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Abstract
The ultrahigh-performance liquid chromatography-mass spectrometry (UHPLC/MS) method was optimized and validated for
the determination of oxylipins in human plasma using the targeted approach with selected reaction monitoring (SRM) in the
negative-ion electrospray ionization (ESI) mode. Reversed phase UHPLC separation on an octadecylsilica column enabled the
analysis of 63 oxylipins including numerous isomeric species within 12-min run time. The method was validated (calibration
curve, linearity, limit of detection, limit of quantification, carry-over, precision, accuracy, recovery rate, and matrix effect) and
applied to 40 human female plasma samples from breast cancer patients and age-matched healthy volunteers (control). Thirty-six
oxylipins were detected in human plasma with concentrations above the limit of detection, and 21 of them were quantified with
concentrations above the limit of quantitation. The concentrations determined in healthy controls are in a good agreement with
previously reported data on human plasma. Quantitative data were statistically evaluated by multivariate data analysis (MDA)
methods including principal component analysis (PCA) and orthogonal partial least square discriminant analysis (OPLS-DA). S-
plot and box plots showed that 13-HODE, 9-HODE, 13-HOTrE, 9-HOTrE, and 12-HHTrE were the most upregulated oxylipin
species in plasma of breast cancer patients.
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Introduction

Breast cancer, a malignant tumor resulting from an uncon-
trolled growth of cells of the mammary gland, represents the
most common tumor in women [1] with minor occurrence in
men as well. Cancer is caused by mutations or other abnor-
malities in genes responsible for regulating the cellular growth
and proliferation. Breast cancer is initiated by somatic (85–

90%) or inherited germ-line (5–10%) mutations. Cells of the
ducts draining milk from lobules to nipple or in cells of the
lobules (milk-producing glands) usually are the origin of
breast cancer. Histologically, epithelial mammary tumors can
be distinguished into non-invasive and invasive. Histological
subtypes of invasive breast cancer include tubular, medullary,
mucinous, papillary, and cribriform variants [2]. Rather than a
single disease entity, breast cancer represents a spectrum of
malignant tumors affecting one organ [3]. Based on the ex-
pression of hormone receptors and human epidermal growth
factor receptor (HER)-2, tumors with different biology and
clinical presentation that require different therapeutic strate-
gies may be defined [4]. Currently, the diagnosis of breast
cancer is usually only based on imaging techniques (usually
mammography, with biopsy being mandated in case of
suspected malignancy). Biomarkers play an increasingly im-
portant role in the management of cancer patients [3]. Lipids
are an essential integral part of cell membranes and lipid com-
position can change during an uncontrolled growth of tumor
cells, as reported for breast tumor cell lines [5], breast [5, 6],
and kidney tumor tissues [7, 8]. Lipids may represent potential
drugs as well as targets for novel therapies [9, 10].
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Oxylipins represent a class of bioactive lipids formed from
polyunsaturated fatty acids (PUFA), such as arachidonic acid
(AA), linoleic acid (LA), α-linolenic acid (αLnA),
eicosapentaenoic acid (EPA), dihomo-γ-linolenic acid
(DGLnA), adrenic acid (AdA), and docosahexaenoic acid
(DHA). Oxylipins are associated with a number of physiolog-
ical functions, including inflammation, apoptosis, cell prolif-
eration, blood clotting, regulation of blood pressure, reproduc-
tion, diuresis, and modulation of the immune and nervous
systems. Changes in the oxylipin metabolism have been
linked with a range of pathological conditions, including is-
chemic heart diseases, cancer, obesity, diabetes, or arthritis
[11–15]. Eicosanoids, octadecanoids, and docosanoids are
major groups of oxylipins. Eicosanoids are the most well-
known oxylipins, being formed from 20-carbon PUFA (AA,
DGLnA, and EPA), octadecanoids from 18-carbon PUFA (LA
and αLnA), and docosanoids from 22-carbon PUFA (DHA
and AdA). PUFA are formed by the elongation and
desaturation of αLnA and LA (essential fatty acids) into
longer-chain PUFA or from the diet [15]. Oxylipins are also
known as short half-life substances acting locally and being
generated in situ when needed and not being stored. However,
not all oxylipins have a short half-life, as evidenced by the
constant concentrations of both free and esterified oxylipins in
kidney, ileum, adipose, and liver tissues [16, 17].

