
Citation: Furlan Gonçalves Dias, F.;

Teixeira, B.F.; Vieira, T.M.F.d.S.; de

Moura Bell, J.M.L.N.; Taha, A.Y.

Storage Duration and Added

Docosahexaenoic Acid Modify the

Rates of Esterified and Free Oxylipin

Formation in Infant Milk Formula.

Processes 2023, 11, 3045. https://

doi.org/10.3390/pr11103045

Academic Editor: Agnieszka

Zgoła-Grześkowiak
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Abstract: Infant milk formulas often contain docosahexaenoic acid (DHA), a highly unsaturated
fatty acid that is prone to oxidation. Previously, we reported in oil that the esterified lipid pool is
more prone to lipid oxidation than the free pool. However, it is unknown whether added DHA
modifies lipid oxidation in infant formula. In the present study, we quantified lipid oxidation
rates in infant milk formula containing canola oil (F1) or canola oil supplemented with DHA-ethyl
ester (F2). Lipid oxidation kinetics were determined by quantifying esterified and free oxylipins
using liquid chromatography-tandem mass spectrometry (LC-MS/MS) during storage for 21 days
at 4 ◦C. Esterified oxylipins increased in concentration within 3 and 7 days of storage in F2 (with
DHA) and F1, respectively. Free oxylipins appeared 7 and 14 days later in F2 and F1, respectively.
The kinetic estimates revealed that esterified oxylipins formed at a faster rate in both formulas
compared to free oxylipins. Surprisingly, in F2 (which contains DHA), the rates of formation of both
esterified and free linoleic acid and alpha-linolenic acid-derived oxylipins were higher than in F1.
This study demonstrated that in food systems, DHA promotes the oxidation of other PUFAs, and
that triacylglycerol/esterified lipids are preferentially oxidized over free fatty acids, highlighting the
role of triacylglycerols in lipid oxidation.

Keywords: oxylipins; infant milk formula; lipid oxidation; LC-MS/MS

1. Introduction

Infant milk formulas are currently used as an alternative to human milk [1,2]. There-
fore, they represent the sole source of nutrition for a considerable number of infants during
their initial months of life. [2]. Infant formulas available in the United States exhibit slight
variations in nutrient composition; nevertheless, they are required to adhere to the Infant
Formula Act which is projected through the FDA’s specified minimum and maximum
nutrient composition guidelines for essential components such as protein (1.4–2.2%), carbo-
hydrates (6–10%), fats (3–4%), vitamins, and minerals [2–4]. These mandatory standards
are meant to ensure that infant formulas provide essential nutrients in quantities that align
with the nutritional needs of growing infants [2,5].

The lipid base in infant formulas is typically derived from bovine milk, vegetable oils,
or fish oils. Thus, lipids in infant formula can be rich in polyunsaturated fatty acids (PUFAs)
and often contain long-chain polyunsaturated fatty acids (LC-PUFAs) such as omega-3
docosahexaenoic acid (DHA, 22:6n–3) [1,3,6], which may make infant milk formulas highly
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susceptible to lipid oxidation. PUFAs can undergo free radical or singlet oxygen auto-
oxidation to generate hydroperoxides, which can transform to more stable compounds such
as hydroxy, ketone, or epoxy PUFAs, known as oxylipins or primary oxidation products [7].
Oxylipins can auto-degrade into secondary volatile compounds, which can result in off-
flavor and reduced product shelf life [8,9].

There are two proposed mechanisms by which lipid oxidation is thought to occur
in food. The first involves the hydrolytic release of fatty acids from phospholipids or
triglycerides, resulting in free fatty acids (FFAs), which can oxidize to form oxylipins.
The second involves the direct oxidation of triglycerides. Recently, we reported that
triglycerides are indeed the primary substrates for lipid oxidation in thermally treated
oil [10]. Although the hydrolytic release of FFAs was rapid, FFAs oxidized up to 265 times
slower compared to triglycerides (i.e., esterified lipids) [10]. Studies in our lab have also
shown that the majority (>95%) of oxylipins in oil, bovine milk, and human breast milk
are esterified within triglycerides or phospholipids, further confirming that lipid oxidation
primarily occurs in esterified lipid pools [10–12].

Our prior studies involved measuring free and esterified oxylipins in intact food
matrices or thermally treated oil. However, two unknowns remain unsettled. First, the
effects of storage on the rates of free and esterified oxylipin formation have not been
determined. This is a critical knowledge gap to address, because if the hypothesis that
esterified lipids are the primary substrates for lipid oxidation is true, then it is expected
that esterified oxylipins preferentially form over free oxylipins under storage conditions
that do not involve accelerated oxidation (i.e., via thermal treatment). Second, it has always
been assumed that longer-chain fatty acids such as omega-3 docosahexaenoic acid (DHA)
are more susceptible to oxidation than shorter-chain fatty acids such as alpha-linolenic
acid (ALA) [13]. However, this assumption has yet to be validated by the use of modern
mass-spectrometry techniques that quantify oxylipins derived from ALA and DHA.

