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Abstract Trihydroxyoctadecenoic acids (TriHOME:s) are lin-
oleic acid-derived oxylipins with potential physiological rele-
vance in inflammatory processes as well as in maintaining an
intact skin barrier. Due to the high number of possible Tri-
HOME isomers with only subtle differences in their physico-
chemical properties, the stereochemical analysis is challenging
and usually involves a series of laborious analytical procedures.
We herein report a straightforward analytical workflow that in-
cludes reversed-phase ultra-HPLC-MS/MS for rapid quantifi-
cation of 9,10,13- and 9,12,13-TriHOME diastereomers and
a chiral LC-MS method capable of resolving all sixteen
9,10,13-TriHOME and 9,12,13-TriHOME regio- and stereoiso-
mers. We characterized the workflow (accuracy, 98-120%; pre-
cision, coefficient of variation <6.1%; limit of detection,
90-98 fg on column; linearity, R’ = 0.998) and used it for ste-
reochemical profiling of TriHOME:S in bronchoalveolar lavage
fluid (BALF) of individuals with chronic obstructive pulmo-
nary disease (COPD). All TriHOME isomers were increased in
the BALF of COPD patients relative to that of smokers (P <
0.06). In both COPD patients and smokers with normal lung
function, TriHOMESs with the 13(S) configuration were enan-
tiomerically enriched relative to the corresponding 13(R) iso-
mers, suggesting at least partial enzymatic control of TiHOME
synthesis.ll This method will be useful for understanding the
synthetic sources of these compounds and for elucidating dis-
ease mechanisms.—Fuchs, D., M. Hamberg, C. M. Skold, A. M.
Wheelock, and C. E. Wheelock. An LC-MS/MS workflow to
characterize 16 regio- and stereoisomeric trihydroxyoctadece-
noic acids. J. Lipid Res. 2018. 59: 2025-2033.
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Oxylipins are oxygenated PUFAs that can regulate a di-
verse set of homeostatic and inflammatory processes (1).
They are derived from fatty acids, including arachidonic
acid, eicosapentaenoic acid, docosahexaenoic acid, and
linoleic acid, and are formed by both nonenzymatic and
enzymatic processes (2—4). The most extensively studied
group of oxylipins are the eicosanoids (derived from the
20-carbon PUFA, arachidonic acid), which have been dem-
onstrated to be important signaling molecules in the regu-
lation of inflammatory processes (1). Despite the fact that
linoleic acid (an 18-carbon chain fatty acid) is the most
abundant PUFA in humans (5, 6), linoleic acid-derived
oxylipins have been studied to a much lesser extent than
the eicosanoids.

A major end product of the oxidation of linoleic acid is
the trihydroxyoctadecenoic acids (TriHOMEs) (7, 8). The
most well-described TriHOME regioisomers are 9,10,13-Tri-
HOME and 9,12,13-TriHOME; however, other trihydroxy-
linoleates, such as 9,10,11-TriHOME and 11,12,13-TriHOME,
have also been reported (9, 10). Both 9,10,13-TriHOME
and 9,12,13-TriHOME were first described in 1970 by
Graveland (11), who showed that these species can be
formed as lipoxygenase-catalyzed products of linoleic acid
in flour-water suspensions. Since then, they have been re-
ported in potato leaves (9, 12), onion bulbs (13), and me-
chanically deboned meat (14), as well as in beer (15, 16),
where they were suggested to contribute to the character-
istic bitter taste. In addition, 9,12,13-TriHOME was de-
scribed as a potentially useful adjuvant for influenza vaccine
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formulations (17, 18). In contrast to many of the other oxy-
lipin species whose physiological significance has been ex-
tensively studied, little is known about the physiological
relevance of TriHOMEs. Recently, a potential physiological
role of TriHOMEs was reported by Brash and coworkers
who suggested that TriHOMESs play an essential part in the
skin barrier function of the human epidermis (19, 20). Fur-
thermore, TriIHOME levels have been found to be dysregu-
lated in asthma and chronic obstructive pulmonary disease
(COPD) (21-24). There is a significant interest in deter-
mining the stereochemistry of the observed TriHOME
profile, which can provide insight into both the route of
synthesis as well as the potential pathophysiological implica-
tions. For example, one putative route for the biosynthesis
of the TriHOME:s is via 15-lipoxygenase (15-LOX) activity to
form one of the hydroxy species. The activity of 15-LOX
exclusively produces the S-isomer as opposed to autoxida-
tion, which results in a racemic mixture (25).