Oxylipins are generated by either enzymatic pathway using
cyclooxygenase (COX), lipoxygenase (LOX), cytochrome
P450 (CYP450) enzymes, or non-enzymatic pathway. First,
PUFA are released from glycerophosholipids by the action of
phospholipase A2 (PLA2) enzyme (Fig. 1). The location of
polyunsaturated acyls is mostly in sn-2 position of the glycerol
backbone of glycerophospholipids [11–13, 18–20]. At least
15 groups of PLA2 enzyme with different biological roles
have been reported so far, which can be sorted in five catego-
ries including secreted PLA2 (sPLA2), cytosolic PLA2

(cPLA2), calcium-independent PLA2, platelet-activating fac-
tor acetyl hydrolase, and lysosomal PLA2. cPLA2 enzyme
with the supplementary role of sPLA2 is considered as the
p r i n c i p a l e n z y m e f o r P U FA r e l e a s e f r o m
glycerophospholipids and subsequent eicosanoid biosynthesis
[21, 22].

COX enzyme produces prostanoids (prostaglandins and
thromboxanes) with one or more double bonds and 5-carbon
ring at 8- to 12-carbon. COX enzyme also produces selected

hydroxy-FA, such as 11-hydroxy-eicosatetraenoic acid (11-
HETE) from AA or 13-hydroxy-docosahexaenoic acid (13-
HDoHE) from DHA. LOX enzyme catalyzes the formation
of hydroxy-FA and the metabolites including leukotrienes,
lipoxins, resolvins, protectins, and hepoxilins. Oxylipins with
epoxygenase or ω-hydroxylase activity are formed by
CYP450 enzyme; for example, EPA can be converted into
epoxy-eicosatetraenoic acid (EpETE) by this enzyme [15].
Isoprostanes are an example of non-enzymatic pathway, and
they are generated from arachidonic acid [21].

These enzymatic and non-enzymatic pathways produce
hundreds of oxylipin isomers with similar structures, but pos-
sible different physico-chemical properties. This fact makes
the analysis of oxylipins very difficult and challenging. Other
major issue is the concentration in plasma or serum, which is
the lowest among all endogenous lipid metabolites (pmol/mL)
[11].

The most frequently used technique for the analysis of
oxylipins is the coupling of liquid chromatography and mass
spectrometry (LC/MS), especially targeted tandemmass spec-
trometry using SRM with the triple quadrupole (QqQ) mass
analyzer being the best choice for this type of scan events. As
oxylipins possess a carboxylic group, negative-ion ESI is the
most sensitive for their analysis. The separation of oxylipins is
typically performed on an octadecylsilica (C18) column,
which provides the highest selectivity for the separation of
isobaric oxylipins. For example, Dennis et al. [13] developed
an UHPLC/MS method for the analysis of 184 eicosanoids
and 26 deuterated internal standards in 5 min, whereby Kortz
et al. [14] determined 94 oxidized metabolites and 7 PUFAs
using LC/MS. Komaba et al. [23] developed an on-line two-
dimensional reversed phase LC/MS-MS method for the si-
multaneous determination of prostaglandins E2, F2α, and
13, 14-dihydro-15-keto prostaglandin F2α. In the past,
oxylipins have been analyzed by immunoassay techniques,
such as radioimmunoassay (RIA) and enzyme immunoassays
(EIA), or gas chromatography-mass spectrometry (GC/MS),
but these methods have serious limitations in the identification
and quantitation of multiple oxylipins or involve a time-
consuming derivatization step of labile oxylipins for GC/MS
[11–13]. For example, Shono et al. [24] analyzed PGE2 by a
heterologous enzyme immunoassay using a stable enzyme-
labeled hapten mimic or Reinke [25] monitored thromboxane
in body fluids, where oxylipin 11-dehydrothromboxane B2

Fig. 1 Scheme of biosynthesis of eicosanoids derived from arachidonic acid (AA) via cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome
P450 (CYP450) pathways
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were analyzed by a specific enzyme-linked immunosorbent
assay (ELISA) using a monoclonal antibody. GC/MS and
GC/MS/MS [26] were applied to assess in vivo synthesis of
prostaglandins, leukotrienes, thromboxane, and isoprostanes
in humans.

The aim of this paper was the development of a sensitive
targeted method using UHPLC/MS with SRM transitions for
the quantitative analysis of a large number of oxylipins, in-
cluding the full validation. This method was applied to real
plasma samples of breast cancer patients and healthy volun-
teers to elucidate possible differentiation of both groups by
MDA.

Materials and methods

Chemicals and standards

Acetonitrile, 2-propanol, ethanol (all HPLC/MS grade),
and acetic acid (≥ 99.99%) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Deionized water was pre-
pared with a Milli-Q Reference Water Purification System
(Molsheim, France). Sixty-three oxylipin standards and 14
deuterated internal standards were purchased from Cayman
Chemical (Ann Arbor, MI, USA). The full list of purchased
oxylipin standards is shown in Table S1 in the Electronic
Supplementary Material (ESM). Plasma of female breast
cancer patients (20 samples) and healthy volunteers (20
samples) were obtained from the Department of Surgery,
Atlas Hospital Zlín in the Czech Republic, based on the
institutional ethical agreement and signed information con-
sent (ESM Table S2).