In the present study, we evaluated the kinetics of free and esterified oxylipin formation
in infant milk formula containing canola oil, with and without DHA, as the lipid base.
Because of the high perishability of liquid milk formula, the samples were stored under
refrigeration for 21 days and collected on Days 0 (baseline), 1, 3, 7, 14, and 21. We hypothe-
sized that storage would lead to a faster oxidation of esterified lipids than FFAs and that
the DHA-containing milk formula would oxidize faster [14]. Recently, we reported the
progression of only free oxylipin generation in infant milk samples [15]. In the present
study, we measured esterified oxylipins and applied kinetic modeling on both the free and
esterified oxylipin pools to determine the preferred substrate for lipid oxidation, as well as
the impact of lipid composition on free and esterified oxylipin kinetics.

2. Materials and Methods
2.1. Infant Milk Formula Samples

Infant formulas were prepared using instant nonfat dry milk, canola oil, lecithin, mal-
todextrin, and docosahexaenoic acid ethyl ester (DHA-EE) as the formulation ingredients
(Supplementary Table S1 contains the full list of ingredients and materials used in this
paper). One formula was prepared using only canola oil (Formula (1)—no DHA), and the
other contained both canola oil and DHA-EE (Formula (2)—with DHA) as the primary
sources of lipids [15]. Formulas were prepared in accordance with the requirements for
infant formula macronutrient composition [5] by mixing maltodextrin (8% weight), milk
protein concentrate (1.3% weight), lipids (4% weight), lecithin (0.01% weight), and water
(89.69% weight), as described in Table 1. The 4% lipid base contained 100% canola oil in For-
mula (1), whereas Formula (2) had 99.7% canola oil and 0.3% DHA-EE. The concentration
of DHA in infant formula was based on the average content of DHA found in human milk,
which is typically around 0.3% of total lipids [1]. The selection and use of the DHA-EE
form was due to its higher shelf life and stability in comparison with the FFA form [16].

The mixture was homogenized in a Polytron (Kinematica, Bohemia, NY, USA) for
5 min at 20,000 rpm. A total of 2 L was prepared, separated in 500 mL, and stored at 4 ◦C
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for 21 days. Each formula was aliquoted at 0 (baseline), 1, 3, 7, 14, and 21 days (n = 3 per
formula per time point). Aliquots (1 mL) were stored at −80 ◦C in 2 mL centrifuge tubes
until further analysis.

Table 1. Infant milk formulas’ compositions.

Composition (%)

Ingredient (%) Water Lipid Maltodextrin Milk Protein Concentrate Lecithin

Formula (1) 86.69 4 (100% canola oil) 8 1.3 0.01
Formula (2) 86.69 4 (99.7% canola and 0.3% DHA ethyl ester 8 1.3 0.01

2.2. Oxylipins Quantification
2.2.1. Folch Extraction

A total of 200 µL of each milk formula was mixed with 3.0 mL of 2:1 (v/v) chloro-
form/methanol containing 0.002% (w/v) BHT. Then, 560 µL of 0.9% (w/v) NaCl solution
containing 1 mM Na2-EDTA, and 190 µL of water were added to the samples to achieve
chloroform/methanol/water ratio of 8:4:3. Samples were centrifuged at 740× g for 10 min
at 0 ◦C. The organic phase was collected in another tube, and chloroform (2 mL) was
added to the aqueous phase, which was then centrifuged. The two organic phases were
combined and dried under nitrogen. The samples were reconstituted in 200 µL of chloro-
form/methanol mixture (2:1 v/v).

2.2.2. Sample Preparation and Hydrolysis

Aliquots equivalent to 2 mg of total lipids of the extract were placed in a 2 mL
centrifuge tube and dried under nitrogen as described by Teixeira et al. [15]. Samples
were resuspended in 200 µL of ice-cold methanol containing 0.1% acetic acid and 0.1%
BHT, proceeded by the addition of 10 µL of an antioxidant solution containing 0.2 mg/mL
BHT, EDTA, and TPP in water/methanol mixture (1:1 v/v). The samples were spiked with
10 µL of surrogate standard mix solution containing 2 µM of d11-11(12)-EpETrE, d11-14,15-
DiHETrE, d4-6-keto-PGF1a, d4-9-HODE, d4-LTB4, d4-PGE2, d4-TXB2, d6- 20-HETE, and
d8-5-HETE in methanol. For the hydrolysis, 200 µL of a 0.25 M sodium hydroxide solution
was added to the mixture, which was then placed in a heating block at 60 ◦C for 30 min.
After 5 min of cooling time, 25 µL acetic acid and 1575 µL MilliQ water were added.