One particular challenge in studying the TriHOME:s is
that 9,10,13-TriHOME and 9,12,13-TriHOME each contain
three chiral centers, and therefore 16 isomers (eight enantio-
mer pairs) are possible (Fig. 1). This large number of possi-
ble isomers and their similar physicochemical properties
make characterization of the absolute stereochemistry of
TriHOMEs challenging and laborious (8, 19, 26). Previous
approaches to assign the regio- and stereochemistry of Tri-
HOME:s have employed derivatization followed by a series of
analytical techniques, including normal-phase HPLC, chiral
HPLC, GC-MS, NMR, and circular dichroism analysis (8, 17—
20, 26). In the current study, we describe a straightforward
chromatographic workflow that enables characterization and
quantification of the eight 9,10,13-TriHOME:s and the eight
9,12,13-TriHOMESs based on synthesized racemic TriHOME
standard mixes and standards with defined regio- and stereo-
chemistry. The workflow first employs rapid quantification of
the 9,10,13-TriHOME and 9,12,13-TriHOME diastereomers
by reversed-phase ultra-HPLC (UHPLC)-MS/MS, followed
by chiral HPLC-MS/MS analysis to resolve all 16 TiHOME
isomers in a single chromatographic procedure. The devel-
oped workflow was thoroughly characterized and used to
elucidate differences in the TriHOME isomer profile in
bronchoalveolar lavage fluid (BALF) of female COPD pa-
tients compared with healthy individuals.

MATERIALS AND METHODS

Chemicals and reagents

MS-grade methanol, isopropanol, acetonitrile, and acetic acid
were obtained from Fisher Scientific (Waltham, MA). Glycerol
and triphenylphosphine dibromide were purchased from Sigma-
Aldrich (St. Louis, MO). Disodium phosphate and citric acid
monohydrate were obtained from Merck (Darmstadt, Germany).
PBS was purchased from Thermo Fisher Scientific (Pittsburgh,
PA), Milli-Q ultrapure deionized water was used in all experi-
ments (Millipore Corp., Billerica, MA). Sodium hydroxide, di-
ethyl-ether, hydrochloric acid, and vanadium oxyacetylacetonate
were purchased from VWR (Spanga, Sweden). Dichloromethane,
hexane, and ethyl acetate were obtained from Skandinaviska
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Genetec (Vastra Frolunda, Sweden). Diazomethane was prepared
in-house (with special permit). Ethanol was purchased from Kem-
etyl (Haninge, Sweden). Linoleic acid was obtained from NuChek
(Elysian, MN). The standards, 9(S),10(S),13(S)-TriHOME (com-
pound 6a) and 9(S),12(S),13(S)-TriHOME (compound 10a)
were purchased from Larodan (Solna, Sweden). Internal stan-
dard (IS) stock solution, TriHOME standard stock solutions, and
calibration curve standards were dissolved in methanol and stored
at —80°C.

Preparation of racemic TriHOME standard mixtures

The preparation of racemic TriHOME standard mixtures con-
taining cis10,13-diol and c¢is9,12-diol isomers (TriHOME mix A;
compounds ba/b, 7a/b, 9a/b, and 11a/b) and TriHOME standard
mixtures of trans10,13-diol and trans9,12-diol isomers (TriHOME
mix B; compounds 6a/b, 8a/b, 10a/b, and 12a/b) was performed
as described earlier (8). The numbering system of the TriHOME
isomers is based upon earlier work and is maintained herein for
consistency, as described in Fig. 1 (8). In brief, linoleic acid (200 mg)
was autoxidized by refluxing in 40% ethanol under a stream of
oxygen gas for 47 h. Extraction with ethyl acetate gave a product that
was treated with diazomethane and subjected to silica gel open col-
umn chromatography. Material eluted with ethyl acetate was sub-
jected to preparative TLC using ethyl acetate as the mobile phase. In
agreement with previous work (8), two major bands appeared, i.e.,
TriHOME mix A [retention factor (R;) =0.48, containing the methyl
esters of TriIHOME compounds 5a/b, 7a/b, 9a/b, and 11a/b] and
TriHOME mix B (R; = 0.59, containing the methyl esters of Tri-
HOME compounds 6a/b, 8a/b, 10a/b, and 12a/b). Methyl esters of
compound mix A and compound mix B were further separated into
erythro and threo isomers by preparative normal-phase HPLC using a
Nucleosil 50-5 column (250 x 4.6 mm; Macherey-Nagel, Dtiren, Ger-
many) and a solvent system of 2-propanol-hexane (5:95, v/v) at a
flow rate of 2 ml/min. This provided mixtures of the methyl esters
of the erythro isomers, 7a/b + 11a/b (retention volume, 49 ml) and
8a/b + 12a/b (retention volume, 45 ml), and of the threo isomers,
5a/b + 9a/b (retention volume, 56 ml) and 6a/b + 10 a/b (reten-
tion volume, 51 ml). The corresponding free acids were obtained by
treatment with 0.2 M NaOH in 80% aqueous methanol at 23°C for
15 h. Their identities were confirmed by analysis of the Me;Si/
methyl ester derivatives by GC-MS, as described previously (8). The
concentrations of individual TriHOME diastereomers were deter-
mined by preparing adequate dilutions of the standard mixtures in
84% methanol and measuring the concentration in quadruplicates,
as described in the section, Quantification of TriHOME diastereo-
mers by reversed-phase UHPLC-MS/MS analysis.