Sample preparation

For the optimization of SRM method, the stock solution of
oxylipin standards at the concentration 5 ng/μL was pre-
pared in ethanol and stored at − 80 °C until use. Samples of
human plasma were prepared by solid phase extraction
(SPE) using Strata-X polymeric reversed-phase cartridges
(8B-S100-FBJ-T, Phenomenex, Aschaffenburg, Germany).
Plasma (250 μL) was deproteinized with 1 mL of acetoni-
trile, vortexed and centrifuged at 6000 rpm for 10 min at
ambient temperature. The supernatant was diluted 10 times
with water for next steps of SPE. Before SPE, cartridges
were washed with 3 mL of methanol and then equilibrated
with 3 mL of water. Then, the sample was loaded, with a
subsequent wash with 3 mL of 10% aqueous methanol.
Oxylipins were eluted with 3 mL of methanol, and then
dried under nitrogen at ambient temperature and
redissolved in 50 μL of mobile phase A (acetonitrile–wa-
ter–acetic acid (45/55/0.02, v/v/v) mixture). For the quan-
titation of oxylipins, 10 μL of a mixture of internal

standards was added to human plasma before the extrac-
tion to prepare finale concentrations of all standards 10 pg/
μL except for d4-LTB4 and d4-9,10-DiHOME (5 pg/μL).

RP-UHPLC/ESI-MS conditions

UHPLC/MS analyses were performed on a liquid chro-
matograph Agilent 1290 Infinity series (Agilent
Technologies, Waldbronn, Germany) coupled with AB
Sciex 6500 QTRAP—hybrid quadrupole-linear ion trap
mass spectrometer (Sciex, Framingham, MA, USA). The
following conditions were used for the separation of
oxylipins: Acquity UPLC BEH C18 VanGuard Pre-
column (5 × 2.1 mm × 1.7 μm), Acquity UPLC BEH C18
column (150 × 2.1 mm × 1.7 μm), flow rate 0.4 mL/min
(during analysis 0–12 min) and 0.5 mL/min (wash step
12.5–14.5 min), injection volume 5 μl, column tempera-
ture 40 °C, and mobile phase gradient: 0 min—2% B,
12 min—62% B, 12.5–14.5 min—99% B, and 15–
20 min—2% B, where A was a mixture of acetonitrile–
water–acetic acid (45/55/0.02, v/v/v), and B was a mixture
of acetonitrile–2-propanol (50/50, v/v).

Mass spectrometer was equipped with a Turbo V ion
source. Oxylipins were measured in negative-ion ESI mode
with the following conditions: capillary voltage − 4 kV, tem-
perature 525 °C, curtain gas (CUR) 20 psi, nebulizer gas
(GS1) 50 psi, turbo gas (GS2) 50 psi, and declustering
potencial (DP) − 80 V. Oxylipins were analyzed using SRM
and optimized collision energy for each oxylipin (see Table 1
for details).

Method validation

The stock solution of 14 internal (deuterated) oxylipin
standards at the concentration of 0.1 mg/mL was prepared
in ethanol. Calibration standard samples were prepared by
the dilution of the IS stock solution (1:1) with dilution
factors of 10, 20, 50, 100, 500, 1000, 2500, 5000, and
10,000, and every calibration sample level contained the
same volume of pooled plasma. The limit of detection
(LOD) and the limit of quantification (LOQ) were deter-
mined based on signal to noise ratio (S/N) as S/N = 3 and
S/N = 10, respectively. Ten-times diluted and 500-times di-
luted calibration standard samples were injected 6 times to
evaluate the repeatability (relative standard deviation,
RSD, %) of peak areas. The carry-over for all IS was also
measured after the calibration standard sample at high con-
centration level.

