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Abstract Human milk contains oxylipins involved in infant
development. Although oxylipins have been identified in
whole or skim milk, their localization within human milk
cream, cell, and skim fractions is not known. This study
determined the distribution of free and esterified oxylipins in
cream, cell, and skim fractions of human milk. Out of 72
oxylipins probed by mass-spectrometry, 42, 29, and 41
oxylipins (free or bound) were detected in cream, cell, and
skim fractions, respectively. Over 90% of free and bound
oxylipins were derived from linoleic acid in all milk fractions.
Other oxylipins were derived from n-6 arachidonic acid and
dihomo-gamma-linolenic acid, and n-3 alpha-linolenic acid,
eicosapentaenoic acid, and docosahexaenoic acid. Free
oxylipins were more abundant in skim milk (59.9% of total
oxylipins) compared to cream and cell pellet, whereas esteri-
fied oxylipins were most abundant in milk cream and cell pel-
lets (74.9–76.9%). The heterogenous distribution of oxylipins
in different fractions of human milk may regulate the guided
release of these bioactive signaling molecules within infants.

Keywords Fractions � Human milk � LC–MS/MS � Lipid
mediators � Lipidomics � Oxylipins
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Abbreviations
ALA alpha-linolenic acid (18:3n-3)
ANOVA analysis of variance
ARA arachidonic acid (20:4n-6)
BHT butylated hydroxytoluene
dMRM dynamic multiple reaction monitoring
DGLA dihomo-gamma-linolenic acid (20:3n-6)
DHA docosahexaenoic acid (22:6n-3)
DPBS Dulbecco’s phosphate-buffered saline
EDTA ethylenediaminetetraacetic acid
EPA eicosapentaenoic acid (20:5n-3)
HETE hydroxyeicosatetraenoic acid
HODE Hydroxyoctadecadienoic acid
LNA linoleic acid (18:2n-6)
NL neutral lipids
PL phospholipids
PUFA polyunsaturated fatty acid(s)
SPE solid phase extraction
TPP triphenylphosphine
UPLC–
MS/MS

Ultra-high pressure liquid chromatography
coupled to tandem mass-spectrometry

Introduction

Human milk provides nutritional, immunological, and neu-
rodevelopmental benefits for newborn infants (Harding
et al., 2017). An interest in human milk bioactive lipid
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mediators has emerged since oxidized metabolites of polyun-
saturated fatty acids (PUFA), known as oxylipins, have been
detected in human breast milk (Pitino et al., 2019; Robinson
et al., 2017; Weiss et al., 2013; Wu et al., 2016). Oxylipins
have been shown to regulate infant development and immu-
nity. Using mouse models with a self-limited inflammatory
challenge, Arnardottir et al. (2016) demonstrated that injected
human milk oxylipins derived from docosahexaenoic acid
(DHA, 22:6n-3) accelerated the resolution of acute inflamma-
tion. Using an untargeted lipidomics approach, Alexandre-
Gouabau et al. (2018) showed that human milk oxylipins
derived from dihomo-γ-linolenic acid correlated with growth
rate in preterm infants. These studies point to multiple regula-
tory roles of breast milk oxylipins in infant development.
Lipids in human milk are highly structured and orga-

nized in a three-dimensional space. The major lipid compo-
nents in milk are triglycerides assembled inside a trilayer
phospholipid (PL) membrane, forming milk fat globules,
which are separated from somatic cells and emulsified
within the aqueous phase (Brans et al., 2004; Singh and
Gallier, 2017). The emulsion structure or spatial arrange-
ment of milk lipids affects their lipolysis and disintegration
(Bourlieu et al., 2015; Gan et al., 2019a). During infant
digestion, milk fat globules undergo structural and chemi-
cal changes. Three fatty acyl chains are esterified to each
glycerol backbone, but only the fatty acids on the outer (sn-
1 and sn-3) positions of triglycerides are preferentially
released (Bourlieu et al., 2014; Salentinig et al., 2015).
Previous studies have measured and detected free (i.e.

unbound) oxylipins in whole or skim milk (Alexandre-
Gouabau et al., 2018; Arnardottir et al., 2016; Pitino
et al., 2019; Robinson et al., 2017; Weiss et al., 2013; Wu
et al., 2016). However, evidence from rodent and human stud-
ies suggests that in tissues or plasma, the majority of oxylipins
are bound (i.e. esterified) (Ramsden et al., 2016; Shearer and
Newman, 2008; Taha et al., 2018), and that the esterified
pool regulates the supply and turnover (i.e. release and re-
esterification) of free oxylipins (Otoki et al., 2020). Free
oxylipins are more bioactive than esterified oxylipins (Lahvic
et al., 2018; Obinata et al., 2005), consistent with studies
showing that they act as signaling molecules (Hennebelle
et al., 2019). Thus, understanding their localization and pro-
portional distribution relative to esterified pools in human
milk would inform on how milk serves as a signaling system
in infants.
In the present study, we used a targeted mass spectrometry

approach to determine the distribution of free and esterified
oxylipins in cream, cell, and skim fractions of human milk.
Human milk collected from healthy lactating mothers was
pooled, fractionated, and subjected to free and esterified
oxylipin analysis by ultra-high performance liquid chromatog-
raphy coupled to tandem mass spectrometry (UPLC–MS/MS).
The esterified pool that was measured consisted of neutral lipid

(NL)- and PL-bound oxylipins. We hypothesized that similar
to the reported dominance of esterified oxylipins in mamma-
lian blood and tissues, esterified oxylipins will be more abun-
dant compared to free oxylipins in each milk fraction. Our
analysis demonstrated that in cream and cell pellet, the majority
of oxylipins were bound (74.9–76.9% of total oxylipins),
whereas in skim milk, the majority (59.9%) were unbound.

Material and Methods

Human Milk Collection

The study protocol was approved by the Institutional
Review Board at the University of California Davis (Proto-
col # 1049118). Informed consent was obtained from all
participants. Mature milk was obtained as previously
described (Gan et al., 2019b) from five healthy lactating
women who had delivered term infants (born after
37 weeks of gestation) at four to 10 weeks of lactation.
Subject information is shown in Supplementary Table S1.
Briefly, fore and hind milk were fully expressed from one
breast by hand or breast pump, and gently mixed. At least
20 mL of the milk was collected into a sterile container,
transported to the laboratory on ice, and stored at −80 �C.