Solid-phase extraction (SPE) was performed to separate the hydrolyzed oxylipins
using an SPE cartridge (Waters Oasis HLB, Waters Corporation, Milford, CA, USA). The
SPE column clean-up was performed with ethyl acetate (2 mL) followed by 2 washes of
2 mL of methanol. SPE preconditioning was performed with 2 × 2 mL washes of aqueous
solution containing 0.1% acetic acid and 5% methanol. The hydrolyzed infant milk formula
sample extracts were poured onto the columns, washed with 4 mL of aqueous solution
containing 0.1% acetic acid and 5% methanol, and dried under vacuum for 20 min. Oxylipin
extracts were eluted from the column with 0.5 mL methanol and 1.5 mL ethyl acetate, dried
under nitrogen, and reconstituted in 100 µL LC-MS-grade methanol. The extracts were
then filtered using centrifugal filters (Ultrafree-MC VV 0.1 µm; Millipore Sigma, Burlington,
MA, USA) at 18,894× g for 5 min at 0 ◦C. The filtered samples were transferred to 2 mL
amber vials and stored at −80 ◦C until LC-MS/MS analysis.

2.2.3. Liquid Chromatography–Mass Spectrometry (LC-MS/MS) Analysis

Oxylipins derived from linoleic acid (LA), dihomo gamma linolenic acid (DGLA),
arachidonic acid (AA), ALA, eicosapentaenoic acid (EPA), and DHA were measured using
a 1290 Infinity ultra-high-pressure liquid chromatography (UHPLC) system coupled with a
6460 QqQ MS/MS with electrospray ionization (ESI) via Jet Stream Technology (Agilent
Technologies, Santa Clara, CA, USA). The separation of oxylipins was achieved using a
ZORBAX Eclipse Plus C18 column (inner diameter: 2.1 mm; length: 150 mm; particle size:
1.8 µm; Agilent Technologies, Santa Clara, CA, USA).
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The mobile phases consisted of the following: mobile phase A: 0.1% acetic acid in
ultrapure water; mobile phase B: acetonitrile/methanol (80:15, v/v) with 0.1% acetic acid.
The gradient program proceeded as follows: Mobile phase B was initially held at 35%,
increased to 40% at 3 min, 48% at 4 min, 60% at 10 min, 70% at 20 min, and 85% at 24 min.
At 24.6 min, it reached 100% and was then reduced to 35% at 26.1 min. The flow rate
was maintained at 0.3 mL/min from 0 to 3 min, reduced to 0.25 mL/min between 3 and
24.5 min, increased to 0.35 mL/min from 24.6 to 27.5 min, and then reduced to 0.3 mL/min
at 27.6 min. The total run time was 28 min. The injection volume was 10 µL per sample.

The analysis of oxylipins was conducted in negative ESI mode, with the drying gas
temperature set at 300 ◦C at a flow rate of 10 L/min, the sheath gas temperature at 350 ◦C
with a flow rate of 11 L/min, and a nebulizer pressure of 35 psi. For details on precursor
ions, product ions, fragmentor voltage, collision energy, and retention times, please refer to
Supplementary Table S2.

Surrogate recovery (%) was determined for each deuterated standard as follows
(Equation (1)):

Recovery (%) =
Asamples

Astandard mix
× 100 (1)

where Asamples is the average peak area of the deuterated standard in the sample and
Astandard mix is the average peak area of the deuterated standard in the oxylipin stan-
dard mix.

The matrix effect (ion suppression or enhancement) was determined using the post-
extraction addition protocol by comparing the response of the analytes of interest in a stan-
dard solution to that of a sample spiked with the analyte at the same concentration [17,18].
The equation is described as follows:

Matrix effect (%) =
Asample+standard mix

Astandard mix + Asample
× 100 (2)

where Asample+standard mix is the peak area of the mixture of 50 µL of sample spiked with
10 µL of standard mix after extraction, Astandard mix + Asample is the peak area of the mixture
of 10 µL of standard mix plus 50 µL of methanol, and Asample is the peak area of the mixture
of 50 µL of sample plus 10 µL of methanol. In this context, a matrix effect value below 100%
indicates ion suppression and a value greater than 100% indicates ion enhancement.

2.3. Kinetics Calculations

The concentration of esterified oxylipins was calculated as the difference between
total oxylipins (determined as described in Section 2.2) and free oxylipins determined as
described by Teixeira et al. [15]. Briefly, free oxylipins were extracted from the same infant
milk formula samples using methanol. The sample clean-up was performed as described in
Section 2.2.2, and the samples were analyzed by LC-MS/MS as described in Section 2.2.3.