Synthesis of TriHOME isomers 5a, 7a, 8a, 9a, 11a, and 12a

TriHOME isomers with defined regio- and stereochemistry
were prepared as described in detail previously (8, 27). Briefly, the
lipoxygenase-derived hydroperoxides, 9(S)-HpODE and 13(S)-
HpODE, were converted into «,B-epoxy alcohols by treatment
with vanadium oxyacetylacetonate. These were subjected to acid
hydrolysis and fractionated by TLC into the desired TriHOME.
As an example, the preparation of TriHOME compound 10a
[9(S),12(S),13(S)-TriHOME, pinellic acid) is described in detail.
The 13(S)-HpODE (131 mg) was converted into its methyl ester
and added to 150 ml of hexane saturated with vanadium oxyacety-
lacetonate (about 30 puM). After 60 min at 23°C, extraction with
diethyl ether was performed and the product subjected to prepara-
tive normal-phase HPLC (four injections of about 35 mg per injec-
tion) using a Nucleosil 50-7 column (250 x 10 mm; Macherey-Nagel)
and a solvent system of 2-propanol-hexane (1:99, v/v) ata flow rate
of 4 ml/min. The erythro and threo isomers of the epoxy alcohol
methyl trans-11,12-epoxy-13(S)-hydroxy-9(Z)-octadecenoate (of
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Overview of the analyzed TriHOME isomers. The numbering of the TriHOME isomers (5a/b—12a/b) corresponds to the system

proposed when their structures were originally reported (8). InChIKeys are provided in supplementary Table S2. R = (CHj;),COOCHj;.

which 9,12,13-TriHOME is a major hydrolysis product) eluted with
effluent volumes of 52 and 76 ml, respectively, and the threoisomer
[methyl 11(R),12(R)-epoxy-13(S)-hydroxy-9(Z)-octadecenoate]
was collected. The material was dissolved in methanol (3 ml) and
water (100 ml) was added. Hydrolysis was initiated by addition of
10 drops of 2 M hydrochloric acid. After 20 min at 23°C, the ini-
tially cloudy solution had cleared completely and the product was
recovered by extraction with ethyl acetate. Preparative TLC (elu-
ent: ethyl acetate) furnished the methyl esters of TriHOMEs 9a
(R¢ = 0.48) and 10a (R; = 0.59). The further purification of the
methyl ester of 10a by normal-phase HPLC and the subsequent
saponification were carried out as described for the racemic
TriHOME: in the section, Preparation of racemic TriHOME stan-
dard mixtures. The absolute configuration of the allylic alcohol
group present in each “a” isomer was determined by steric analy-
sis of (—) methoxycarbonyl derivatives using authentic references
as described previously (28). The concentrations of prepared stan-
dards were determined by preparing adequate dilutions in 84%
methanol and measuring the concentrations in quadruplicates as
described in the section, Quantification of TriHOME diastereo-
mers by reversed-phase UHPLC-MS/MS analysis.

Synthesis of stable isotope-labeled TriHOME
(compound %Cy10a)

The [11,12, IS-I%Cg]lmolelc acid (used as starting material for
prepa.ratlon of IS compound *Cy-10a) was prepared starting with
[ Cg]propargyl alcohol using acetylemc coupling protocols
followed by semihydrogenation. Briefly [~ (Aj]propargyl alcohol
[250 mg; purchased from Cambridge Isotope Laboratories
(Tewksbury, MA)] was converted into its tetrahydropyranyloxy
derivative, which was treated with butyllithium and coupled to
1-bromopentane. The resulting tetrahydropyranyloxy derivative
of [I,Q,S-IBCS] 2-octyn-1-ol was converted into 1-bromo-2-octyne
by treatment with triphenylphosphine dibromide in dichloro-
methane. Following purification on a silica gel column, the

labeled 1-bromo-2-octyne was submitted to Cul-promoted cou-
pling (29) to methyl 9-decynoate. The acetylenic ester was semi-
hydrogenated by stirring under hydrogen gas in the presence of
P-2 nickel (30). Purification by reversed-phase HPLC gave the
methyl ester as a colorless oil (373 mg; yield, 30%). The free acid
was obtained following alkaline hydrolysis and a second purifica-
tion by reversed—phase HPLC. The isotopic composition was
96.6% "Cylabeled, 2.6% Colabeled, 0.7% '°C,-labeled, and
0.1% unlabeled molecules The [11,12,13-°C5]19(S), 12(8) 13(S)
TriHOME (compound *Cy-10a) was prepared from “C-abeled
linoleic acid for use as IS. Synthesis was performed as described
for unlabeled compound 10a, but using [11,12,13—13(]3]13(5)—
HpODE obtained from [11,12, 13-13 Cs]linoleic ac1d as the start-
ing materlal The isotopic composmon was 96.9% “Cylabeled,
2.5% ' Cz labeled, 0.5% '*C,-labeled, and 0.1% unlabeled
molecules.