Compositional Analysis of Human Milk

Pooled human milk was diluted 5-fold with Milli-Q water.
Samples were warmed to 38 �C in a water bath and
vortexed for 20 s to ensure homogeneity prior to measure-
ment with Delta LactoScope FTIR Advanced Mid-Infrared
Spectroscopy (Advanced Instruments, Norwood, MA,
USA), calibrated for human milk total fat, protein, and lac-
tose (Smilowitz et al., 2014).

Human Milk Fractionation

Three aliquots (2 mL each) of pooled human milk were cen-
trifuged at 15,000 × g on Eppendorf 5424R centrifuge for
15 min at 0 �C. After collecting the top cream layer con-
taining milk fat globules, the remaining sample was cen-
trifuged again at 15000 × g for 2 min at 0 �C. Then, 1.5 mL
of skim milk was collected from the aqueous layer. The
remaining cream and skim milk was discarded, and 1 mL of
Dulbecco’s phosphate-buffered saline (DPBS, Gibco, Grand
Island, NY, USA, Cat # 14190–144) was added to each tube.
After samples were centrifuged at 15000 × g for 2 min at
0 �C, liquid was discarded. DPBS was added, each sample
was centrifuged for 2 min, and the liquid was discarded again
to wash off the remaining cream and skim milk from the pel-
let. Pellets containing somatic cells of milk were collected.
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Free Oxylipin Extraction

To extract free oxylipins from cream and cell pellets,
200 μL of extraction solvent containing 0.1% acetic acid
(Sigma-Aldrich St. Louis, MO, USA, Cat # 695092) and
0.1% butylated hydroxytoluene (BHT, Sigma-Aldrich, St.
Louis, MO, USA, Cat # W218405-SAMPLE-K) in metha-
nol (Fisher Scientific, Hampton, NH, USA, Cat # A454-4),
10 μL of antioxidant mixture, 10 μL of deuterated surrogate
standards, and 1133.3 μL of Milli-Q water were added
to approximately 50 mg cream and 8 mg pellets. The
antioxidant mixture consisted of 0.2 mg/mL BHT,
ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich,
St. Louis, MO, USA, Cat # EDS-100G) and
triphenylphosphine (TPP, Sigma-Aldrich, St. Louis, MO,
USA, Cat # 3 T84409) in methanol/water (50:50, v/v) fil-
tered through 0.45 μm Millipore filter (Millpore, Bedford,
MA, USA, Cat # SLHVM25NS). The surrogate standard
mix contained 2 μM d11-11(12)-EpETrE (Cayman Chemi-
cal, Ann Arbor, MI, USA; Cat # 10006413), d11-14,15-
DiHETrE (Cayman Chemical, Cat # 1008040), d4-6-keto-
PGF1α (Cayman Chemical, Cat # 315210), d4-9-HODE
(Cayman Chemical, Cat # 338410), d4-LTB4 (Cayman
Chemical, Cat # 320110), d4-PGE2 (Cayman Chemical,
Cat # 314010), d4-TXB2 (Cayman Chemical, Cat #
319030), d6-20-HETE (Cayman Chemical, Cat # 390030)
and d8-5-HETE (Cayman Chemical, Cat # 334230). Sam-
ples were vortexed for 2 min, centrifuged at 15000 × g for
2 min at 0 �C, and the supernatant was removed and
vortexed again for 10 min before solid phase extraction
(SPE) with Oasis HLB columns (60 mg, Waters, Milford,
MA, USA, Cat # WAT094226).
For the skim milk fraction, 1500 μL of extraction sol-

vent, 10 μL of antioxidant, and 10 μL of surrogate were
added to 1.5 mL of skim milk. Samples were vortexed and
centrifuged to precipitate proteins. Then, 2200 μL of super-
natant was collected, and 7 mL Milli-Q water was added to
adjust the methanol content to 15% before Oasis HLB col-
umn extraction as described below.

Neutral Lipid and Phospholipid Oxylipin Extraction

Total lipids were extracted from cream and pellet fractions
by adding 2 mL chloroform (Fisher Scientific, Hampton,
NH, USA, Cat # C607-4), 1 mL methanol, and 0.75 mL
0.9% KCl (Fisher Scientific, Hampton, NH, USA, Cat #
P217-500) to approximately 50 mg cream and 9.4 mg pel-
lets. The samples were vortexed and centrifuged at 458 × g
on Beckman Coulter Allegra 6 centrifuge (Indianapolis, IN,
USA). The bottom chloroform layer was transferred to new
test tubes, and an additional 2 mL chloroform was added to
the initial samples, which were vortexed and centrifuged at
458 × g. The second chloroform extract was pooled with

the first. Samples were evaporated under nitrogen and rec-
onstituted in 1.5 mL chloroform/2-propanol (2:1, v/v)
(Fisher Scientific, Hampton, NH, USA, Cat # A464-1) for
pellets, and in 6 mL of chloroform/2-propanol (2:1, v/v) for
cream samples. To extract lipids from the skim milk frac-
tion, 2 mL chloroform, 1 mL methanol were added to
0.75 mL skim milk, vortexed and centrifuged as described
above. The bottom chloroform layer was separated, and the
samples subjected to a second chloroform (2 mL) extrac-
tion. The second chloroform layer was pooled with the first.
Skim milk lipid extracts were dried under nitrogen and rec-
onstituted in 1.5 mL chloroform/2-propanol.
Silica columns (Sep-Pak Silica 1 cc Vac Cartridge,

100 mg Sorbent, Waters, Milford, MA, USA, Cat #
WAT023595) were used to separate esterified oxylipins.
The columns were pre-washed with 1.5 mL methanol and
conditioned with 1.5 mL chloroform/2-propanol. Then,
0.2 mL cream in chloroform/2-propanol, 1.5 mL pellets in
chloroform/2-propanol or 1.5 mL skim milk in chloroform/
2-propanol were loaded onto the silica columns and the elu-
ate was collected. Next, 1.5 mL chloroform/2-propanol was
added to each column and combined with the first collec-
tion. This combined collection contained NL. Samples
were dried under nitrogen, reconstituted into 200 μL extrac-
tion solvent, 10 μL antioxidant solution and 10 μL surro-
gate, and subjected to hydrolysis as described below.
Relatively polar compounds including residual free