The concentration and percentage of esterified oxylipins were calculated as indicated
below (Equations (3) and (4)):

Cesteri f ied oxylipins = Ctotal oxylipins − C f ree oxylipins (3)

Esteri f ied oxylipins (%) =
Cesteri f ied oxylipins

Ctotal oxylipins
× 100 (4)

where C is the concentration of esterified, total, or free oxylipins expressed in nmol L−1.
Oxylipin concentrations in each of the three pools (total, free, and esterified) were fit

to a linear model (best fit), and the velocity (v) or reaction rate over time was calculated as
follows (Equation (5)):

v =
dC
dt

= slope (5)

where v is the velocity (rate) of oxylipin formation in nmol·L−1·day−1, C is the oxylipin
concentration in nmol L−1, and t is the storage time in days (from 0 to 21 days). Because
the best-fit model was linear, the slope here represents the velocity of a zero-order reaction.
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2.4. Statistical Analysis

All data were expressed as mean ± standard deviation (SD) and were analyzed using
GraphPad Prism 8 (GraphPad Software, Inc., La Jolla, CA, USA). Three samples were
analyzed per formula per time point (there were six different time points per sample—0, 1,
3, 7, 14, and 21 days). Data were analyzed using a two-way repeated-measures analysis of
variance (ANOVA), where time is the repeated measure, and Formula ((1) vs. (2)) represents
the treatment. Dunnett’s post hoc test (p < 0.05) was used to compare the different time
points with baseline (Day 0). Differences between Formulas (1) and (2) for each storage day
were determined using an unpaired t-test (p < 0.05). Kinetic differences between the two
treatments and between free and esterified oxylipin velocities were analyzed by unpaired
t-test (p < 0.05).

3. Results and Discussion
3.1. Oxylipin Profile in Infant Milk Formula: Matrix Effect and Recovery

Ion suppression or enhancement due to matrix effects may impact the accuracy of
quantitative analysis for trace-level compounds and can therefore compromise the repro-
ducibility of the method [19]. As shown in Table 2, matrix effects in the Formula (1) samples
ranged from 87.5 to 103.6%, and matrix effects for the Formula (2) samples ranged from
86.3 to 102.0% (Table 2). Thus, matrix effects were minimal and within the acceptable range
of 80–120% (a value of 100% means no matrix effects) [20]. The recovery (%) values in
Formula (1) ranged from 76 to 93%, and for Formula (2), recovery values ranged from 74
to 89% (Table 3), which was also acceptable. The recovery values were not significantly
different for all the compounds in both formulas within the storage days (i.e., no statistical
difference between the control (Day 0) and the other storage days). Furthermore, no statis-
tical differences were observed in the recovery values between Formulas (1) and (2) within
each storage day. The relative standard deviation (RSD, %) of the recovery studies ranged
from 0.5 to 18% (Supplementary Table S3), which is also within acceptable ranges [18].

Table 2. Matrix effect (ion suppression (%) for total (free + esterified) oxylipins in infant milk formula
without DHA (Formula (1)) or with DHA (Formula (2)).

Compounds Ion Suppression (%)

LA-derived Formula (1) Formula (2)

9-HODE 92.6 88.7
13-HODE 91.8 89.9
9-oxo-ODE 87.5 93.9
13-oxo-ODE 91.1 102.9
9(10)-EpOME 89.8 93.6
12(13)-EpOME 88.7 88.2
9,10-DiHOME 98.3 94.8
12,13-DiHOME 87.9 86.3
9,10,13-TriHOME 91.4 91.4
9,12,13-TriHOME 92.4 92.8

ALA-derived

9-HOTrE 94.3 94.3
13-HOTrE 93.3 89.4

DHA-derived

10(11)EpDPE 94.0 93.7
13(14)EpDPE 95.6 92.9
16(17)-EpDPE 103.6 91
19(20)-EpDPE 91.7 93.3
17-HDoHE 90.5 101.7

Abbreviations: EpDPE (epoxydocosapentanoic acid), HDoHE (hydroxydocosahexaenoic acid), EpOME (epoxyoc-
tadecenoic acid), DiHOME (dihydroxyoctadecenoic acid), TriHOME (trihydroxyoctademonoenoic acid), HODE
(hydroxyoctadecadienoic acid), oxo-ODE (oxo-octadecadienoic acid), HOTrE (hydroxyoctadecatrienoic acid).
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Table 3. Recovery (%) of total (free + esterified) oxylipins oxidized fatty acid in infant milk Formulas (1) and (2).

Compounds Day 0 Day 01 Day 03 Day 07 Day 14 Day 21

LA-derived F1 F2 F1 F2 F1 F2 F1 F2 F1 F2 F1 F2

9-HODE 88.95 ± 2.69 80.58 ± 6.73 83.17 ± 5.45 79.23 ± 3.86 85.28 ± 8.65 78.77 ± 9.16 84.91 ± 2.65 86.35 ± 0.55 86.2 ± 4.81 77.37 ± 13.44 88.33 ± 2.06 80.1 ± 4.92
13-HODE 86.95 ± 2.69 81.58 ± 3.73 83.17 ± 5.45 79.23 ± 3.86 85.28 ± 8.65 78.77 ± 10.16 84.91 ± 2.65 86.35 ± 0.55 86.2 ± 4.81 78.37 ± 9.44 88.33 ± 2.06 80.29 ± 4.92