Solid phase extraction of BALF

BALF samples (800 pl) were spiked with 10 pl of isotopically la-
beled IS and diluted with 200 pl of extraction buffer (citric acid/
Na,HPO,, pH 5.6). Automated solid phase extraction was per-
formed using an Extrahera liquid handling system (Biotage, Up-
psala, Sweden) and Evolute Express ABN SPE cartridges (cartridge
capacity: 60 mg, 3 ml sample volume; Biotage). SPE cartridges were
conditioned with 2.5 ml methanol followed by equilibration using
2.5 ml of water. After equilibration, the samples were loaded onto
the cartridges and washed with 2 ml of wash buffer (10% methanol).
Analytes were eluted in 2.5 ml methanol. After elution, 30 wl of trap
solvent (30% glycerol in methanol) were added to each extract, and
methanol was evaporated using a TurboVAP LV evaporation system
(Biotage) under a gentle stream of nitrogen gas. After evaporation
samples were reconstituted in 70 pl of methanol/water (6:1, v/v)
and filtered by centrifugation for 2 min at 12,000 gusing 0.1 pm
of polyvinylidene fluoride membrane spin filters (Merck Millipore,
Billerica, MA).

TriHOME isomer characterization chiral LC-MS/MS 2027



Quantification of TriHOME diastereomers by
reversed-phase UHPLC-MS/MS analysis

All TriHOME analyses were performed on a Waters Acquity
UPLC coupled to a Waters Xevo TQ-XS triple quadrupole mass
spectrometer (Waters, Milford, MA). Chromatographic separation
of four 9,10,13-TriHOME and four 9,12,13-TriHOME diastereo-
mers was achieved using a reversed-phase Acquity UPLC BEH C18
column (2.1 x 150 mm, 1.7 wm particle size; Waters). The mobile
phases consisted of: 0.1% acetic acid in water (mobile phase A) and
5% methanol in acetonitrile (mobile phase B). Compounds were
separated for 12.5 min by isocratic elution with 30% mobile phase B.
After 12.5 min, the column was washed with 100% mobile phase B
for 2 min followed by re-equilibration with 30% mobile phase B for
another 2 min (total run time: 16.5 min). Separations were per-
formed at a flow rate of 0.3 ml/min and the column oven tempera-
ture was set to 40°C. Mass spectrometric detection was performed in
negative ionization mode using multiple reaction monitoring mode
applying the following transitions: 9,10,13-TriHOME, m/z 329.1 —
139.0; collision energy (CE), 21 eV; 9,12,13-TriHOME, m/z329.1 —
211.0; CE, 25 eV; [11,12,13-"C5] 9(S),12(S),13(S)-TriHOME (used
as IS), m/z2332.1 — 213.0; CE, 25 eV. For all transitions, a cone volt-
age of 37 was applied. For TriHOME quantification, a 9-point
calibration curve (concentration range: 0.023-150 ng/ml) was pre-
pared from a stock solution containing 9(S),10(S),13(S)-TriHOME
(compound 6a) and 9(S),12(S),13(S)-TriHOME (compound 10a)
by making serial 1:3 dilutions. Each calibration level (50 wl) was
mixed with 10 pl of IS and 10 pl of water. The injection volume of
calibration standards as well as of extracted samples was 7.5 ul. Ana-
lyte concentrations were determined from relative peak areas
(analyte peak area/IS peak area).

Chiral analysis of TriHOMEs by LC-MS/MS

For chiral analysis of the TriHOME isomers, the same LC-MS/MS
system as described in the section, Quantification of TriHOME dia-
stereomers by reversed-phase UHPLC-MS/MS analysis, was used.
Chiral separation of eight 9,10,13-TriHOME and eight 9,12,13-
TriHOME stereoisomers was achieved using a Chiralpak AD-RH
column (2.1 x 150 mm, 3 pm particle size; Daicel, Illkirch, France).
The mobile phases consisted of 0.1% acetic acid in water (mobile
phase A) and 20% isopropanol in acetonitrile (mobile phase B).
Compounds were separated for 97 min by isocratic elution with 35%
mobile phase B. After 97 min, the column was washed with 100%
mobile phase B for 5 min followed by re-equilibration with 35% mo-
bile phase B for another 5 min (total run time: 107 min). Separa-
tions were performed at a flow rate of 0.1 ml/min and at a column
temperature of 35°C. The injection volume of extracted samples was
20 pl. Mass spectrometric detection was performed in negative ion-
ization mode using multiple reaction monitoring applying the
settings described in the section, Quantification of TriHOME dia-
stereomers by reversed-phase UHPLC-MS/MS analysis. Enantio-
meric excess (ee) was calculated using the formula:

:Lb)xl()()
(a+b)

€e

where a and b are the peak areas of the respective enantiomers.