Pooled plasma was spiked with 5 endogenous oxylipin
standards (8,15-DiHETE, 11-HEPE, LTB4, 7-HDoHE, and
PGF2α) and LPE (14:0) standard to prepare the final concen-
tration of 12 pg/μL used as the quality control (QC) sample
during the validation and the quantitative study of plasma
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Table 1 SRM conditions with PUFA precursors and metabolic pathways for 63 oxylipin standards and 14 deuterated oxylipin internal standards

Lipid class Oxylipin species PUFA
precursor

Metabolic
pathway

Precursor ion
[M-H]−

Main
product ion

tR [min] CE [V] IS

FA and conjugates tetranor-12-HETE AA CYP450 265 109 5.29 − 16 D4-9,10-DiHOME

Octadecanoids 9-HOTrE αLnA LOX 293 171 6.12 − 20 D6-20-HETE

13-HOTrE αLnA LOX 293 195 6.36 − 21 D6-20-HETE

13-OxoODE LA LOX 293 113 7.94 − 26 D8-15-HETE

9-OxoODE LA LOX 293 185 8.34 − 27 D8-12-HETE

13-HODE LA LOX 295 195 7.65 − 25 D4-13-HODE

9-HODE LA LOX 295 171 7.82 − 23 D4-9-HODE

12(13)-EpOME LA CYP450 295 195 9.26 − 18 D11-14,15-EET

9(10)-EpOME LA CYP450 295 171 9.48 − 19 D11-8,9-EET

12,13-DiHOME LA CYP450 313 183 4.67 − 30 D4-12,13-DiHOME

9,10-DiHOME LA CYP450 313 201 4.99 − 30 D4-9,10-DiHOME

Eicosanoids 12-HHTrE AA COX 279 179 5.47 − − 17 D4-9,10-DiHOME

15-HEPE EPA LOX 317 219 6.74 −17 D6-20-HETE

11-HEPE EPA LOX 317 167 6.78 − 22 D6-20-HETE

5-HEPE EPA LOX 317 255 7.61 − 17 D4-13-HODE

14(15)-EpETE EPA CYP450 317 207 8.17 − 18 D8-12-HETE

12-OxoETE AA LOX 317 273 8.61 − 19 D8-12-HETE

15-OxoETE AA LOX 317 273 8.70 − 21 D8-15-HETE

5-OxoETE AA LOX 317 203 9.75 − 22 D7-5-OxoETE

15-HETE AA LOX 319 219 7.95 − 17 D8-15-HETE

11-HETE AA LOX 319 167 8.38 − 17 D8-12-HETE

12-HETE AA LOX 319 179 8.62 − 20 D8-12-HETE

8-HETE AA LOX 319 155 8.64 − 21 D8-12-HETE

9-HETE AA LOX 319 167 8.83 − 22 D8-12-HETE

5-HETE AA LOX 319 257 9.28 − 18 D8-5-HETE

11,12-EET AA CYP450 319 167 9.90 − 17 D11-11,12-EET

5,6-EET AA CYP450 319 191 10.37 − 17 D11-11,12-EET

15-HETrE DGLnA LOX 321 221 8.84 − 22 D8-5-HETE

5-HETrE DGLnA LOX 321 259 10.97 − 19 D11-11,12-EET

tetranor-PGDM AA COX 327 247 0.88 − 22 D4-PGF2α

PGJ2 AA COX 333 189 3.21 − 20 D4-PGF2α

PGB2 AA COX 333 235 3.21 − 25 D4-PGF2α

PGA2 AA COX 333 271 3.60 − 20 D4-PGF2α

15-deoxy-12,14 PGD2 AA COX 333 271 4.44 − 20 D4-PGF2α

8,15 DiHETE AA LOX 335 235 3.76 − 21 D4-LTB4

6-trans LTB4 AA LOX 335 195 4.13 − 22 D4-LTB5

LTB4 AA LOX 335 195 4.39 − 20 D4-LTB6

5,15-DiHETE AA LOX 335 173 4.50 − 18 D4-LTB7

5,6-DiHETE AA LOX 335 145 5.47 − 26 D4-9,10-DiHOME

14,15-DiHETrE AA CYP450 337 207 5.35 − 22 D4-9,10-DiHOME

5,6-DiHETrE AA CYP450 337 145 7.19 − 23 D4-13-HODE

PGH2 AA COX 351 271 1.77 − 20 D4-PGF2α

PGE2 AA COX 351 271 1.77 − 23 D4-PGF2α

11β-PGE2 AA COX 351 271 1.87 − 19 D4-PGF2α

15-keto-PGF2 AA COX 351 219 1.92 − 23 D4-PGF2α

PGD2 AA COX 351 271 1.93 − 23 D4-PGF2α

13,14-dh-15-k-PGE2 AA COX 351 315 2.41 − 21 D4-PGF2α

8-iso-PGF2 AA COX 353 193 1.42 − 28 D4-PGF2α
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samples. The extraction efficiency was investigated using ex-
tracts of pooled sample spiked with IS before the extraction
and extracts of pooled sample spiked after the extraction at
two concentration levels (high and low level) [27, 28]. The
high level (HL) was prepared by adding 30 μL of mixture of
IS (final concentration 30 pg/μL except for d4-LTB4 and d4–
9,10-DiHOME, where concentrations were 15 pg/μL) and the
low level (LL) 5 μL of mixture of IS (final concentration 5 pg/
μL except d4-LTB4 and d4–9,10-DiHOME, where concentra-
tions were 2.5 pg/μL) to the pooled sample (see the BSample
preparation^ section). The matrix effect was examined by
comparing peak areas of solution of pure IS and extracts of
6 individual plasma samples spiked with IS after the extrac-
tion. The precision was calculated from pooled plasma sam-
ples spiked before the extraction at low and high concentration