oxylipins trapped in the bottom chloroform layer during
lipid extraction (since many end up in the aqueous phase)
and PL-bound oxylipins were washed from the silica col-
umn with 1.5 mL 95% methanol. After collecting the elu-
ate, 400 μL Milli-Q water was added to adjust the methanol
content to 75%. Sep-Pak tC18 columns (1 cc Vac Car-
tridge, 100 mg Sorbent, Waters, Milford, MA, USA, Cat #
WAT036820), pre-washed with 1.5 mL methanol and
equilibrated with 1.5 mL 75% methanol, were used to sepa-
rate PL-bound oxylipins from free oxylipins. This was
achieved by adding the extracts containing free oxylipins
and PL-bound oxylipins (in 75% methanol) to the tC18 col-
umns and washing with 1.5 mL of 75% methanol, followed
by 2 mL of 100% methanol to elute PL-bound oxylipins.
The extracted NL- and PL- bound oxylipins were dried

under nitrogen and reconstituted in 200 μL extraction sol-
vent, 10 μL antioxidant solution and 10 μL surrogate stan-
dard mix, and hydrolyzed at 60 �C for 30 min with 200 μL
0.25 M sodium carbonate (Sigma-Aldrich, St. Louis, MO,
USA, Cat # 791768-500G) in methanol/water (50:50, v/v).
After hydrolysis, the samples were cooled at room tempera-
ture for 5 min. Then, 25 μL acetic acid was added and the
pH was verified to be between 4 and 6 with litmus paper in
a representative sample from each fraction. Milli-Q water
(1575 μL) was added and the samples were vortexed and
subjected to SPE as described below.

Lipids

Lipids (2020)



Oasis HLB Solid Phase Purification of Free and
Hydrolyzed Oxylipins

Free oxylipins extracted from each milk fraction or gener-
ated during the hydrolysis of NL- and PL-bound oxylipins
were purified with Oasis HLB (60 mg) SPE columns. The
columns were cleaned with one column volume of ethyl
acetate (Fisher Scientific, Hampton, NH, USA, Cat # E196-
4), and two column volumes of methanol, and conditioned
with two column volumes of SPE buffer (0.1% acetic acid,
5% methanol in Milli-Q water). Samples were loaded,
washed with two column volumes of SPE buffer, and dried
under vacuum for 20 min. Oxylipins were eluted with
0.5 mL methanol followed by 1.5 mL ethyl acetate. The elu-
ate was dried under nitrogen, reconstituted in 100 μL LC-MS
grade methanol (Fisher Scientific, Hampton, NH, USA, Cat
# A456), vortexed, and centrifuged on an Eppendorf 5424R
Centrifuge at 15000 × g for 2 min at 0 �C. Samples were
transferred to centrifugal filter units (Ultrafree-MC VV Cen-
trifugal filters, Burlington, MA, USA, Cat # UFC30VV00),
centrifuged at 15,000 × g for 20 min at 0 �C, and analyzed
with UPLC-MS/MS (see next section).

UPLC-MS/MS Analysis

A total of 72 oxylipins (Supplementary Table S2) were
analyzed using an Agilent 1290 Infinity UHPLC system
coupled to an Agilent 6460 triple-quadrupole tandem mass
spectrometer (Agilent, Santa Clara, CA, USA) with elec-
tron spray ionization in negative mode. Analytes were cap-
tured using optimized dynamic Multiple Reaction
Monitoring (dMRM) conditions as detailed previously
(Hennebelle et al., 2019). Oxylipins were separated using a
Zorbax Eclipse Plus C18 column (2.1 × 150 mm, 1.8 μm,
Agilent, Santa Clara, CA, USA, Cat # 959759-902). The
auto-sampler and column were kept at 4 and 45 �C, respec-
tively. Mobile phase A was 0.1% acetic acid in Milli-Q
water. Mobile phase B contained 0.1% acetic acid in aceto-
nitrile/methanol (80:15, v/v). The flow gradient was as fol-
lows: mobile phase A started at 65%, decreased to 60% at
3 min, 52% at 4 min, 40% at 10 min, 30% at 20 min, 15%
at 24 min and 0% at 24.6 min, and maintained at 0% to
26.1 min. Mobile phase A was then increased to 65% at
26.1 min and held constant to 28 min. The flow rate was

0.30 mL/min from 0 to 3 min, 0.25 mL/min from 3 to
24.6 min, 0.35 mL/min from 24.6 to 27.3 min, and
0.30 mL/min from 27.3 to 28.0 min.

Data and Statistical Analysis

Peaks were analyzed using Agilent MassHunter Quantita-
tive Analysis B.08.00. Peaks above a signal-to-noise
ratio of 3 were manually integrated. Analyte amounts per
sample were determined after correcting for the response
factor of sample peak areas with an external standard curve
and adjusting for extraction losses with the deuterated sur-
rogate standards. Deuterated standard recoveries were cal-
culated by dividing the peak area of the surrogate standards
in the sample extract by the peak area of pure surrogate
standards dissolved in methanol, and multiplying by 100.
The analyte amount was normalized to the wet weight of
cream and pellets or to the volume of skim milk. To com-
pare oxylipin concentrations among NL-bound, PL-bound,
and free oxylipins in each milk fraction, one-way analysis
of variance (ANOVA) followed by Newman–Keuls test
was applied per milk fraction if oxylipins were present in
all three pools (PL, NL, and free). An unpaired t-test was
used for oxylipins detected in two out of the three lipid
pools. Data were analyzed using R v3.5.1 (https://www.R-
project.org).

Results

The mass percent of components in the pooled human milk
is presented in Table 1. As shown, the pooled milk con-
tained 4.9% fat, 0.9% protein, and 7.1% lactose, consistent
with previous data (Jenness, 1979).
The surrogate standard recovery from all three milk fractions

is presented in Supplementary Table S3. As expected, the sur-
rogate recovery of d4-PGE2 following base hydrolysis was
zero due to degradation. The surrogate recoveries from three
milk fractions ranged from 28.5 to 307.9%, 85.8 to 206.2%,
and 61.2 to 166.4% in free, NL, and PL pools, respectively.
The high recovery of d4-TXB2 (307.9%) in cream-free fraction
is likely due to ion enhancement, which reflects the pres-
ence of molecules in the matrix that elute and fragment in a
similar manner as d4-TXB2. Notably, however, d4-TXB2 is
used as a surrogate standard for TXB2 only, which was not
detected in any of the milk lipid fractions assayed in this study.
Esterified and free oxylipin concentrations in milk

cream, cell pellet, and skim fractions are shown in Tables 2–
4, respectively. Concentration data are expressed as
mean ± standard deviation (SD) in pmol/mg of cream or
pellet, or in pmol/ml of skim milk.
Out of 72 oxylipins targeted by dMRM on UPLC-MS/