Performance characterization of the reversed-phase
UHPLC-MS/MS method

Proper performance of the developed analytical workflow was
demonstrated by evaluating intra-day and inter-day accuracy, intra-
day and inter-day precision, recovery, linearity, limit of detection
(LOD), and limit of quantification (LOQ) of the method. Nine-
point calibration curves were prepared (concentration range:
0.023-150 ng/ml) as described in the section, Quantification of
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TriHOME diastereomers by reversed-phase UHPLC-MS/MS analy-
sis, and linearity was determined applying 1/x weighted least squares
linear regression analysis. For inter-day and intra-day accuracy and
precision determinations, as well as for recovery calculations, sample
matrix (20% extraction buffer in PBS) was spiked with TriHOME
mix A and TriHOME mix B standards at two different concentra-
tions [quality control (QC) high: 3.3-5.4 ng/ml; QC low: 0.033-
0.054 ng/ml). IS (10 pl) was added to each QC sample and samples
were extracted as described in the section, Solid phase extraction of
BALF. Both QC high and QC low samples were prepared in tripli-
cates on three different days. After analysis, intra-day (n = 3) accu-
racy and inter-day (n = 3) accuracy were calculated as: average
determined concentration/nominal concentration x 100. Intra-day
precision and inter-day precision were defined as coefficient of vari-
ation (CV = standard deviation/mean) of measured triplicates. Tri-
HOME recovery was determined by comparing IS peak areas after
extraction and IS peak areas of nonextracted solutions with the
same IS concentration (n =5). LOD values (signal/noise = 3) and
LOQ (signal/noise = 10) were estimated from signal/noise values
obtained from the lowest measured calibration curve standard.

Performance characterization of chiral LC-MS/MS
method

The ability of the chiral LC-MS/MS method to measure the ee
of the individual TriHOME enantiomers was investigated by spik-
ing compounds 5a, 6a, 7a, 8a, 9a, 10a, 11a, and 12a (enantiopure
compounds) at four different concentrations (no spike, 0 ng/ml;
low spike, 0.5 ng/ml; medium spike, 2 ng/ml; and high spike,
4 ng/ml) into solutions containing TriHOME mix A/TriHOME
mix B (2.54-4.20 ng/ml of racemic mixtures). The ee error per-
cent was calculated by comparing nominal ee with measured ee
(ee error = nominal ee — measured ee).

Analysis of TriHOMEs in BALF of COPD patients

BALF samples were obtained from the Karolinska Clinical
and Systems Medicine Investigations of Smoking-related COPD
(COSMIC) study (www.clinicaltrials.gov/ct2/show/NCT02627872).
Detailed information on the study was previously published (21,
31). Briefly, COSMIC is a three-group study designed to perform
clinical and molecular characterizations of COPD patients as well
as of healthy smokers and healthy never-smokers. For the current
study, only the female subset of the study was analyzed. BALF from
20 healthy never-smokers, 19 smokers with normal lung function,
and 17 COPD patients with mild-to-moderate disease [Global Ini-
tiative for Chronic Obstructive Lung Disease stage I-II/A-B, forced
expiratory volume in 1 s (FEV1) 51-97% of predicted value; FEV1/
forced vital capacity (FVC <0.7)] were analyzed. In order to mini-
mize the confounding effect of smoking in COPD, COPD patients
that were ex-smokers (6 individuals) were analyzed separately from
the smoking COPD patient population (11 individuals). Prior to
the measurements, samples were randomized and the analysis was
performed blinded. The study was approved by the Stockholm Re-
gional Ethical Board (COSMIC cohort: No. 2006/959-31/1; valida-
tion cohort: No. 2005/733-31/1-4) and participants provided their
informed written consent.

RESULTS

Method development and characterization for
9,10,13-TriHOME and 9,12,13-TriHOME diastereomer
quantification

The regioisomers, 9,10,13-TriHOME and 9,12,13-Tri-
HOME (as well as the isotopically labeled IS), could be



distinguished based upon unique MS/MS transitions (sup-
plemental Fig. S1). A reversed-phase UHPLC-MS/MS method
was developed to quantify the four 9,10,13-TriHOME and
four 9,12,13-TriHOME enantiomer pairs. To investigate
whether the various TriHOME isomers show differences
with regard to ionization efficiency, calibration curves of
the different isomer standards were injected separately and
the obtained calibration curve slopes were compared. Be-
cause no major differences in curve slopes were obtained,
it was concluded that all TriHOME isomers possess similar
ionization efficiencies (data not shown). The method was
optimized with regard to mobile phase composition and
flow rate, column temperature, and sample solvent compo-
sition. Despite the fact that the analytes have only minimal
differences with regard to their hydrophobicity, the high
separation power of UHPLC enabled baseline separation
of the four 9,10,13 TriHOME and four 9,12,13 TriHOME
enantiomer pairs within <12.5 min. Based upon individ-
ual injections of the TriHOME standard mixes, Al, All, BI,
and BII, the peaks were assigned to the corresponding
TriHOME isomer as indicated in Fig. 2 and supplemental
Fig. S2. Subsequently, the developed reversed-phase UHPLC-
MS/MS method was characterized with respect to intra-day
and inter-day accuracy, intra-day and inter-day precision,
recovery, linearity, LOD, and LOQ. An overview of gener-
ated analytical figures of merit is shown in Table 1.