levels. The within-run precision (accuracy) was measured
using 3 pooled plasma samples for low and high concentration
levels in a single run. The between-run precision (accuracy)
was determined on three days among three different runs.
The precision was expressed by RSD (%). The accuracy
was studied using pooled plasma samples spiked after the
extraction (high and low level), where concentrations were
compared with the nominal values obtained from the cali-
bration curves and expressed as percentage. The stability
was investigated using three individual plasma samples
spiked by IS before the extraction. These samples were left
in the autosampler and reinjected after 4, 8, and 24 h. The
stability was calculated by the comparison of peak areas at
0 h vs. 4, 8, and 24 h in the autosampler, and results were
expressed by percentage.

Table 1 (continued)

Lipid class Oxylipin species PUFA
precursor

Metabolic
pathway

Precursor ion
[M-H]−

Main
product ion

tR [min] CE [V] IS

(+/−) 5-iPF2α-VI AA non-enzymatic 353 115 1.58 − 24 D4-PGF2α

PGF2α AA COX 353 309 1.62 − 30 D4-PGF2α

13,14-dh-15-k-PGF2 AA COX 353 291 2.35 − 33 D4-PGF2α

6-keto-PGF1 AA COX 369 245 1.13 − 30 D4-PGF2α

TXB2 AA COX 369 195 1.44 − 21 D4-PGF2α

Docosanoids 20-HDoHE DHA CYP450 343 281 7.37 − 20 D4-13-HODE

17-HDoHE DHA LOX 343 281 7.91 − 21 D8-15-HETE

10-HDoHE DHA LOX 343 153 8.29 − 21 D8-12-HETE

14-HDoHE DHA LOX 343 205 8.30 − 20 D8-12-HETE

11-HDoHE DHA LOX 343 149 8.47 − 18 D8-12-HETE

7-HDoHE DHA LOX 343 281 8.67 − 18 D8-5-HETE

8-HDoHE DHA LOX 343 189 8.79 − 18 D8-5-HETE

4-HDoHE DHA LOX 343 281 9.51 − 15 D11-14,15-EET

19,20-DiHDPE DHA CYP450 361 273 5.29 − 23 D4-9,10-DiHOME

Resolvin D1 DHA LOX 375 141 2.27 − 21 D4-PGF2α

Deuterated IS D4-13-HODE 299 198 7.65 − 25
D4-9-HODE 299 172 7.82 − 23
D4-9,10-DiHOME 317 203 4.40 − 30
D4-12,13-DiHOME 317 185 4.67 − 30
D7-5-oxoETE 323 209 9.50 − 22
D6-20-HETE 325 281 6.46 − 20
D8-15-HETE 327 226 7.95 − 17
D8-12-HETE 327 184 8.62 − 20
D8-5-HETE 327 265 9.28 − 18
D11-14,15-EET 330 175 8.90 − 17
D11-8,9-EET 330 155 9.65 − 17
D11-11,12-EET 330 167 9.90 − 17
D4-LTB4 339 197 4.39 − 20
D4-PGF2α 357 313 1.55 − 30

FA fatty acid, PUFA polyunsaturated fatty acid, AA arachidonic acid, αLnA α-linolenic acid, LA linoleic acid, EPA eicosapentaenoic acid, DGLnA
dihomo-γ-linolenic acid, DHA docosahexaenoic acid, COX cyclooxygenase, LOX lipoxygenase, CYP450 cytochrome P450, and IS internal standard
used for the quantitation
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Data analysis

The Analyst 1.6.2 software allowed the determination of
peak areas of investigated oxylipins. SIMCA software ver-
sion 13.0 (Umetrics AB, Umeå, Sweden) was used for the
statistical data analysis. Particular box plots were con-
structed in R free software environment [29] using readxl
and ggplot2 packages.