MS (Supplementary Table S2), 42, 29, and 41 free or

Table 1 Mass percent of components in pooled human milk (%m/m;
n = 2 measurements from a pooled milk sample)

Measurement Fat Protein Lactose Solids

1 4.922 0.879 7.1245 13.204

2 4.924 0.908 7.1463 13.204

Mean 4.923 0.894 7.1354 13.204
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Table 2 Concentrations of esterified and free oxylipins in human milk cream (mean ± SD, pmol/mg wet weight; n = 3 per lipid fraction)

Precursor Compound Esterified NL Esterified PL Free p-valuea

LNA (18:2n-6) 9-HODE 4.43 � 0.24A 0.77 � 0.03B 5.56 � 1.78A 0.003

13-HODE 4.51 � 0.42A 0.98 � 0.10B 3.55 � 1.18A 0.002

9-oxo-ODE 6.89 � 0.88A 0.53 � 0.07B 5.16 � 1.35A <0.001

13-oxo-ODE 18.20 � 3.10A 1.50 � 0.43B 7.39 � 1.60C <0.001

9(10)-EpOME 13.06 � 3.15A 1.37 � 0.22B 2.38 � 0.80B <0.001

12(13)-EpOME 35.60 � 8.24A 3.52 � 0.72B 5.70 � 1.95B <0.001

9,10-DiHOME 0.14 � 0.02A 0.05 � 0.02A 0.25 � 0.08B 0.008

12,13-DiHOME 0.17 � 0.01A 0.06 � 0.02A 0.53 � 0.17B 0.003

9,10,13-TriHOME NQ NQ 0.46 � 0.19 NA

9,12,13-TriHOME NQ NQ 0.51 � 0.22 NA

DGLA (20:3n-6) 15(S)-HETrE ND ND 0.02 � 0.005 NA

ARA (20:4n-6) 5-HETE 0.24 � 0.02 ND 0.28 � 0.09 NS

8-HETE ND ND 0.02 � 0.01 NA

11-HETE 0.05 � 0.001 ND 0.03 � 0.01* 0.019

12-HETE ND ND 0.03 � 0.01 NA

15-HETE 0.10 � 0.01 ND 0.04 � 0.02* 0.011

20-HETE ND ND 0.07 � 0.02 NA

5-oxo-ETE ND ND 0.19 � 0.06 NA

12-oxo-ETE 0.03 � 0.05 ND 0.02 � 0.02 NS

15-oxo-ETE ND ND 0.15 � 0.05 NA

5(6)-EpETrE 0.28 � 0.03A 0.03 � 0.01B 0.12 � 0.04C <0.001

8(9)-EpETrE 0.16 � 0.04 ND 0.03 � 0.01* 0.004

11(12)-EpETrE 0.40 � 0.01A 0.05 � 0.02B 0.02 � 0.01B <0.001

14(15)-EpETrE 1.25 � 0.20A 0.12 � 0.07B 0.04 � 0.02B <0.001

5,6-DiHETrE 0.02 � 0.03 ND 0.04 � 0.01 NA

8,9-DiHETrE ND ND 0.01 � 0.003 NA

11,12-DiHETrE ND ND 0.01 � 0.003 NA

14,15-DiHETrE ND ND 0.01 � 0.002 NA

ALA (18:3n-3) 9-HOTrE 0.22 � 0.03 ND 0.27 � 0.08 NS

13-HOTrE 0.22 � 0.05 ND 0.18 � 0.05 NS

EPA (20:5n-3) 5-HEPE 0.15 � 0.01 ND 0.08 � 0.03* 0.018

8-HEPE ND ND 0.01 � 0.002 NA

12-HEPE ND ND 0.01 � 0.004 NA

15-HEPE ND ND 0.02 � 0.01 NA

14(15)-EpETE 0.19 � 0.02 ND 0.01 � 0.004* <0.001

17(18)-EpETE 2.20 � 0.19 ND 0.17 � 0.06* <0.001

14,15-DiHETE ND ND 0.03 � 0.01 NA

17,18-DiHETE ND ND ND NA

DHA (22:6n-3) 7(8)-EpDPE 0.18 � 0.03 ND 0.01 � 0.003 NA

10(11)-EpDPE 0.18 � 0.01 0.005 � 0.01 0.03 � 0.01 NA

13(14)-EpDPE 0.31 � 0.11 0.04 � 0.04 0.02 � 0.004 NA

16(17)-EpDPE 0.37 � 0.09 ND 0.01 � 0.003* 0.003

19(20)-EpDPE 0.43 � 0.06 ND 0.01 � 0.005* <0.001

Capital alphabets in superscripts indicate significant differences between the groups by Newman–Keuls post-hoc test; asterisk (*) indicates signif-
icant differences between the groups by unpaired t-test.

NA, not applicable; ND, not detected; NQ, not quantifiable in NL and PL due to degradation of the deuterated standard (d4-PGE2) used to quan-
tify them during hydrolysis; NS, not significant (p-value > 0.05).
ap-value of ANOVA for three groups or unpaired t-test for two groups.
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Table 3 Concentrations of esterified and free oxylipins in human milk pellet (mean ± SD, pmol/mg wet weight; n = 3 per lipid fraction)

