mL/min The percentage of B varied
as follows: 52.5% B at 0 minute, 52.5%!57.5% (0 to 6 minutes), 62.5% at 6.1
minutes, 62.5%!77% (6.1 to 12.5 minutes), 77%!95% (12.5 to 16 minutes),
95% hold (16 to 19 minutes), 95%!52.5% (19 to 19.1 minutes), and 52.5%
hold until 22 minutes. Negative electrospray ionization selective reaction moni-
toring was used. The MS/MS parameters were optimized by infusion of lipid
standard solutions into the MS/MS system, and the precursor to product ion tran-
sitions used were m/z 279.2!m/z 260.2 for linoleic acid, m/z 313.2!m/z 183.1
for 9(10)-DiHOME, m/z 313.2!m/z 201.1 for 12(13)-DiHOME, m/z 295.2!m/z
171.1 for 9(10)-EpOME, and m/z 295.2!m/z 195.1 for 12(13)-EpOME. The mass
transitions used for the detection of internal standards were m/z 317.2!m/z 185.1
for 9(10)-DiHOME-d4, m/z 317.2!m/z 203.1 for 12(13)-DiHOME-d4, m/z
299.2!m/z 172.0 for 9(10)-EpOME-d4, and m/z 299.2!m/z 198.0 for 12(13)-
EpOME-d4. Data acquisition and processing were performed using Thermo Sci-
entific Xcalibur software. Stock solutions of LA and its derived oxylipins were
diluted to concentrations between 2.5 nM and 7.5 lM for use as calibration
standards. LA and its derived oxylipins were quantified using the ratio of peak
area of the metabolite to peak area of internal standard. LA was quantified using
9(10)-EpOME-d4 as the internal standard. Linear responses (r

2 > 0.99) for all an-
alytes were observed over the concentration range evaluated.

Statistical Analysis. All experiments were designed to test a preplanned hy-
pothesis, with the exception of studies evaluating the effects of genetic variation
on asthma symptom control, which were exploratory in nature. Values are repre-
sented as the mean ± S.D. unless stated otherwise. Descriptive statistics for the
study population are presented as median and interquartile range for nonnormally
distributed variables and numbers and percentages for categorical values. Signifi-
cance was determined using one or two-way ANOVA with Tukey’s post test,
unless otherwise stated. A P < 0.05 was considered significant.

Results

CYP2C8*3 (rs11572080) Was Associated with Lower Average
Asthma Symptom Control Scores. A total of 1693 children with
asthma were enrolled in this study. Table 1 shows patient demographics
and clinical findings. All patients were screened for polymorphisms in
the CYP2C8 gene to evaluate their association with asthma symptom
control. The genomic location and minor allele frequency of each poly-
morphism are shown in Table 2. Notably, the minor allele frequency
for rs11570280 was 9.26%, which was comparable to those previously
reported in the 1000 Genomes Project [0.83(AFR)–11.83%(EUR)]. The
results indicate that allele A of CYP2C8 G-7225 > A (rs11572080; i.e.,
CYP2C8*3) was associated with lower average asthma control scores
(Supplemental Fig. 1). Specifically, mean asthma control scores were
3.69 (n 5 207) for patients with one or more copies of the CYP2C8*3
allele versus 4.43 (n 5 965) for the wild-type CYP2C8*1/*1 (G/G) ge-
notype (P 5 0.0081) (Fig. 1). Homozygosity for the CYP2C8*3 allele
was not associated with reduced asthma control scores, presumably due
to the limited statistical power associated with an n 5 10. The effect of
the CYP2C8 genotype on asthma control scores was more pronounced
among patients with persistent asthma whose treatment regimen included