Results and discussion

Optimization and validation of RP-UHPLC/ESI-MS
method

The optimization of UHPLC/MS method has started from
conditions described in prior study [11] with minor improve-
ments. The full optimization of column type, mobile phases
with additives, gradient, and flow rate for the qualitative anal-
ysis of 46 oxylipins has been reported previously [11], which
is now extended to a wider range of oxylipin species (i.e., 9-
HOTrE, 9(10)-EpOME, 12(13)-EpOME, 9,10-DiHOME, 11-
HEPE, 14(15)-EpETE, 15-OxoETE, 12-OxoETE, 5-
OxoETE, 8-HETE, 9-HETE, 5-HETrE, 17-HDoHE, 10-
HDoHE, 11-HDoHE, 7-HDoHE, 8-HDoHE, 20-HDoHE,
11β-PGE2, and (±)-5-iPF2α-VI). The whole list of oxylipin
standards used during the method development is shown in
Table 1. Figure 2 shows chromatograms of the separation of
63 oxylipin standards (Fig. 2a) and 14 deuterated oxylipin
internal standards (Fig. 2b). Other modifications are the use
of a VanGuard Pre-column to increase the column life-time
and an improved sample preparation protocol, which signifi-
cantly reduced contamination of the mass spectrometer during
the analysis of biological samples, because our previously
developed method suffered from serious problems with the
contamination of mass spectrometer during the analysis of
larger sample sets, which is corrected by presented improve-
ments of sample preparation presented in this work.

SPE technique is the best choice for the extraction of
oxylipins from biological samples, such as human plasma,
due to their low concentrations. SPE has a better ability to
eliminate the contamination than liquid/liquid extraction
(LLE) techniques, which improves the sensitivity in biological
samples [13]. The polymeric Strata-X reversed-phase column
has been used for SPE of oxylipins [11] with minor modifica-
tions. Two hundred fifty microliters of human plasma has
been used for the isolation of oxylipins. Acetonitrile was ap-
plied for the denaturation due to the high efficiency in protein
precipitation. The order of effectiveness of deproteinization
for most common organic solvents was published as follows:
acetonitrile>acetone>ethanol>methanol [30].

The most common approach for the quantitative analysis of
oxylipins in biological samples is targeted UHPLC/MS with

SRM. All oxylipins have been measured in the negative-ion
mode, and each oxylipin standard has been optimized for
SRM, including the selection of SRM pairs for each oxylipin
(m/z values for precursor and product ions, respectively) and
collision energies. MS/MS spectra of all oxylipins have been
measured at various collision energies (from − 35 to − 15V) to
select the most sensitive SRM transition. Figure S1 (see ESM)
shows MS/MS spectra of all 63 oxylipin standards at opti-
mized collision energies (see Table 1), and Fig. S2 (see
ESM) shows MS/MS spectra of 12-HETE at various collision
energies to illustrate the optimization of collision energy. As
the final SRM transition for the targeted method, the SRM
transition with the highest sensitivity is used. Neutral losses
of H2O (Δm/z = 18—dehydration) and CO2 (Δm/z = 44—de-
carboxylation) were observed for all oxylipinMS/MS spectra.
The loss of water is common for all compounds containing
oxygen; therefore, SRM transition is not very specific and
should be avoided, if possible. For most oxylipins, the most
abundant fragmentation pathway is related to the hydroxyl
group, respectively, to the carbonyl group. Optimized SRM
parameters for all standards are listed in Table 1.

The UHPLC/MS method was validated for 14 deuterated
internal oxylipin standards in line with the Food and Drug
Administration (FDA) and the European Medicines Agency
(EMA) recommendations [27, 28] and included the determi-
nation of extraction recovery, matrix effect, linearity of cali-
bration curve, carry-over, stability, within-run, and between-
run precision (accuracy). The validation was performed with
pooled sample prepared as a mixture of human plasma from
healthy volunteers and breast cancer patients (ESM Tables S3
and S4). The calibration curve was prepared for all 14 deuter-
ated IS with a minimum of 6 concentration levels. The coef-
ficient of determination (R2) of calibration curves ranges from
0.9991 to 0.9996 for all IS, which confirms a good linearity of
this method. The repeatability values expressed as RSD are
from 0.46 to 2% (10× diluted calibration sample) and from
0.35 to 5.96% (500× diluted calibration sample), which illus-
trates very good repeatability. The blank sample was mea-
sured after the high concentration level of the calibration
curve (10× diluted calibration sample) in order to deter-
mine the carry-over, which is less than 0.5% for all IS.
The extraction recovery for all IS ranges from 71.2 to
102.8% for the low concentration level and from 84.3 to
98.3% for the high concentration level. Within-run and
between-run precision (for LL and HL) is expressed by
RSD and values for these parameters are within 15% for
all 14 internal standards; only 20-HETE shows worse pre-
cision for LL. Accuracy values are also within ± 15%
except for PGF2α and 20-HETE at the LL with accuracy
values ± 20%. These results confirm the applicability for
the determination of oxylipins in human plasma samples.
Values of matrix effect are in the range from 107 to 162%,
reflecting the ion enhancement. The ion enhancement/
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suppression effects for certain retention windows are com-
pensated by the use of 14 deuterated IS added to individ-
ual samples.