9-oxo-ODE 82.16 ± 3.48 76.11 ± 6.3 76.89 ± 4.33 79.16 ± 5.33 82.94 ± 4.80 73.8 ± 8.28 85.09 ± 6.72 85.05 ± 4.85 83.37 ± 2.61 78.73 ± 8.02 85.77 ± 0.65 84.38 ± 4.12
13-oxo-ODE 84.91 ± 8.23 78.35 ± 6.15 76.89 ± 4.33 77.33 ± 5.2 89.24 ± 16.91 75.13 ± 8.09 85.09 ± 6.72 83.08 ± 4.73 85.75 ± 2.49 77.04 ± 7.6 85.77 ± 0.65 82.43 ± 4.02

12(13)-EpOME 76.6 ± 7.020 75.91 ± 4.56 77.48 ± 6.90 79.42 ± 7.27 75.66 ± 7.28 72.21 ± 4.21 78.97 ± 1.35 80.08 ± 0.46 82.7 ± 4.50 78.87 ± 8.07 83.9 ± 6.62 78.02 ± 2.84
9(10)-EpOME 76.51 ± 9.11 75.3 ± 4.65 75.92 ± 7.04 75.77 ± 7.41 77.12 ± 7.42 77.97 ± 5.01 80.5 ± 1.38 81.63 ± 0.47 84.3 ± 4.59 78.2 ± 8.42 85.52 ± 6.75 79.67 ± 3.14
9,10-DiHOME 94.44 ± 4.29 88.8 ± 6.09 85.21 ± 3.46 82.23 ± 3.58 88.8 ± 10.08 80.48 ± 9.6 90.51 ± 0.91 83.69 ± 4.93 88.03 ± 4.39 78.54 ± 7.75 89.79 ± 1.78 82.02 ± 4.89

12,13-DiHOME 92.54 ± 4.21 90.62 ± 6.21 87.5 ± 3.39 83.92 ± 3.65 87.02 ± 9.88 82.13 ± 9.8 88.69 ± 0.89 85.41 ± 5.03 86.26 ± 4.3 80.15 ± 7.91 84.07 ± 3.76 83.7 ± 4.99
9,10,13-TriHOME 85.99 ± 9.26 75.58 ± 5.99 83.14 ± 3.56 76.04 ± 4.52 78.03 ± 6.97 74.6 ± 5.67 78.14 ± 5.46 77.03 ± 5.52 78.64 ± 3.10 77.49 ± 5.29 74.87 ± 1.56 86.05 ± 4.69
9,12,13-TriHOME 78.53 ± 3.56 74.52 ± 4.15 78.16 ± 7.38 79.1 ± 3.27 77.36 ± 6.52 79.99 ± 4.9 78.95 ± 4.12 77.72 ± 7.08 77.23 ± 1.32 75.04 ± 9.23 71.13 ± 1.96 78.55 ± 3.32

ALA-derived

9-HOTrE 88.95 ± 2.69 81.8 ± 3.93 83.17 ± 5.45 83.53 ± 4.07 85.28 ± 8.65 83.05 ± 13.87 85.4 ± 2.55 91.05 ± 6.58 86.2 ± 4.81 76.31 ± 14.17 88.33 ± 2.06 80.44 ± 4.14
13-HOTrE 93.78 ± 2.84 77.58 ± 3.73 87.69 ± 5.75 79.23 ± 3.86 89.92 ± 9.12 78.77 ± 13.16 90.04 ± 2.69 86.35 ± 0.55 90.88 ± 5.07 78.37 ± 13.44 93.13 ± 2.17 82.37 ± 7.22

DHA-derived

10(11)EpDPE 83.69 ± 7.03 83.49 ± 5.73 85.08 ± 7.89 75.49 ± 5.49 85.18 ± 6.45 72.74 ± 13.26 90.21 ± 1.54 74.37 ± 8.17 94.48 ± 5.15 74.85 ± 7.29 95.84 ± 7.57 76.91 ± 3.27
13(14)EpDPE 79.72 ± 6.7 78.26 ± 4.96 81.05 ± 7.51 73.91 ± 10.67 81.14 ± 6.14 75.77 ± 12.02 85.94 ± 1.47 80.26 ± 6.13 90.00 ± 4.90 74.95 ± 9.66 91.30 ± 7.21 85.05 ± 3.35
16(17)-EpDPE 79.72 ± 6.7 75.54 ± 2.69 81.05 ± 7.51 72.52 ± 13.04 81.14 ± 6.14 75.00 ± 12.99 85.94 ± 1.47 77.65 ± 9.61 90.00 ± 4.90 71.72 ± 12.1 91.30 ± 7.21 83.68 ± 4.78
19(20)-EpDPE 89.3 ± 7.9 79.3 ± 2.82 78.51 ± 3.19 76.13 ± 13.69 78.89 ± 6.73 80.38 ± 11.46 80.29 ± 5.26 84.58 ± 6.11 81.1 ± 4.05 75.29 ± 13.1 79.04 ± 0.71 87.84 ± 5.02