an inhaled corticosteroid (fluticasone propionate or beclomethasone pro-
pionate) and montelukast (Fig. 2, A and B). When data were stratified
by treatment with inhaled corticosteroids, allele A of CYP2C8 G-7225 >
A (rs11572080) was associated with lower average asthma control
scores: Mean asthma control scores were 3.69 (n 5 91) versus 5.22
(n 5 429) for the wild-type CYP2C8*1/*1 (G/G) genotype (P 5 0.0007)
(Fig. 2A). The effects of allele A of CYP2C8 G-7225 > A (rs11572080)
were also observed when data were stratified by treatment with montelu-
kast: Mean asthma control scores were 3.63 (n 5 56) versus 5.34
(n 5 213) for the wild-type CYP2C8*1/*1 (G/G) genotype (P 5
0.0237) (Fig. 2B).
The CYP2C8*3 Variant Exhibited Reduced mRNA and Pro-

tein Expression in Lung Epithelial Cells. CYP2C8, CYP2C9, and
CYP2J2 mRNA are expressed in human lung epithelial cells isolated
from the proximal and distal portions of the airways (Supplemental
Fig. 2). CYP2C8 mRNA expression was enriched in SAECs isolated
from the distal portion of the lung in the 1-mm bronchiole area. More-
over, CYP2C8 mRNA expression was lowest in immortalized bronchial
epithelial cells (BEAS-2B and HBEC3-KT). A Flp-In BEAS-2B cell
line was used to ensure integration of CYP2C8*1 and CYP2C8*3 at
the same specific genomic location. Expression of CYP2C8 mRNA and
protein in CYP2C8*1 and CYP2C8*3 overexpressing cell lines was
compared using quantitative PCR and Western blot (Fig. 3, A and B).
Despite the use of the isogenic host cell line, CYP2C8*3 mRNA
(14.2%, P 5 0.0332) and protein (30.2%; P 5 0.0031) expression were
lower when compared with CYP2C8*1.
CYP2C8*3 Expression Reduced Proinflammatory Signaling

by BEAS-2B Cells Treated with CSC. Cells were treated with CSC
(89 lg/cm2) for 4 hours (Fig. 4, A and B). No differences were ob-
served in the basal expression of IL-6 or CXCL-8 as a function of
CYP2C8 genotype or expression. Treatment of cells transfected with
the empty vector with CSC had minimal effect on IL-6 (2.7-fold,
P 5 0.5274) and CXCL-8 (1.4-fold, P 5 0.9874) mRNA expression.
CYP2C8*1 overexpression significantly increased both IL-6 (10.0-fold,
P < 0.0001) and CXCL-8 (4.1-fold, P < 0.0001) mRNA expression in-
duced by CSC. However, increases in IL-6 (2.7-fold, P 5 0.0077) and
CXCL-8 (2.0-fold, P 5 0.0461) mRNA expression was attenuated with
CYP2C8*3 overexpression compared with CYP2C8*1.

TABLE 1

Clinical and demographic characteristics of the study population

Characteristics Patients with asthma n (%)

Number of subjects 1693
Age, median (IQR) 8.46 (6.96)
Sex

Female 675 (39.85)
Male 1014 (59.85)

Ethnicity
Hispanic/Latino 324 (19.13)
American Indian/Alaska Native 15 (0.89)
Asian 13 (0.77)
Native Hawaiian/Pacific Islander 47 (2.77)
Black/African American 61 (3.60)
White 1219 (71.96)

Atopic status
Atopic (documented/diagnosed allergy) 839 (49.53)
Nonatopic 701 (41.38)

Asthma drug categories
Inhaled corticosteroids 786 (46.40)
Short-acting beta agonists 1428 (84.29)
Long-acting beta agonists 17 (1.00)
Leukotriene modifiers 411 (24.26)
Long-acting muscarinic antagonists 36 (2.13)
Biologic therapy 5 (0.30)