Precursor Compound Esterified NL Esterified PL Free p-valuea

LNA (18:2n-6) 9-HODE 0.64 � 0.20A 0.23 � 0.23B 1.17 � 0.11C 0.003

13-HODE 0.80 � 0.20 0.35 � 0.36 0.78 � 0.06 NS

9-oxo-ODE 3.42 � 1.18A 0.79 � 0.72B 2.98 � 0.35A 0.017

13-oxo-ODE 9.16 � 3.62A 1.85 � 1.86B 3.26 � 0.50B 0.020

9(10)-EpOME 22.87 � 11.69A 0.99 � 0.89B 5.98 � 1.69B 0.018

12(13)-EpOME 50.67 � 26.59A 2.64 � 2.53B 14.17 � 3.77B 0.022

9,10-DiHOME 0.03 � 0.02 ND 0.04 � 0.01 NA

12,13-DiHOME 0.04 � 0.01 ND 0.07 � 0.01 NA

9,10,13-TriHOME NQ NQ 0.11 � 0.02 NA

9,12,13-TriHOME NQ NQ 0.12 � 0.03 NA

DGLA (20:3n-6) 15(S)-HETrE ND ND ND NA

ARA (20:4n-6) 5-HETE 0.03 � 0.01 0.06 � 0.06 0.05 � 0.01 NS

8-HETE ND ND ND NA

11-HETE ND 0.02 � 0.02 0.01 � 0.001 NS

12-HETE ND ND ND NA

15-HETE ND ND ND NA

20-HETE ND ND ND NA

5-oxo-ETE ND ND ND NA

12-oxo-ETE 0.01 � 0.01 ND ND NS

15-oxo-ETE 0.02 � 0.03 ND ND NA

5(6)-EpETrE 0.05 � 0.02 0.03 � 0.03 0.04 � 0.01 NS

8(9)-EpETrE 0.08 � 0.02 ND 0.03 � 0.01* 0.015

11(12)-EpETrE 0.13 � 0.06 0.04 � 0.04 0.04 � 0.01 NS

14(15)-EpETrE 0.23 � 0.12 0.10 � 0.10 0.05 � 0.01 NS

5,6-DiHETrE 0.05 � 0.03 ND ND NA

8,9-DiHETrE ND ND ND NA

11,12-DiHETrE ND ND ND NA

14,15-DiHETrE ND ND ND NA

ALA (18:3n-3) 9-HOTrE 0.03 � 0.01 ND 0.06 � 0.01* 0.006

13-HOTrE 0.03 � 0.01 ND 0.04 � 0.01 NS

EPA (20:5n-3) 5-HEPE ND ND ND NA

8-HEPE ND ND ND NA

12-HEPE ND ND ND NA

15-HEPE ND ND ND NA

14(15)-EpETE 0.04 � 0.02 ND ND NA

17(18)-EpETE 0.44 � 0.27 ND ND NA

14,15-DiHETE ND ND ND NA

17,18-DiHETE ND ND ND NA

DHA (22:6n-3) 7(8)-EpDPE 0.06 � 0.03 ND ND NA

10(11)-EpDPE 0.05 � 0.02 ND 0.01 � 0.002 NA

13(14)-EpDPE 0.06 � 0.03 0.004 � 0.01 0.01 � 0.002 NA

16(17)-EpDPE 0.07 � 0.04 0.003 � 0.01 ND NA

19(20)-EpDPE 0.06 � 0.02 ND 0.01 � 0.002* 0.032

Capital alphabets in superscripts indicate significant differences between the groups by Newman–Keuls post-hoc test; asterisk (*) indicates signif-
icant differences between the groups by unpaired t-test.

NA, not applicable; ND, not detected; NQ, not quantifiable in NL and PL due to degradation of the deuterated standard (d4-PGE2) used to quan-
tify them during hydrolysis; NS, not significant (p-value > 0.05).
ap-value of ANOVA for three groups or unpaired t-test for two groups.
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Table 4 Concentrations of esterified and free oxylipins in human skim milk (mean ± SD, pmol/mL; n = 3 per lipid fraction)

Precursor Compound Esterified NL Esterified PL Free p-valuea

LNA (18:2n-6) 9-HODE 26.51 � 1.25A 1.33 � 0.08B 41.88 � 1.38C <0.001

13-HODE 18.61 � 0.16A 1.81 � 0.02B 19.60 � 0.73C <0.001

9-oxo-ODE 36.07 � 1.95A 3.53 � 0.20B 96.65 � 8.42C <0.001

13-oxo-ODE 76.99 � 5.61A 4.31 � 0.26B 51.28 � 8.31C <0.001

9(10)-EpOME 71.06 � 3.11A 7.05 � 3.75B 21.34 � 2.87C <0.001

12(13)-EpOME 170.12 � 6.52A 16.16 � 9.14B 65.11 � 9.40C <0.001

9,10-DiHOME 3.41 � 0.30A 0.08 � 0.02B 13.32 � 0.69C <0.001

12,13-DiHOME 4.70 � 0.48 0.07 � 0.08 24.00 � 1.97 NA

9,10,13-TriHOME NQ NQ 149.62 � 7.64 NA

9,12,13-TriHOME NQ NQ 153.19 � 5.37 NA

DGLA (20:3n-6) 15(S)-HETrE 0.07 � 0.01 ND ND NA

ARA (20:4n-6) 5-HETE 1.00 � 0.02A 0.42 � 0.09B 2.33 � 0.26C <0.001

8-HETE 0.08 � 0.07 ND 0.33 � 0.04 NA

11-HETE 0.14 � 0.02 0.11 � 0.01 0.12 � 0.02 NS

12-HETE ND ND 0.18 � 0.02 NA

15-HETE 0.28 � 0.01 0.27 � 0.02 0.26 � 0.06 NS

20-HETE ND ND ND NA

5-oxo-ETE ND ND 0.53 � 0.07 NA

12-oxo-ETE 0.27 � 0.16A 0.03 � 0.04B 0.02 � 0.01B 0.028

15-oxo-ETE ND ND 0.62 � 0.14 NA

5(6)-EpETrE 0.81 � 0.06A 0.49 � 0.25B 0.20 � 0.04B 0.007

8(9)-EpETrE 0.62 � 0.16A 0.32 � 0.06B 0.16 � 0.05B 0.004

11(12)-EpETrE 0.92 � 0.11A 0.81 � 0.41A 0.19 � 0.04B 0.022

14(15)-EpETrE 1.80 � 0.19A 1.92 � 1.06A 0.34 � 0.07B 0.038

5,6-DiHETrE 0.15 � 0.04 ND 0.44 � 0.01* <0.001

8,9-DiHETrE ND ND 0.12 � 0.01 NA

11,12-DiHETrE ND ND 0.13 � 0.002 NA

14,15-DiHETrE ND ND 0.16 � 0.02 NA

ALA (18:3n-3) 9-HOTrE 2.25 � 0.16 ND 4.46 � 0.08* <0.001

13-HOTrE 1.49 � 0.09 ND 2.07 � 0.12* 0.002

EPA (20:5n-3) 5-HEPE 0.54 � 0.02 ND 2.01 � 0.15* <0.001

8-HEPE ND ND 0.10 � 0.08 NA

12-HEPE ND ND ND NA

15-HEPE 0.33 � 0.06 ND 0.22 � 0.05 NS

14(15)-EpETE 0.37 � 0.01 ND ND NA

17(18)-EpETE 4.60 � 0.40 ND ND NA

14,15-DiHETE ND ND 1.10 � 0.06 NA

17,18-DiHETE ND ND 1.34 � 0.18 NA

DHA (22:6n-3) 7(8)-EpDPE 0.39 � 0.07 0.24 � 0.12 ND NS

10(11)-EpDPE 0.36 � 0.05A 0.26 � 0.14AB 0.12 � 0.002B 0.033

13(14)-EpDPE 0.36 � 0.08 0.34 � 0.19 0.16 � 0.02 NS

16(17)-EpDPE 0.42 � 0.03 0.37 � 0.17 ND NS

19(20)-EpDPE 0.44 � 0.07 0.57 � 0.32 0.09 � 0.03 NS

Capital alphabets in superscripts indicate significant differences between the groups by Newman–Keuls post-hoc test; asterisk (*) indicates signif-
icant differences between the groups by unpaired t-test.