On other hand, small ion suppression is observed for
PGF2α (67.9%). The stability of standards was between
95.5 and 112% after 4 h, between 94.5 and 113% after 8 h,

Fig. 2 Extracted ion
chromatograms in RP-UHPLC/
ESI-MS analysis of a mixture of
63 oxylipin standards and b
mixture of 14 deuterated oxylipin
internal standards using negative-
ion mode and SRM scans. Other
details in the BMaterials and
methods^ section

Fig. 3 Extracted ion
chromatograms in RP-UHPLC/
ESI-MS analysis of human
plasma sample. Other details in
the BMaterials and methods^
section
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and between 92.3 and 116.7% after 24 h in the autosampler.
Results from validation are summarized in Tables S3 and S4
(see ESM). The monitoring of QC peak areas during the meth-
od validation confirms the signal stability (ESM Fig. S3).

Determination of oxylipins in human plasma samples

The quantitation of oxylipins is a difficult task due to the
trace concentrations. The selection of appropriate isotopi-
cally labeled IS is a crucial point in the analysis. Before the
detection and quantitation, the separation of oxylipins is
essential due to the large number of isomeric oxylipins,
e.g., differing only in the position of double bond or hy-
droxyl group, which is the reason why we cannot use the
same concept for the quantitation as for phospholipids and
sphingolipids, where one class of lipids elutes in one peak

and just one internal standard is used for each class of
lipids [31]. In the case of oxylipins, deuterated IS are nec-
essary, because they are chemically and structurally related
to oxylipins analogs, but they have different precursor/
product pair for SRM scans, and they are not naturally
occurring in plasma. The serious issue is an acquirement
of deuterated IS, because they are not commercially avail-
able for all oxylipins, and they are expensive. For the quan-
titation of 63 oxylipins, we choose 14 deuterated IS cover-
ing the whole retention window of our method. The typical
chromatogram with reconstructed ion current for individu-
al oxylipins in real human plasma sample is shown in
Fig. 3 with 21 quantified oxylipins and 14 deuterated IS.
Table S5 (see ESM) provides the full data with concentra-
tions of individual quantified oxylipins in all studied sam-
ples, which have been used for the statistical evaluation.

Fig. 4 Multivariate data analysis
models for 20 breast cancer
patients (red dots) and 20 healthy
controls (blue dots) with labeled
numbers of individual subjects
according to ESM Table S2: (a)
unsupervised PCA and (b)
supervised OPLS-DA
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Oxylipins PGF2α, 9-HODE, 13-HODE, 9,10-DiHOME,
12,13-DiHOME, 5-OxoETE, 20-HETE, 5-HETE, 15-
HETE, 12-HETE, 8,9-EET, 11,12-EET, 14,15-EET, and
LTB4 have own deuterated analogs for the quantitation.
Other oxylipins have to be quantified using the nearest
deuterated IS (see Table 1 for details); for example, we
used D4-13-HODE IS for the quantitation not only for
13-HODE, but also for 5,6-DiHETrE, 20-HDoHE, and 5-
HEPE. In this work, we quantified oxylipins in 40 samples
of human plasma from healthy volunteers and breast can-
cer patient. The breast cancer affects mostly women, so we
measured human plasma samples only from women (ESM
Table S2). We also carefully selected samples according to
the age of women. Thus, the mean of age of breast cancer
patients was 55.5 (interval from 47 to 66 years) and for
healthy volunteers 56.5 (interval from 46 to 66 years).

The mixture of deuterated IS was added to each sample
at known concentration before the extraction, and the
amount of oxylipins in human plasma was obtained by
comparing peak areas of analyte and deuterated IS, and

concentrations of oxylipins are expressed in absolute
values (pmol/mL). The full list of quantified oxylipins is
shown in Table S6 (see ESM) with the mean concentra-
tions in human female plasma of breast cancer patients and
healthy volunteers together with statistical parameters (fold
change, p values, T values, and VIP (variable importance
in projection) values), where p values are calculated using
T test and fold change as a ratio of mean concentrations of
oxylipin species in breast cancer human plasma to healthy
controls. We are able to quantify 21 oxylipins in human
plasma including 6-trans LTB4, LTB4, 19,20-DiHDPE,
14,15-DiHETrE, 12-HHTrE, 13-HOTrE, 9-HOTrE, 5,6-
DiHETrE, 20-HDoHE, 14-HDoHE, 11-HDoHE, 7-
HDoHE, 4-HDoHE, 13-HODE, 9-HODE, 15-HETE, 12-
HETE, 11-HETE, 9-HETE, 11,12-EET, and 5,6-EET. The
concentration of most oxylipins in breast cancer patients’
plasma is increased compared to healthy controls, which is
in agreement with the previous report [32]. The compari-
son of determined concentrations of 21 oxylipins for
healthy volunteers with those reported in literature is