Development and characterization of a chiral LC-MS
method for identification of TriHOME enantiomers

The reversed-phase UHPLC-MS/MS method was able to
successfully quantify all four 9,10,13-TriHOME and four
9,12,13-TriHOME enantiomer pairs. However, enantiomers
generally possess equal hydrophobicity and are conse-
quently indistinguishable in reversed-phase chromatogra-
phy setups. Therefore, an additional chiral LC-MS method
was developed in order to distinguish the TriHOME enan-
tiomers. After optimization of column type, column tem-
perature, mobile phase composition, and flow rate, all eight
9,10,13-TriHOME and eight 9,12,13-TriHOME isomers
could be separated (Fig. 3). In the optimization process,
both 3 wm and 5 wm particle size chiral columns were
evaluated, with the smaller particle size showing improved
resolving power. This was particularly important, as the late-
eluting 9,10,13-TriHOME compounds, 5b [9(R),10(R),13(S)-
TriHOME] and 6b [9(R),10(R),13(R)-TriHOME], resolved

TABLE 1.

9,10,13-TriHOME

6a/b

8a/b

ion intensity

%X
QF 8 9 10 11 12 13
retention time [min]

B 9,12,13-TriHOME

ion intensity

X
ov 8 9 10 11 12 13
retention time [min]

Fig. 2. Reversed-phase UHPLC-MS/MS chromatogram of a solu-
tion containing TriHOME standard mix A and standard mix B re-
solving the four 9,10,13-TriHOME enantiomer pairs and the four
9,12,13-TriHOME enantiomer pairs. Peaks were assigned to the cor-
responding isomers based upon individual injections of standard
mixes Al, All, BI, and BII. A: Chromatogram of 9,10,13-TriHOME,
MS/MS transition: m/z 329.1 — 139.0. B: Chromatogram of 9,12,13-
TriHOME, MS/MS transition: m/z 329.1 — 211.0. Compound
nomenclature is provided in Fig. 1.

poorly on a 5 wm particle size column (data not shown), but
were separated satisfactorily using the same chromato-
graphic conditions on a 3 wm particle size column (Fig. 3).
After optimization of chromatographic conditions, peaks
were unequivocally assigned by injections of compound
mixes Al (7a/b and 11a/b), AIl (ba/b and 9a/b), BI (8a/b
and 12a/b), and BII (6a/b and 10 a/b) followed by injec-
tions of pure enantiomers 5ba—12a.

The chiral method was developed to determine the ee
and the relative abundances of the different TriHOME

Analytical figures of merit of the reversed-phase UHPLC-MS/MS method

Intra-day Accuracy
[(%) + Precision (CV)]

Inter-day Accuracy
[(%) + Precision (CV)]

LOD/LOQ

Compound” QC low QC high QC low QC high (fg on Column) Linearity Recovery (%)
5 118 £2.2 108 + 0.7 119+ 1.6 114 + 4.7 90/300 R’ 0.998 —
6 104+ 1.0 92+3.9 108 £ 3.6 96 + 4.6 90/300 R’ 0.998 —
7 98 £ 0.8 84+0.7 101 £3.2 88 +4.0 90/300 R% 0.998 —
8 117+ 1.7 102 £ 3.2 120+£2.3 108 + 4.7 90/300 R’ 0.998 —
9 107 +1.2 94 + 0.6 106 £2.5 100 £ 4.8 98/320 R% 0.998 —
10 102 + 3.6 88+25 106 + 3.4 92+ 4.0 98/320 R’ 0.998 —
11 110 2.4 91+1.1 111+ 3.6 98 +6.1 98/320 R% 0.998 —
12 115+ 2.1 103 £ 3.1 118+ 1.9 108 £ 4.3 98/320 R”: 0.998 —
IS — — 83

“See Fig. 1 for compound structure and nomenclature.
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Fig. 3. Chiral LC-MS resolution of a mix of TriHOME standard mix A and standard mix B containing all eight 9,10,13-TriHOME and eight
9,12,13-TriHOME isomers. Peaks were assigned to the corresponding isomer based upon individual injections of standard mixes Al, All, BI,
and BII (each containing one enantiomer pair of 9,10,13-TriHOME and 9,12,13-TriHOME) followed by injections of pure enantiomers 5a—
12a. A: Chromatogram of 9,10,13-TriHOME isomers, MS/MS transition: m/z 329.1 — 139.0. B: Chromatogram of 9,12,13-TriHOME isomers,

MS/MS transition: m/z 329.1 — 211.0.

isomers (for absolute quantification, the faster reversed-
phase UHPLC-MS/MS method was used). Because the
method used isocratic elution, it could be expected that
the measured peak areas would linearly increase with in-
creasing amount of analyte. To confirm this assumption,
the ee accuracy was determined by spiking pure enantio-
mers ba—12a at four different concentrations into solutions
containing TriHOME mix A and TriHOME mix B (race-
mic mixtures). Subsequently, nominal ee was compared
with measured ee. As shown in Table 2, good accuracy at
all spiked concentrations with a maximum ee error of
11 percent points was measured.