IQR, interquartile range.
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CYP2C8*3 Expression Increased the Epoxide-Diol Ratio in
Cells Incubated with LA. Comparison of oxylipin profiles in cells
overexpressing either CYP2C8*1 or CYP2C8*3 at baseline revealed
genotype-dependent differences in the abundance of the esterified
and unesterified LA-derived epoxides and dihydrodiols (Supplemental
Fig. 3). Specifically, 12(13)-EpOME, 9(10)-DiHOME, and 12(13)-
DiHOME were more abundant in CYP2C8*1 overexpressing BEAS-2B
cells. Cells were also incubated with LA (7.5 lM) for 12 hours to assess
the effect of CYP2C8 genotype on LA metabolism (Figs. 5 and 6). Rep-
resentative chromatograms are shown in Supplemental Fig. 4. CYP2C8*1
overexpression reduced (52.2%, P 5 0.0942) the concentration of LA re-
maining in cell culture media following the 12-hour incubation period
compared with the control cell line (Fig. 5). Compared with CYP2C8*1,
CYP2C8*3 was associated with reduced metabolism of LA, as evidenced
by higher concentrations of LA (44.2%, P 5 0.2304) remaining in the
cell culture media following the incubation period. This effect was oppo-
site to that observed for montelukast metabolism (Supplemental Fig. 5).
Further, treatment with LA increased the concentrations of 9(10)-EpOME,
12(13)-EpOME, and the corresponding dihydrodiols detected in media
(Fig. 6, A–D). CYP2C8*3 had no effect on the production of the
EpOMEs but was associated with a decrease in the corresponding dihy-
drodiols when compared with CYP2C8*1. Epoxide to diol ratios were cal-
culated for each cell type (Fig. 6, E and F); CYP2C8*3 was associated

with an increase in the epoxide to diol ratio when compared with
CYP2C8*1.
Soluble Epoxide Hydrolase Inhibition Reduced Proinflamma-

tory Signaling by BEAS-2B Cells in Response to CSC. To assess
whether genotype-dependent differences in proinflammatory signaling
by human bronchial epithelial cells (HBECs) was related to the ratio of
the LA-derived oxylipins, cells transfected with the wild-type CYP2C8*1
enzyme were treated with CSC for 4 hours in the presence or absence of
AUDA, a soluble epoxide hydrolase (sEH) inhibitor (Fig. 7). AUDA
alone reduced IL-6 mRNA expression but had little to no effect on
CXCL-8 expression. Treatment with CSC increased IL-6 mRNA ex-
pression 10.0-fold (P < 0.0001) compared with the vehicle control
(Fig. 7A), and cotreatment with AUDA significantly attenuated this effect
(P < 0.0001). Similar results were observed for CXCL-8 (Fig. 7B).
9(10)-DiHOME Induces Cytokine Expression in HBEC3-KT.

To investigate the direct effects of the LA-derived oxylipins on proin-
flammatory cytokine signaling by HBECs, HBEC3-KT were treated
with 9(10)-EpOME, 9(10)-DiHOME, 12(13)-EpOME, or 12(13)-DiHOME
(1, 2, or 10 lM) for 6 hours (Fig. 8). 9(10)-EpOME had no effect on IL-6
or CXCL-8 mRNA expression. However, 9(10)-DiHOME led to a dose-
dependent increase in both IL-6 and CXCL-8 mRNA expression. 9(10)-
DiHOME (10 lM) increased IL-6 mRNA expression 14.9-fold (P < 0.0001)
and CXCL-8 mRNA expression 23.3-fold (P < 0.0001) compared with
the vehicle control (Fig. 8, A and B). Similarly, 12(13)-EpOME had es-
sentially no effect on IL-6 or CXCL-8 mRNA expression. However,
12(13)-DiHOME led to a dose-dependent increase in both IL-6 and
CXCL-8 mRNA expression. 12(13)-DiHOME (10 lM) increased IL-6
mRNA expression 20.1-fold (P < 0.0001) and CXCL-8 mRNA expres-
sion 12.3-fold (P < 0.0001) compared with the vehicle control (Fig. 8,
C and D).