Fig. 5 Box plots of the most upregulated oxylipins in human plasma of breast cancer patients: a 13-HODE, b 9-HODE, c 13-HOTrE, d 9-HOTrE, e 12-
HHTrE, and f 19,20-DiHDPE
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shown in Table 2, which is an important proof that our
determined concentrations in plasma can be correlated with
previous works [14, 16, 19, 32–40]. It should not be
overlooked that in some cases differences among reported
values from some papers are not negligible; therefore, we
have calculated mean values from the literature for com-
parison with our values for healthy volunteers (Table 2).
We are also able to detect more oxylipins above the LOD
but below the LOQ; therefore, they cannot be quantified:
tetranor 12-HETE, 5,6-DiHETE, 15-HEPE, 5-HEPE,
14,15-EpETE, 10-HDoHE, 15-HETrE, 5-OxoETE, 12,13-
DiHOME, 9,10-DiHOME, 13-OxoODE, 9-OxoODE, 5-
HETE, 9(10)-EpOME, and 12(13)-EpOME.

Multivariate data analysis of oxylipin quantitative
data

Lipidomic data were statistically evaluated by MDA
methods, such as unsupervised PCA and supervised
OPLS-DA. The complete list of determined concentrations
of 21 oxylipins for all human subjects is provided in
Table S5 (see ESM). The unit variance (UV) scaling and
the logarithmic transformation were used before the statis-
tical analysis. Models are described using Q2 and R2 pa-
rameters [6]. Fractions of the sum of squares all X and Y
(just X for PCA) predicted by the model according to the
cross validation are described by parameter Q2 and frac-
tions of the sum of squares of all X and Y (just X for PCA)
that the model can explain using the latent variables, are
described by R2. Unsupervised PCA model had 4 compo-
nents, parameter R2(X) had value 0.711, Q2 0.365 (Fig. 4a).
OPLS-DA model has 1 + 3 + 0 components, R2(X) 0.606,
R2(Y) 0.680, and Q2 0.203. The supervised OPLS-DA
model (Fig. 4b) brings the improvement of group separa-
tion, where red dots represent cancer samples and blue dots
control samples. The receiver operating characteristics
(ROC) curve (ESM Fig. S4) for OPLS-DA model provided
90% sensitivity, 100% specificity, and 95% accuracy.

S-plot was created from OPLS-DA model providing the
information about most up- or downregulated lipid species
in human breast cancer plasma samples (ESM Fig. S5).
Upregulated oxylipin species are in the upper right corner
and downregulated oxylipin species are in the bottom left
corner. Oxylipin species with a low statistically signifi-
cance are found in the middle part of S-plot. Box plots of
the most upregulated lipid species (13-HODE, 9-HODE,
13-HOTrE, 9-HOTrE, 12-HHTrE, and 19,20-DiHDPE)
are shown in Fig. 5. p values are lower than 0.05 only for
6 from 21 determined oxylipins, which is in correlation
with the fact that Q2 values are relatively low, and there-
fore, the robustness of such statistical models may be also
lower. Four of 5 most upregulated oxylipins belong to the
family of octadecanoids from by lipoxygenase (LOX)

pathways from linoleic acid (9-HODE and 13-HODE)
and linolenic acid (9-HODE and 13-HODE) [15]. There
is a lack of the literature information of biological interpre-
tation of observed changes in cancer.

Conclusions

We developed and validated UHPLC/ESI-MS method for
the determination of 63 oxylipins in human plasma, which
was applied to a small case study of breast cancer patients.
We reported here concentrations for 21 oxylipins deter-
mined by our high-throughput quantitative assay in female
plasma from 20 breast cancer patients and 20 age-matched
healthy controls. The concentration of some oxylipins are
upregulated for cancer patients; in some cases, the increase
is statistically significant (13-HODE, 9-HODE, 13-
HOTrE, 9-HOTrE, and 12-HHTrE) based on p values >
0.05 and fold changes in the range 1.5–2. Unsupervised
PCA indicates only minor but visible grouping of cancer
and control groups, but supervised OPLS-DA improves the
group resolution with rather good ROC characteristics. It is
important to point out that this work is just small pilot case
study with relatively low number of human subjects, and
the potential for early cancer diagnosis and therapy moni-
toring should be carefully evaluated after larger prospec-
tive cohort in the future.
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