Determination of TriHOME diastereomer concentrations
in BALF of COPD patients

The developed reversed-phase UHPLC-MS/MS method
was applied to compare TriHOME diastereomer concen-
trations in BALF of females from a COPD clinical study.
Ion chromatograms of 9,10,13-TriHOME and 9,12,13-
TriHOME diastereomers from a representative BALF sample
are shown in supplemental Fig. S3. In order to minimize
the confounding effect of smoking, healthy nonsmokers

and COPD patients that are ex-smokers were analyzed sep-
arately from healthy smokers and smoking COPD patients
(supplemental Table SI1). All four 9,10,13-TriHOME and
four 9,12,13-TriHOME enantiomer pairs were elevated in
smoking COPD females compared with healthy individu-
als, with compounds 5-11 reaching statistical significance
(Fig. 4).

Chiral analysis of TriHOMEs in BALF of COPD patients

BALF samples from female smokers with normal lung
function or with COPD were subsequently analyzed on the
chiral LC-MS platform in order to determine the relative
abundance of all eight 9,10,13-TriHOME and eight
9,12,13-TriHOME stereoisomers. Ion chromatograms of
9,10,13-TriHOME and 9,12,13-TriHOME stereoisomers
from a representative BALF sample are shown in sup-
plemental Fig. S4. The relative abundance of 9,10,13-
TriHOME stereoisomers varied between 8% (compound
5a) and 18% (compound 8b) in the healthy control group.
For 9,12,13-TriHOME stereoisomers, relative abundance
ranged from 6% (compound 9b) to 21% (compound 12a).
None of the relative isomer abundances were significantly

TABLE 2. Accuracy of the chiral LC-MS/MS method for ee determination

Nominal ee (%)

Measured ee (%)

ee (error%)’

Compound* None* Low Med High None Low Med High None Low Med High
5 0 13 37 54 6 21 43 64 -6 -8 -6 —10
6 0 13 38 55 1 20 43 61 -1 -7 -5 -6
7 0 11 32 49 -2 12 34 55 2 -1 -2 -6
8 0 13 38 55 0 15 36 59 0 —¢ 2 —4
9 0 16 44 61 3 25 50 72 -3 -9 —6 —11
10 0 16 44 61 2 22 47 66 -2 -6 -3 =5
11 0 13 38 55 3 21 44 66 -3 -8 -6 —-11
12 0 16 43 60 -2 17 39 59 2 -1 4 1

Different levels of pure enantiomers 5a—12a (no spike, 0 ng/ml; low spike, 0.5 ng/ml; medium spike, 2 ng/ml;
high spike, 4 ng/ml) were spiked into solutions containing TriHOME mix A and TriHOME mix B (2.54-4.20 ng/ml

of racemic mixtures).

“See Fig. 1 for compound structure and nomenclature.

b .
"The ee error% = nominal ee — measured ee.
‘None = no spike.
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Fig. 4. The concentration in BALF of the 9,10,13-TriHOME and 9,12,13-TriHOME diastereomers of female smokers with normal lung
function versus smoking female COPD patients. Values are shown as the median with interquartile range. Significance was tested by a non-
parametric Mann-Whitney test, with significance levels: ns, not significant (P= 0.06); *P< 0.05; **P< 0.01; ***P< 0.001.

altered in female COPD patients compared with females
with normal lung function (supplemental Fig. S5). The ee
determinations furthermore revealed that TriHOMEs with
(S) configuration at C-13 were in excess relative to Tri-
HOMESs with (R) configuration, except for compound 6
(for which the ee was essentially zero). Although the pat-
tern was observed in COPD patients as well as in smokers
with normal lung function, it appeared for all compounds
to be more pronounced in healthy smokers (Fig. 5).

DISCUSSION

Linoleic acid is now the most highly consumed fat in the
Western diet (32), which has led to a concomitant interest
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Fig. 5. Average ee of TriHOMEs with (S) configuration at carbon
13 in BALF of female smokers with normal lung function and smok-
ing female COPD patients. Error bars indicate 95% confidence in-
tervals (healthy smokers, n = 19; COPD smokers, n = 11).

in the oxylipin products of linoleic acid (32-35). The Tri-
HOME:s in particular have experienced an increasing
degree of attention due to their potential significance in
human physiology. They have been hypothesized to play
an important part in maintaining the human skin water
barrier [9(R),10(S),13(R)-TriHOME, compound 7b (19,
20)] and were found to be dysregulated in several recent
studies in respiratory diseases (21-23).

A major limitation in the majority of studies concerned
with TriHOMEs to date has been the difficulty to distin-
guish the individual TriHOME stereoisomers. Previous stud-
ies either did not resolve stereoisomerism of the TriHOMEs
(instead reported only absolute amounts of 9,10,13-
TriHOME and 9,12,13-TriHOME) or had to apply a series
of analytical techniques (including normal-phase and chiral
chromatography, GC-MS, NMR, and circular dichroism)
in order to unequivocally assign the stereoisomeric con-
figuration of TriHOMEs. We have therefore developed a
straightforward chromatographic workflow that makes use
of the combined analytical power of state of the art reversed-
phase UHPLC, chiral chromatography, and MS/MS data
acquisition to characterize and quantify all eight 9,10,13-
TriHOME and eight 9,12,13-TriHOME isomers. Based on
synthesized racemic standards and standards with defined
regio- and stereochemistry, all separated TriHOME peaks
could be assigned to the corresponding isomer. To the best
of our knowledge, this is the first method that is capable of
measuring all 16 TriHOME isomers in a single chromato-
graphic run.