Discussion

Despite the role of CYP-derived mediators in processes central to
asthma pathology, the effects of genetic variation on endogenous sub-
strate metabolism in the context of asthma and asthma pharmacotherapy
have not been extensively explored. This study identified an association
between the CYP2C8*3 variant and improved asthma symptom control
among children with persistent asthma. Mechanisms underlying this as-
sociation were explored in vitro using CYP2C8*1 and CYP2C8*3 over-
expressing BEAS-2B cells, and our findings suggest a role for
CYP2C8*3-dependent changes in LA metabolism and oxylipin profiles
in regulating inflammatory signaling relevant to asthma pathogenesis
and pharmacotherapy.
CYP2C8 is primarily responsible for the clearance of montelukast, a

CysLTR1 antagonist prescribed for long-term asthma control (Karonen
et al., 2012). Cysteinyl leukotrienes (i.e., LTC4, LTD4, LTE4) mediate
bronchoconstriction, eosinophil recruitment, mucus secretion, and vascular

TABLE 2

Minor allele frequency for CYP2C8 variants

Allele SNP_ID SNP Location Nucleotide or Amino Acid Change

Minor Allelic Frequency

1000 Genome EUR Population Study Population

CYP2C8*1C rs17110453 Promoter T370G 0.138 0.131
CYP2C8*2 rs11572103 Exon 5 Ile269Phe A805T 0.004 0.024
CYP2C8*3 rs11572080 Exon 3 Arg139Lys G416A 0.118 0.093
CYP2C8*4 rs1058930 Exon 5 Ile264Met C792G 0.057 0.073
CYP2C8*5 rs72558196 Exon 3 Thr159 475delA 0 0
CYP2C8*7 rs72558195 Exon 4 Arg186X C556T 0 0
CYP2C8*8 rs72558195 Exon 4 Arg186Gly C556G 0 0
CYP2C8*14 rs188934928 Exon 5 Ala238Pro G712C 0 0.004
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Fig. 1. Comparison of asthma control scores as a function of rs11572080 geno-
type in a population of children with asthma. Genotype denotes an individual’s
combination of alleles in the CYP2C8 G-7225 > A (rs11572080) gene polymor-
phism, where G is the reference allele, A is the variant allele, and X is represen-
tative of the presence of either allele. Asthma control scores are scaled from 0
(optimal control) to 15 (poor control). Data are represented as the median and in-
terquartile range (IQR), where the horizontal line indicates the median asthma
control score (50th percentile) and the top and bottom of the box is the third
quartile (75th percentile) and first quartile (25th percentile), respectively. The
whiskers mark the 2.5th and 97.5th percentiles. Data were analyzed for signifi-
cant differences using the Mann–Whitney U test. **P < 0.01.
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permeability via the cysteinyl leukotriene receptor 1 receptor (Paggiaro
and Bacci, 2011). CYP2C8 also catalyzes the biosynthesis of oxylipins
implicated in the pathophysiology of asthma and other airway diseases
(Sanak, 2016). Like other CYPs, CYP2C8 exhibits extensive ge-
netic variation, with over 450 variants identified to date (Aquilante
et al., 2013). Genetic variants in CYP enzymes involved in endoge-
nous substrate metabolism have been associated with diseases including
primary congenital glaucoma (CYP1B1), vitamin D 25-hydroxylase de-
ficiency (CYP2R1), hypertension (CYP4A11, CYP8A1), and coronary
heart disease (CYP4A11) (Nebert et al., 2013).
The CYP2C8*3 variant is comprised of the nonsynonymous

Arg139Lys (rs11572080) and Lys399Arg (rs10509681) substitu-
tions, which are considered to be in perfect linkage disequilibrium
(r2 5 1.0, P < 0.001) (Haeggstr€om et al., 2022). According to the 1000
Genome Project, CYP2C8*3 is the most common variant among
Europeans (11.83%) and Utah residents with northern and western