17-HDoHE 91.81 ± 2.78 80.08 ± 3.85 85.85 ± 5.62 81.78 ± 3.99 88.03 ± 8.92 81.31 ± 13.58 87.64 ± 2.74 89.13 ± 0.57 88.97 ± 4.97 74.7 ± 13.87 91.17 ± 2.13 82.67 ± 5.08

Data are shown as mean ± SD of n = 3 per time point. The absence of superscript letters indicates no statistically significant differences (p < 0.05) between the recoveries of Formula (1)
(F1) and Formula (2) (F2) and between Day 0 and the other storage days.
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Overall, these findings indicate that the effects of storage on oxylipin concentrations
described below are real, and not due to confounding matrix effects or differences in the
percent of recovery.

3.2. Oxylipin Profile in Infant Milk Formula: Effect of Lipid Composition and Storage Time under
Refrigerated Conditions

At baseline (Day 0), the majority of oxylipins (>90% and >92% for Formulas (1) and
(2), respectively) in the infant formula were esterified (Figure 1A). Thus, quantitatively,
oxylipin concentrations in the esterified pool were significantly higher than free oxylipins
derived from LA (Supplementary Tables S4–S13), ALA (Supplementary Tables S14 and S15),
and DHA (Supplementary Tables S16–S20). Similar results were previously reported for
bovine milk and soybean oil, where the majority of oxylipins (>95% in bovine milk and
>99.7% in soybean oil) were present in the esterified form [10,12].
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Figure 1. Percentages of esterified (light grey bars) and free (dark grey bars) oxylipins (A) in infant
milk formula and LA-, ALA-, and DHA-derived oxylipins in Formula (1) (B) and Formula (2) (C).

Moreover, the majority of oxylipins in the total pool were derived from LA, represent-
ing more than 95% of the oxylipins in both formulas (Figure 1B,C). This is in agreement
with the findings of Teixeira et al. [12], who reported that LA-derived oxylipins are the
main species present in the esterified and free pools in raw bovine milk. Other studies
reported similar findings in high-LA plant oils [10].

Figure 2A–J show LA-derived free and esterified oxylipins over time, and Figure 3
shows ALA- (A,B) and DHA-derived (C–G) oxylipin concentrations over time. Both figures
contain the free oxylipin data replotted from our published paper (Teixeira et al. [15]) to
enable formula-specific comparisons between free and esterified oxylipin formation over
time. As previously reported, and currently depicted in the dark grey bars of Figures 2 and 3,
2(13)-epoxyoctadeenoic acid (12(13)-EpOME), 13-hydroxyo-ctadecadienoic acid (13-HODE),
9-hydroxyoctadecadienoic acid (9-HODE), hydroxyoctadecatrienoic acid (9-HoTrE), and
-hydroxyoctadecatrienoic acid (13-HoTrE) free oxylipins increased in Formula (1) after
14 days of storage, whereas the 9-oxo-octadecadienoic acid (9-oxo-ODE)- and DHA-derived
oxylipins (7-hydroxydocosahexaenoic acid (7-HDoHE), 19(20)-epoxydocosapentanoic acid
(19(20)-EpDPE), 16(17)-EpDPE, and 10(11)-EpDPE) increased in Formula (2) after 7 and
14 days, respectively. The changes were detected in as early as 14 days in Formula (1) and
7 days in Formula (2).

PUFA-derived esterified oxylipins also increased with storage time for both formulas
(Figures 2 and 3); however, in Formula (2) (with DHA), the increase in LA, ALA, and
DHA-derived oxylipins over time was more significant than in Formula (1) (no DHA). In
Formula (2), a significant increase in the esterified oxylipin content was observed after only
3 days of storage for the LA-derived 12(13)-EpOME (from 358.2 on Day 0 to 657.4 nmol/L
on Day 3 and to 1024.8 nmol/L on Day 21), while no significant differences were observed
in Formula (1) (Figure 2F) relative to baseline. Esterified LA-derived 9- and 13-HODE were
significantly higher after 7 days of storage for Formula (2), and after 14 and 21 days for
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Formula (1), respectively (Figure 2A,B). In both formulas, esterified 9,10-EpOME increased
significantly after 14 days of storage (Figure 2E).
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Figure 2. Concentrations (in nmol/L) of esterified (light grey bars) and free (dark grey bars) LA-
derived oxidized fatty acids in infant milk formula: (A) 9-HODE, (B) 13-HODE, (C) 9-oxo-ODE, (D) 13-
oxo-ODE, (E) 9(10)-EpOME, (F) 12(13)-EpOME, (G) 9,10-DiHOME, (H) 12,13-DiHOME, (I) 9,10,13-
TriHOME, and (J) 9,12,13-TriHOME. Free oxylipins were derived and replotted from Teixeira et al. [15]
(license number 5634370936405, John Wiley and Sons, Licensed Content Publication). * and + indicate
significant statistical differences from the control (Day 01)by two-way repeated ANOVA followed
by Dunnett’s post hoc test with p < 0.05 for Formulas (1) and (2), respectively. x indicates signifi-
cant statistical difference between Formulas (1) and (2) for each time point via unpaired t-test with
p < 0.05. Abbreviations: EpDPE (epoxydocosapentanoic acid), HDoHE (hydroxydocosahexaenoic
acid), EpOME (epoxyoctadecenoic acid), DiHOME (dihydroxyoctadecenoic acid), TriHOME (trihy-
droxyoctademonoenoic acid), HODE (hydroxyoctadecadienoic acid), oxo-ODE (oxo-octadecadienoic
acid), HOTrE (hydroxyoctadecatrienoic).