NA, not applicable; ND, not detected; NQ, not quantifiable in NL and PL due to degradation of the deuterated standard (d4-PGE2) used to quan-
tify them during hydrolysis; NS, not significant (p-value > 0.05).
ap-value of ANOVA for three groups or unpaired t-test for two groups.
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bound oxylipins were detected in cream, cell, and skim
fractions, respectively (Tables 2–4). The identified
oxylipins were derived from alpha-linolenic acid (ALA,
18:3n-3), arachidonic acid (ARA, 20:4n-6), doco-
sahexaenoic acid (DHA, 22:6n-3), eicosapentaenoic acid
(EPA, 20:5n-3), dihomo-gamma-linolenic acid (DGLA,
20:3n-6), and linoleic acid (LNA, 18:2n-6).
In cream and pellet, PUFA-derived oxylipins were sig-

nificantly higher in NL by approximately 8–11 fold and
two-fold than in PL and free pools, respectively (Tables 2
and 3). Additionally, a few oxylipins were significantly
higher by 2–9 fold in free compared to PL pools in cream
and pellet (Tables 2 and 3).
In skim fraction, PUFA-derived epoxides were signifi-

cantly higher by 2–4 fold in NL and in some cases, PL,
compared to the free pool (Table 4). Other oxylipins, partic-
ularly hydroxylated compounds, were significantly higher
by 5% for 13-hydroxyoctadecadienoic acid (13-HODE),
and by 5 to 31 fold for 5-hydroxyeicosatetraenoicacid (5-
HETE) and 9-HODE, in the free fraction, compared to NL
or PL (when detected there).
To better visualize the distribution of oxylipins in human

milk, the sum of oxylipins in each fraction from each PUFA
precursor was calculated and plotted (Fig. 1). As shown,
NL-bound oxylipins constituted the majority of oxylipins in
cream (68.0%) and cell pellet (71.2%), followed by free
oxylipins (25.1% in cream and 23.1% in cell pellet) and PL-
bound oxylipins (6.8% in cream and 5.7% incell pellet). Free
oxylipins were the main species found in skim milk
(59.9%), followed by NL (36.6%)- and PL (3.5%)- bound
oxylipins. Quantitatively, in cream, there were 90.0 pmol/mg
oxylipins in NL, 33.5 pmol/mg in the free pool, and

9.0 pmol/mg in PL. In cell pellet, there were 89.0 pmol/mg
oxylipins in NL, 29.0 pmol/mg free oxylipins and 7.1 pmol/mg
oxylipins in PL. In skim milk, oxylipin concentrations were
653.8 pmoL/mL, 425.2 pmoL/mL and 40.5 pmol/m in free,
NL, and PL pools, respectively.
The most abundant oxylipins in all milk fractions were

derived from LNA. They ranged from 84.8% to 98.8% of
NL-bound, PL-bound, and free oxylipins in each milk frac-
tion (Fig. 1b). ARA-derived oxylipins were the second
most abundant in milk fractions, ranging from 0.7% to
10.8%. NL, PL, and free EPA metabolites ranged between
0% to 2.8% in milk fractions. ALA metabolites ranged from
0 to 1.3%. DHA metabolites ranged from 0.1% to 4.4%.
DGLA metabolites were found only in the free pool of
cream (0.05%) and in NL of skim milk (0.02%).

Discussion

This study demonstrated that the majority of oxylipins in
human milk cream and cell pellet are bound to NL. PUFA-
derived hydroxy metabolites in skim fraction were mostly
unbound (free), whereas other oxylipin species (epoxides)
were bound to NL or PL. The findings highlight the pres-
ence of a turnover pathway guiding oxylipin esterification
and release within each milk fraction. Our data suggest that
this pathway favors esterification of free oxylipins into NL
of cream, pellet, and to some extent, skim fractions.
Oxidized LNA metabolites were the dominant oxylipin

species (>85%) in all milk fractions. The high abundance
of LNA-species is in general agreement with prior studies
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Fig 1 Oxylipin distribution in cream, cell pellet, and skim fractions of human milk (n = 3 per lipid fraction). Concentrations (a) and percentage
(b) of oxylipins esterified to NL, esterified to PL and in free form are presented
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in whole or skim milk. LNA-derived oxylipins were highly
abundant in human whole milk pooled from 17 donors
(Pitino et al., 2019) and in skim milk provided by a donor
at 7 months of lactation (Wu et al., 2016). The high con-
centration of LNA-derived oxylipins is possibly due to a 3-
fold increase in LNA in modern industrialized diets com-
pared to pre-industrial times, and the propensity of human
milk to accumulate dietary LNA (Blasbalg et al., 2011;
Whelan, 2008). Consistent with the increase in dietary
LNA intake, the composition of LNA in breast milk from
US women has increased from 6–7% to 15–16% of total
fatty acids between 1945 and 1995 (Ailhaud and
Guesnet, 2004). A study published in 2006 showed that
LNA composition of mature human breast milk was 15%
of total fatty acids (Yuhas et al., 2006).
Little is known about the role of variations in breast milk