European ancestry (13.13%) (Aquilante et al., 2013). The allelic fre-
quency of rs11572080 in this cohort was 9.26%. The beneficial ef-
fects of the CYP2C8*3 allele on asthma symptom control were most
evident among patients undergoing combination therapy with corti-
costeroids and montelukast. Previous studies have shown that the
CYP2C8*3 increased the metabolic clearance of montelukast in vitro
and in vivo (Karonen et al., 2012; Hirvensalo et al., 2018). These
findings were replicated here using airway epithelial cells engineered
to CYP2C8-overexpressing HBECs. Montelukast administered as
monotherapy or in combination with inhaled corticosteroids is shown
to improve asthma control, pulmonary function, and overall quality
of life in patients with persistent, uncontrolled asthma (Phipatanakul
et al., 2003; B�erub�e et al., 2014; Esposito et al., 2019; Ikram et al.,
2019). As such, results here suggest that the beneficial effects of
CYP2C8*3 on asthma symptom control are likely independent of
montelukast clearance by CYP2C8.
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Fig. 2. Comparison of asthma control scores as a function of rs11572080 genotype and treatment with the glucocorticoids (GC) or montelukast (MKT) in a population
of children with a confirmed asthma diagnosis. Genotype denotes an individual’s combination of alleles in the CYP2C8 G-7225 > A (rs11572080) gene polymor-
phism, where G is the reference allele, A is the variant allele, and X is representative of the presence of either allele. Asthma control scores are scaled from 0 (optimal
control) to 15 (poor control). Data are represented as the median and interquartile range (IQR), where the horizontal line indicates the median asthma control score
(50th percentile) and the top and bottom of the box is the third quartile (75th percentile) and first quartile (25th percentile), respectively. The whiskers mark the 2.5th
and 97.5th percentiles. Data were analyzed for significant differences using the Kruskal–Wallis H test followed by Dunn’s post hoc testing to correct for multiple com-
parisons. *P < 0.05; ***P < 0.0005; ****P < 0.0001.
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testing to correct for multiple comparisons. *P < 0.05; **P < 0.01; ****P < 0.0001.
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CYP2C8 also converts long-chain PUFAs to biologically active ep-
oxides that play important roles in inflammation, angiogenesis, and met-
abolic regulation (Fleming, 2011; Gilroy et al., 2016; Samokhvalov
et al., 2019). CYP2C8 accounts for approximately 7% of total hepatic
CYP content but has also been detected in human lung and lung-derived
cell lines (Hukkanen et al., 2001; Aquilante et al., 2013). In human
lungs, CYP2C8 is expressed by bronchial and bronchiolar epithelial
cells, club cells, type II pneumocytes, and alveolar macrophages (Mac�e
et al., 1998; Hukkanen et al., 2001, 2002). Here, CYP2C8 mRNA ex-
pression was most abundantly expressed in primary human SAECs,
which secrete a variety of proinflammatory mediators in response to ox-
idative stress and other noxious stimuli (Zhao et al., 2010). Notably,
CYP2C8 was expressed at a lower level by CYP2C8*3-overexpressing
cells. Reduced protein expression is typically associated with loss-
of-function CYP SNPs (Zanger and Schwab, 2013), although the effects
of such phenomena are often overlooked unless the resulting phenotype
is marked.
Increased sensitivity and reactivity of airway epithelial cells to phar-

macological, physical, and chemical stimuli increases the risk of acute
asthma exacerbations and increased symptom severity (Hewitt & Lloyd,