Esterified ALA-derived 9-HOTrE increased in both formulas on Day 7 compared
to baseline (Figure 2A). ALA-derived 13-HOTrE significantly increased after 14 days in
Formula (1), and after 7 days only in Formula (2) (Figure 2B). DHA-derived oxylipins
were mainly detected in Formula (2), as expected, where an increase in esterified oxylipin
concentration was observed after 21 days of storage for 17-HDoHE (Figure 2G). Other
DHA-derived esterified oxylipins (DHA-epoxides) did not significantly change compared
to baseline in Formula (2). DHA metabolites were barely seen in Formula (1), and when
detected, they did not change significantly compared to baseline (Figure 3C–G).
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Figure 3. Concentrations (in nmol/L) of esterified (light grey bars) and free (dark grey bars) ALA-
derived oxidized fatty acids: (A) 9-HOTrE; (B) 13-HOTrE. DHA oxidized fatty acids in infant milk for-
mula: (C) 10(11)-EpDPE, (D) 13(14)-EpDPE, (E) 16(17)-EpDPE, (F) 19(20)-EpDPE, and (G) 17-HDoHE.
Free oxylipins were derived and replotted from Teixeira et al. [15] (licence number 5634370936405).
* and + indicate significant statistical differences from the control (Day 01) by two-way repeated
ANOVA followed by Dunnett’s post hoc test with p < 0.05 for Formulas (1) and (2), respectively.
x indicates significant statistical difference between Formulas (1) and (2) for each time point via
unpaired t-test with p < 0.05. Abbreviations: EpDPE (epoxydocosapentanoic acid), HDoHE (hy-
droxydocosahexaenoic acid), EpOME (epoxyoctadecenoic acid), DiHOME (dihydroxyoctadecenoic
acid), TriHOME (trihydroxyoctademonoenoic acid), HODE (hydroxyoctadecadienoic acid), oxo-ODE
(oxo-octadecadienoic acid), HOTrE (hydroxyoctadecatrienoic acid).

Overall, Formula (2), which contained DHA, exhibited an earlier rise in esterified
oxylipin formation (within 3 days) compared to Formula (1), which did not contain DHA
(within 7 days). The increase in esterified oxylipins within Formula (2) was seen in non-
DHA metabolites, specifically LA- and ALA-derived oxylipins. This means that the ad-
dition of DHA promoted lipid oxidation, captured here through the generation of pri-
mary esterified oxidation products. Similar results were seen in the free oxylipin pool
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(Figures 2 and 3), as reported by Teixeira et al. [15], except that free oxylipins were detected
after 7 days for only one compound and after 14 days for the majority of the oxylipins
studied in Formula (2) (with DHA). Therefore, the results presented herein suggest that
esterified oxylipins changed earlier than free oxylipins, which is consistent with our prior
study showing that they form early in the oxidation process relative to free oxylipins [10].

3.3. Kinetics of LA-, ALA-, and DHA-Derived Oxylipin Formation in Infant Milk Formula under
21 Days of Cold Storage

Table 4 presents the velocities of total, esterified, and free oxylipin formation derived
from the linear plot of oxylipin concentration (nmol/L) vs. time (days) plots. A positive
slope (rate) means more product is formed over time, whereas a negative slope means more
product is degraded over time. All of the plots for free, esterified, and total LA-, ALA-, and
DHA- derived oxylipins can be found in the Supplementary Figures S1–S10A–F, S11 and
S12A–F, and S13–S17A–F, respectively. Since the rate of total oxylipin formation was similar
in value to the rate of esterified oxylipins (because over 90% of oxylipins were present in
the esterified form in both formulas; Figure 1A), an unpaired t-test was used to compare
free and esterified oxylipin formation rates within each formula. Possible differences
between the free and esterified velocities in Formula (1) compared to Formula (2) were also
evaluated using a t-test at p < 0.05.

Table 4. Velocities of the total, free, and esterified oxylipins in infant formulations stored at 4 ◦C for
21 days.