LNA or its oxidized metabolites on infant development. A
recent study found that LNA and its metabolite, 13-HODE,
increased axonal outgrowth in female and male cortical
neurons of rat pups, respectively (Hennebelle et al., 2019).
LNA-derived oxylipins accounted for approximately 50%
of detected oxylipins in the brains of 1-day-old pups,
although it is not known whether excess LNA in breast
milk would further increase these levels during lactation
(Hennebelle et al., 2019).
Concentrations of free oxylipins were higher compared

to NL- and PL- bound oxylipins in skim milk, while NL-
bound oxylipins were more concentrated than free and PL-
bound oxylipins in milk cream and cell pellets (Fig. 1a). In
rat plasma and brain, the esterified oxylipin pool has been
shown to serve as a reservoir for the release of free
oxylipins, the bioactive form that influences cellular func-
tions (Otoki et al., 2020; Shearer and Newman, 2008; Taha
et al., 2018). Thus, human milk can be viewed as a
dynamic signal delivery system containing esterified and
free bioactive lipids. Recent studies revealed that bioactive
peptides that are encrypted in human milk proteins can be
released by proteolytic enzymes upon pH activation during
infant digestion (Gan et al., 2019b; Gan et al., 2019c). A
similar, enzyme-based release mechanism for the controlled
delivery of bioactive human milk lipids may exist within
the gut of infants.
Lipid digestion within infants is facilitated by gastric

lipase, bile salt-stimulated lipase, and pancreatic lipase-
related protein 2 in both the milk and infant (Lindquist and
Hernell, 2010). Enzyme accessibility and hydrolysis kinet-
ics are mediated by the structure of milk (Bourlieu
et al., 2015). It is proposed that the esterification and locali-
zation of oxylipins in human milk is a key factor that con-
trols the release of bioactive oxylipins during feeding and
during digestion. Further assessment of the dynamics of
oxylipin distribution in human milk in response to changes
in infant digestion would elucidate the health implications

of lipid signaling systems in infants. Additionally, the
physiological relevance of bound and unbound milk
oxylipins in infants remains to be examined.
In many cases, concentrations of PL-bound oxylipins

were lower than concentrations of NL-bound and free
oxylipins in milk cream, cell pellet, and skim fractions.
This is consistent with the fact that milk is high in NL in
the form of triacylglycerols (Wei et al., 2019; Yuan et al.,
2019), which could provide the necessary backbone for
oxylipin esterification.
In conclusion, targeted UPLC-MS/MS analysis revealed

the presence of PUFA-derived oxylipins in free and esteri-
fied lipids of human milk cream, cell pellet, and skim frac-
tions. NL-bound oxylipins were more concentrated than
unesterified oxylipins in milk cream and cell pellets. NL-
bound epoxides were also more concentrated in skim frac-
tion, whereas other oxylipins were mostly in the free pool.
Oxylipins were least abundant in PL across all milk frac-
tions analyzed. Over 84.8% of free and esterified oxylipins
were derived from LNA in all milk fractions. Other
oxylipins were derived from ARA, ALA, DHA, EPA, and
DGLA. The heterogeneous distribution of oxylipins in dif-
ferent fractions of human milk offers a potential mechanism
for regulating the targeted release of bioactive signaling
molecules within infants.

Acknowledgements The authors appreciate all the women who
generously donated milk to this research. We would like to acknowl-
edge Bianca Teixeira for assisting in oxylipin extractions and Shiva
Emami for helping with result calculations. This work was supported
by the United States National Institutes of Health [grant numbers
AT007079, AT008759]; the UC Davis Jastro-Shields Research Schol-
arship to J.G.; and the USDA National Institute of Food and Agricul-
ture, Hatch/Taha [project number 1008787].

Author Contributions

J.G., Z.Z., J.B.G. and A.Y.T. conceived the study. J.G. collected the
human milk samples. K.K. conducted compositional analysis of
human milk. J.G. and Z.Z. performed human milk fractionation,
oxylipin extraction, UPLC-MS/MS analysis and data analysis. J.G.
and Z.Z. drafted the manuscript with input from A.Y.T. and J.B.G.
All authors reviewed and approved the manuscript.

Conflicts of Interest

The authors declare no conflicts of interest.

References

Ailhaud, G., & Guesnet, P. (2004) Fatty acid composition of fats is an
early determinant of childhood obesity: A short review and an opin-
ion. Obesity Reviews, 5:21–26.

Lipids

Lipids (2020)



Alexandre-Gouabau, M.-C., Moyon, T., Cariou, V., Antignac, J.-P.,
Qannari, E. M., Croyal, M., … Boquien, C.-Y. (2018) Breast milk
lipidome is associated with early growth trajectory in preterm
infants. Nutrients, 10:164.

Arnardottir, H., Orr, S. K., Dalli, J., & Serhan, C. N. (2016) Human
milk proresolving mediators stimulate resolution of acute inflamma-
tion. Mucosal Immunology, 9:757–766.

Blasbalg, T. L., Hibbeln, J. R., Ramsden, C. E., Majchrzak, S. F., &
Rawlings, R. R. (2011) Changes in consumption of omega-3 and
omega-6 fatty acids in the United States during the 20th century.
The American Journal of Clinical Nutrition, 93:950–962.

Bourlieu, C., Menard, O., Bouzerzour, K., Mandalari, G.,
Macierzanka, A., Mackie, A. R., & Dupont, D. (2014) Specificity
of infant digestive conditions: Some clues for developing relevant
in vitro models. Critical Reviews in Food Science and Nutrition,
54:1427–1457.

Bourlieu, C., Menard, O., De La Chevasnerie, A., Sams, L.,
Rousseau, F., Madec, M. N., … Dupont, D. (2015) The structure of
infant formulas impacts their lipolysis, proteolysis and disintegra-
tion during in vitro gastric digestion. Food Chemistry, 182:
224–235.

Brans, G., Schroen, C., van der Sman, R. G. M., & Boom, R. M.
(2004) Membrane fractionation of milk: State of the art and chal-
lenges. Journal of Membrane Science, 243:263–272.

Gan, J., Siegel, J. B., & German, J. B. (2019a) Molecular annotation
of food – Towards personalized diet and precision health. Trends in
Food Science & Technology, 91:675–680.

Gan, J., Zheng, J., Krishnakumar, N., Goonatilleke, E.,
Lebrilla, C. B., Barile, D., & German, J. B. (2019b) Selective prote-
olysis of α-lactalbumin by endogenous enzymes of human milk at
acidic pH. Molecular Nutrition & Food Research, 63:1900259.

Gan, J., Robinson, R. C., Wang, J., Krishnakumar, N.,
Manning, C. J., Lor, Y., … German, J. B. (2019c) Peptidomic pro-
filing of human milk with LC–MS/MS reveals pH-specific proteol-
ysis of milk proteins. Food Chemistry, 274:766–774.

Harding, J. E., Cormack, B. E., Alexander, T., Alsweiler, J. M., &
Bloomfield, F. H. (2017) Advances in nutrition of the newborn
infant. Lancet, 389:1660–1668.