Compounds 6a [9(S),10(S),13(S)-TriHOME] and 10a
[9(S),12(S),13(S)-TriHOME, the most prominent TriHOME
isomer from plant sources (9, 16, 36) ] were commercially
available; however, it was necessary to synthesize the re-
maining TriHOME isomer standards in order to be able to
assign isomers to the corresponding peaks. We synthesized
enantiopure standards of compounds 5a, 7a, 8a, 9a, 11a,
and 12a and prepared standard mixes containing racemic
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mixtures of enantiomer pairs (compound mixes A, B, Al,
All, BI, and BII; Fig. 1). On the reversed-phase column, the
elution order followed a previously published pattern that
identified TriHOMEs with threo configuration of C-9 and
C-10 (for 9,10,13-TriHOMES) or C-12 and C-13 (for 9,12,13-
TriHOMEs) as being less polar than the corresponding
erythro isomers (8). In contrast, there was no discernable
pattern for the elution order for the TriHOME isomers on
the chiral column.

A limitation of the current chromatographic workflow is
the long run time of the chiral separation method. While
slow elution of compounds was necessary to obtain satisfac-
tory separation, the throughput of the method is limited.
An additional drawback of the long chromatographic cycle
time is reduced sensitivity as signal/noise decreases with
increasing peak width and elution time. Future work should
therefore focus on the development of chromatographic
methods with reduced elution time. Due to recent progress
in supercritical fluid chromatography systems, this tech-
nique is potentially promising for chiral TriHOME analysis
and could be a worthwhile approach for future studies. In
addition, the development of chiral columns with sub 2 pm
particle size would increase the efficiency of the separation
of the individual isomers and thereby also reduce the re-
quired chromatographic cycle time (37, 38).

The applicability of the analytical workflow was dem-
onstrated by analyzing BALF samples from female smok-
ers with or without COPD. Previous analysis of the same
samples identified both 9,10,13-TriHOME and 9,12,13-
TriHOME as being elevated in female COPD patients
compared with smokers with normal lung function (21).
However, the applied method was unable to resolve the
TriHOME stereoisomers, but instead reported overall con-
centrations of 9,10,13-TriHOMEs and 9,12,13-TriHOMZEs.
Those samples were reanalyzed with the current workflow
to investigate in detail which TriHOME isomers were re-
sponsible for the observed overall increase of TriHOMESs
in COPD patients. The results confirmed the previously
published findings of elevated TriHOME levels in COPD,
with all four 9,10,13-TriHOME and all four 9,12,13-
TriHOME enantiomer pairs increasing (Fig. 4). Further
analysis of the samples with the chiral LC-MS method
revealed consistent ee of TriHOME compounds with the
13(S) configuration over isomers with the 13(R) configura-
tion (Fig. 5). This observation was true for both smokers
with normal lung function as well as for COPD patients;
however, in COPD patients, this excess was slightly reduced
for all compounds, implying a higher rate of autoxidation.
A plausible explanation for this observation is that with the
onset of COPD, immune cells become activated and release
increased amounts of reactive oxygen species (39), which
results in increased production of TriHOMEs by autoxida-
tion. In addition, the hypoxia associated with COPD could
also increase the oxidative stress and result in increased
autoxidation of linoleic acid. While the biosynthetic path-
ways of TriHOMZE: are still uncertain, the ee of 13(S) com-
pounds suggests the involvement of 15-LOX activity in
the biosynthesis of TriHOMEs. The enzyme 15-LOX is well-
known to enantioselectively hydroxylate linoleic acid at the
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C-13 position (40, 41), producing only the S-isomer. It is
also possible that the observed enantioselectivity could be
due to dietary sources because multiple plants produce Tri-
HOMESs enzymatically (9, 12, 13).

In conclusion, the current work describes for the first
time a straightforward workflow to identify and character-
ize all 9,10,13-TriHOME and 9,12,13-TriHOME isomers.
Although the method was characterized for the analysis of
TriHOMESs in BALF, its application can most likely be
extended to other biological fluids. Application of this
method to individuals with COPD suggests that TriHOME
synthesis is complex and involves both enzymatic and non-
enzymatic synthetic routes. Accordingly, this method will
not only be useful for understanding the synthetic sources
of these compounds, but also for elucidating disease mech-
anisms. Given the increased consumption of linoleic acid
in the diet, there is a need to understand the potential
physiological effects of the different TriHOME isomers
produced. The developed method can be applied to inves-
tigate the biosynthesis of TriHOMESs as well as to increase
our understanding of their physiological relevance Ell
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