2021). Cigarette smoke is a common environmental trigger of asthma
and has been linked to accelerated decline in pulmonary function
and reduced responsiveness to corticosteroids, presumably due to the
neutrophil-dominant (Th1/Th17-dominant) phenotype promoted by ex-
posure (Tiotiu et al., 2021). Overexpression of CYP2C8 in BEAS-2B
cells amplified the expression of IL-6 and CXCL-8 in response to CSC
treatment compared with the control cell line, where limited induction
was observed. However, the response to CSC was attenuated in cells
expressing CYP2C8*3 compared with those expressing CYP2C8*1.
IL-6 and CXCL-8 released by airway epithelial cells play an important
role in asthma pathogenesis via activation and proliferation of immune
cells that mediate acute and chronic inflammation (Nakanaga et al.,
2007; Rincon and Irvin, 2012). IL-6 is theorized to reflect an activated
state of the airway epithelium, a characteristic of AHR associated with
allergic sensitization (Neveu et al., 2010). Meanwhile, CXCL-8 eleva-
tion has been observed in the sputum and blood of patients with severe
asthma and neutrophilia (Lee et al., 2021). It is possible that attenuated
expression of IL-6 and CXCL-8 due to CYP2C8*3 expression is rele-
vant in the context of asthma exacerbation and symptom control.
CYP epoxygenases convert LA to the EpOMEs and arachidonic acid

(AA) to the epoxyeicosatrienoic acids (EETs) (Bishop-Bailey et al.,
2014). The EETs derived from AA have been shown to attenuate ciga-
rette smoke-induced release of CXCL-8 (Ma et al., 2015). A deficiency
in the CYP2C8-mediated metabolism of AA to 11(12)- and 14(15)-
EET has been reported for CYP2C8*3, although effects on the remain-
ing PUFAs have not been described (Dai et al., 2001). Oxylipin profil-
ing of CYP2C8-overexpressing BEAS-2B cells revealed a change in
the levels of 12(13)-EpOME, 9(10)-DiHOME, and 12(13)-DiHOME,
but no changes in oxylipins derived from AA. Of the epoxygenated
fatty acids, those derived from LA are the most abundant in bronchoal-
veolar lavage fluid collected from healthy individuals, presumably due
to the high abundance of LA in the Western diet (Gouveia-Figueira
et al., 2017; Hildreth et al., 2020). Altered levels of 9(10)-EpOME
(leukotoxin), 12(13)-EpOME (isoleukotoxin), and the corresponding
DiHOMEs have also been associated with acute and chronic inflam-
matory lung diseases, including acute respiratory distress syndrome
(Ozawa et al., 1988), chronic obstructive pulmonary disorder (Balgoma
et al., 2016), and allergic asthma (Lundstr€om et al., 2012). Intravenous
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Fig. 4. Effect of the CYP2C8*3 variant on the response of BEAS-2B to CSC (89 lg/cm2). Relative mRNA expression of (A) IL-6 and (B) CXCL-8 4 hours following
exposure to CSC. Data were normalized to glyceraldehyde 3-phosphate dehydrogenase expression and are represented as fold change relative to the pcDNA5 vehicle
control. Results are mean ± S.D. from n 5 3 replicates. Data were analyzed for significant differences by two-way ANOVA followed by Tukey post hoc testing to
correct for multiple comparisons. *P < 0.05; **P < 0.01; ****P < 0.0001.
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administration of 9(10)-EpOME to rats has been shown to promote acute
edematous lung injury, an effect ultimately attributed to DiHOME
formation (Hu et al., 1988; Zheng et al., 2001). Targeted oxylipin
analysis following incubation of BEAS-2B cells with LA revealed an

increase in the LA-derived EpOMEs and DiHOMEs regardless of
CYP2C8 genotype. However, CYP2C8 genotype did affect the ex-
tent of LA metabolism and the relative abundance of the LA-derived
oxylipins, with CYP2C8*3 reducing levels of the linoleate diols
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present in cell culture media following incubation with LA relative
to CYP2C8*1.
DiHOMEs activate the mitochondrial permeability transition, result-