Hennebelle, M., Morgan, R. K., Sethi, S., Zhang, Z., Chen, H.,
Grodzki, A. C., … Taha, A. Y. (2019) Linoleic acid-derived metab-
olites constitute the majority of oxylipins in the rat pup brain and
stimulate axonal growth in primary rat cortical neuron-glia co-cul-
tures in a sex-dependent manner. Journal of Neurochemistry, 152:
195–207.

Jenness, R. (1979) The composition of human milk. Seminars in Peri-
natology, 3:225–239.

Lahvic, J. L., Ammerman, M., Li, P., Blair, M. C., Stillman, E. R.,
Fast, E. M., … Zon, L. I. (2018) Specific oxylipins enhance verte-
brate hematopoiesis via the receptor GPR132. Proceedings of the
National Academy of Sciences of the United States of America,
115:9252–9257.

Lindquist, S., & Hernell, O. (2010) Lipid digestion and absorption in
early life: An update. Current Opinion in Clinical Nutrition and
Metabolic Care, 13:314–320.

Obinata, H., Hattori, T., Nakane, S., Tatei, K., & Izumi, T. (2005)
Identification of 9-hydroxyoctadecadienoic acid and other oxidized
free fatty acids as ligands of the G protein-coupled receptor G2A.
The Journal of Biological Chemistry, 280:40676–40683.

Otoki, Y., Metherel, A. H., Pedersen, T., Yang, J., Hammock, B. D.,
Bazinet, R. P., … Taha, A. Y. (2020) Acute Hypercapnia/Ischemia

Alters the Esterification of Arachidonic acid and Docosahexaenoic
acid epoxide metabolites in rat brain neutral lipids. Lipids, 55:7–22.

Pitino, M. A., Alashmali, S. M., Hopperton, K. E., Unger, S.,
Pouliot, Y., Doyen, A., … Bazinet, R. P. (2019) Oxylipin concen-
tration, but not fatty acid composition, is altered in human donor
milk pasteurised using both thermal and non-thermal techniques.
British Journal of Nutrition, 122(1), 1–9.

Ramsden, C. E., Ringel, A., Majchrzak-Hong, S. F., Yang, J.,
Blanchard, H., Zamora, D., … Taha, A. Y. (2016) Dietary linoleic
acid-induced alterations in pro- and anti-nociceptive lipid autacoids:
Implications for idiopathic pain syndromes? Molecular Pain, 12:
174480691663638.

Robinson, D. T., Palac, H. L., Baillif, V., Van Goethem, E.,
Dubourdeau, M., Van Horn, L., & Martin, C. R. (2017) Long chain
fatty acids and related pro-inflammatory, specialized pro-resolving
lipid mediators and their intermediates in preterm human milk dur-
ing the first month of lactation. Prostaglandins, Leukotrienes, and
Essential Fatty Acids, 121:1–6.

Salentinig, S., Phan, S., Hawley, A., & Boyd, B. J. (2015) Self-assem-
bly structure formation during the digestion of human breast milk.
Angewandte Chemie International Edition, 54:1600–1603.

Shearer, G. C., & Newman, J. W. (2008) Lipoprotein lipase releases
esterified oxylipins from very low-density lipoproteins. Prostaglan-
dins, Leukotrienes, and Essential Fatty Acids, 79:215–222.

Singh, H., & Gallier, S. (2017) Nature’s complex emulsion: The fat
globules of milk. Food Hydrocolloids, 68:81–89.

Smilowitz, J. T., Gho, D. S., Mirmiran, M., German, J. B., &
Underwood, M. A. (2014) Rapid measurement of human milk mac-
ronutrients in the neonatal intensive care unit: Accuracy and preci-
sion of Fourier transform mid-infrared spectroscopy. Journal of
Human Lactation, 30:180–189.

Taha, A. Y., Hennebelle, M., Yang, J., Zamora, D., Rapoport, S. I.,
Hammock, B. D., & Ramsden, C. E. (2018) Regulation of rat
plasma and cerebral cortex oxylipin concentrations with increasing
levels of dietary linoleic acid. Prostaglandins, Leukotrienes, and
Essential Fatty Acids, 138:71–80.

Wei, W., Yang, J., Yang, D., Wang, X., Yang, Z., Jin, Q., …
Wang, X. (2019) Phospholipid composition and fat globule struc-
ture I: Comparison of human Milk fat from different gestational
ages, lactation stages, and infant formulas. Journal of Agricultural
and Food Chemistry, 67:13922–13928.

Weiss, G. A., Troxler, H., Klinke, G., Rogler, D., Braegger, C., &
Hersberger, M. (2013) High levels of anti-inflammatory and pro-
resolving lipid mediators lipoxins and resolvins and declining doco-
sahexaenoic acid levels in human milk during the first month of lac-
tation. Lipids in Health and Disease, 12:89.

Whelan, J. (2008) The health implications of changing linoleic acid
intakes. Prostaglandins, Leukotrienes, and Essential Fatty Acids,
79:165–167.

Wu, J. F., Gouveia-Figueira, S., Domellof, M., Zivkovic, A. M., &
Nording, M. L. (2016) Oxylipins, endocannabinoids, and related
compounds in human milk: Levels and effects of storage condi-
tions. Prostaglandins & Other Lipid Mediators, 122:28–36.

Yuan, T., Qi, C., Dai, X., Xia, Y., Sun, C., Sun, J., … Wang, X.
(2019) Triacylglycerol composition of breast milk during different
lactation stages. Journal of Agricultural and Food Chemistry, 67:
2272–2278.

Yuhas, R., Pramuk, K., & Lien, E. L. (2006) Human milk fatty acid
composition from nine countries varies most in DHA. Lipids, 41:
851–858.

Lipids

Lipids (2020)


	 Distribution of Free and Esterified Oxylipins in Cream, Cell, and Skim Fractions of Human Milk
	Introduction
	Material and Methods
	Human Milk Collection
	Compositional Analysis of Human Milk
	Human Milk Fractionation
	Free Oxylipin Extraction
	Neutral Lipid and Phospholipid Oxylipin Extraction
	Oasis HLB Solid Phase Purification of Free and Hydrolyzed Oxylipins
	UPLC-MS/MS Analysis
	Data and Statistical Analysis

	Results
	Discussion
	Acknowledgements
	Author Contributions
	Conflicts of Interest
	References