ing in the release of cytochrome c and cell death (Moghaddam et al.,
1997; Sisemore et al., 2001). A reduction of cytochrome c oxidase ac-
tivity in lung mitochondria and the appearance of cytochrome c in the
cytosol has been observed with ovalbumin-induced allergic asthma in
BALB/c mice (Mabalirajan et al., 2008). Consistent with the association
of mitochondrial dysfunction with allergic asthma, peritoneal adminis-
tration of 12(13)-DiHOME exacerbated lung inflammation in mice sen-
sitized and challenged with cockroach antigen, as evidenced by
increased pulmonary leukocyte infiltration and expression of IL-1a, IL-
1b, and tumor necrosis factor-a (Levan et al., 2019). The same study
also found that elevated fecal levels of 12(13)-DiHOME occurred in
neonates at risk for childhood asthma and atopy (Levan et al., 2019).
The EpOME to DiHOME ratio is a potential biomarker for disease,

including severe COVID-19 (McReynolds et al., 2021). Here, CYP2C8*1
overexpression reduced the EpOME:DiHOME ratio compared with control
cells, an effect observed to a lesser extent with CYP2C8*3 overexpression.
Inhibition or deletion of sEH, one of two epoxide hydrolases responsible
for detoxification of epoxides, reduced cigarette smoke-induced pulmonary
inflammation in mice (Smith et al., 2005; Wang et al., 2012; Yang et al.,
2015; Liu et al., 2018). Here, cotreatment with AUDA, an sEH inhibitor,
reduced the expression of IL-6 and CXCL-8 by HBECs in response to CSC
similar to that seen with CYP2C8*3 expression. Further, 9(10)- and 12(13)-
DiHOME, but not the precursor epoxides, induced the expression of IL-6
and CXCL-8 by HBECs. Thus, reduced metabolism of LA by CYP2C8*3
and changes in the epoxide to diol ratio may underlie the effects of

CYP2C8*3 on inflammation and asthma, although the mechanism underly-
ing the differences in oxylipin levels requires further study.
To conclude, this study suggests that differential metabolism of LA

by airway epithelial cells and likely other cells is the basis for improved
asthma symptom control among children with the rs11572080 allele.
Specifically, preferential metabolism of LA to the EpOMEs by CY-
P2C8*3 blunts inflammatory signaling triggered by asthma exacerbating
stimuli. Further, the importance of CYP2C8 genotype in relation to ap-
parent differences in the therapeutic efficacy of corticosteroid and mon-
telukast cotherapy may involve preferential inhibition of CYP2C8*1,
which could impact EpOME and DiHOME production in a manner that
favors greater sensitivity to inflammatory stimuli. As CYP2C8 expres-
sion is low in the lung compared with the liver, it is difficult to conclude
whether the effects in vivo arise from local or systemic changes in oxy-
lipin levels. Regardless, it is likely that the EpOME:DiHOME ratio
plays an important role. Finally, studies in asthmatics have shown that
dietary supplementation with v-3 fatty acids can shift oxylipin profiles
toward the production of anti-inflammatory and proresolving lipid medi-
ators (Lundstr€om et al., 2013). It is possible that CYP2C8 genetics may
contribute to such effects.

Ethics Approval and Consent to Participate

This study was approved by the University of Utah Institutional
Review Board. All participants provided informed consent to participate
in this study.
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Fig. 8. Effect of 9(10)-EpOME, 9(10)-DiHOME, 12(13)-EpOME, and 12(13)-DiHOME (1, 2, or 10 lM) on cytokine expression by normal HBEC-3KT. Expres-
sion of (A and C) IL-6 and (B and D) CXCL-8 mRNA following treatment with 9(10)-EpOME, 9(10)-DiHOME, 12(13)-EpOME, or 12(13)-DiHOME for
6 hours. Data were normalized to b2-microglobulin expression and are represented as fold change relative to the vehicle control. Results are mean ± S.D. from
n 5 3 replicates. Data were analyzed for significant differences by one-way ANOVA followed by Tukey post hoc testing to correct for multiple comparisons.
****P < 0.0001.
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