Formula (1) Formula (2)

Oxylipins Total Esterified Free Total Esterified Free

9-HODE 3.83 ± 0.41 1.59 ± 0.81 1.67 ± 0.81 5.29 ± 0.98 3.19 ± 0.78 *
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Processes 2023, 11, x FOR PEER REVIEW 12 of 14 
 

 

Table 4. Velocities of the total, free, and esterified oxylipins in infant formulations stored at 4 °C for 
21 days. 

Formula (1) Formula (2) 
Oxylipins Total Esterified Free Total Esterified Free 
9-HODE 3.83 ± 0.41 1.59 ± 0.81 1.67 ± 0.81 5.29 ± 0.98 3.19 ± 0.78 *ϯ 0.62 ± 0.57 
13-HODE 7.24 ± 1.85 4.25 ± 1.14 4.11 ± 2.00 10.28 ± 3.03 7.57 ± 2.50 *ϯ 1.12 ± 1.41 
9-oxo-ODE −0.09 ± 0.05 −0.27 ± 0.05 0.06 ± 0.18 −0.07 ± 0.22 −0.15 ± 0.28 −0.23 ± 0.14 
13-oxo-ODE −0.10 ± 0.04 −0.27 ± 0.07 0.06 ± 0.16 −0.07 ± 0.17 −0.10 ± 0.13 −0.21 ± 0.3 
9(10)-EpOME 0.59 ± 0.03 0.22 ± 0.17 0.36 ± 0.13¥ 1.54 ± 0.42 0.86 ± 0.16 *ϯ −0.01 ± 0.19 
12(13)-EpOME 7.21 ± 2.14 4.89 ± 2.58 1.95± 0.66¥ 25.22 ± 5.95 13.49 + 2.32 *ϯ 0.37 ± 0.42 
9,10-DiHOME −0.37 ± 0.02 −0.07± 1.02 −0.14 ± 0.16 −0.37 ± 0.11 0.02 ± 0.13 −0.54 ± 0.20 
12,13-DiHOME 0.47 ± 0.06 0.14 ± 0.22 0.31 ± 0.22 0.70 ± 0.17 0.37 ± 0.64 0.00 ± 0.20 
9,10,13-TriHOME 6.33 ± 1.08 6.06 ± 1.04 * 0.27 ± 0.26 6.32 ± 1.53 5.70 ± 1.87 * 0.41 ± 1.01 
9,12,13-TriHOME 3.76 ± 0.77 2.58 ± 0.30 * 0.88 ± 0.38 6.77 ± 1.70 6.01 ± 0.41 *ϯ 0.91 ± 0.49 
ΣLA-derived ox-
ylipins 27.85 ± 1.90 18.91 ± 2.88 * 8.63 ± 4.55 ϯ 59.99 ± 7.89 50.75 ± 6.49 *ϯ 0.56 ± 1.23 

9-HOTrE 0.70 ± 0.08 0.52 ± 0.12 0.30 ± 0.10 ¥ 0.71 ± 0.16 0.68 ± 0.16 * 0.07 ± 0.03 
13-HOTrE 0.47 ± 0.20 0.25 ± 0.11 0.19 ± 0.10 ¥ 0.55 ± 0.10 0.44 ± 0.15 *ϯ −0.01 ± 0.05 
ΣALA-derived ox-
ylipins 1.17 ± 0.08 0.62 ± 0.18 0.54 ± 0.24 ¥ 0.71 ± 0.15 0.77 ± 0.17 * 0.05 ± 0.04 

10(11)-EpDPE ND ND ND −0.19 ± 0.17 −0.20 ± 0.17 0.01 ± 0.00 
13(14)-EpDPE ND ND ND −0.65 ± 0.48 −0.65 ± 0.48 0.01 ± 0.00 
16(17)-EpDPE ND ND ND −1.07 ± 0.75 −1.07 ± 0.75 0.01 ± 0.00 
19(20)-EpDPE ND ND ND −1.15 ± 1.63 −1.16 ± 1.63 0.02 ± 0.00 
17-HDoHE −0.03 ± 0.02 −0.03 ± 0.02 ND 1.68 ± 0.36 1.57 ± 0.38 *ϯ 0.14 ± 0.06 
ΣDHA-derived ox-
ylipins −0.03 ± 0.02 −0.03 ± 0.02 ND −1.38 ± 3.33 −1.51 ± 3.36 0.16 ± 0.06 

Velocity is expressed as mean ± SD of n = 3 for total, esterified, and free oxylipin fractions. Formula 
(1): canola oil as the lipid source; Formula (2): canola oil + 1% of DHA as the lipid source; ND: not 
detected. * Velocity of esterified oxylipin is significantly different from that of free oxylipin (p < 0.05) 
as detected by unpaired t-test. Ϯ Velocity of esterified oxylipin from Formulas (1) and (2) are signif-
icantly different (p < 0.05) as detected by unpaired t-test. ¥ Velocity of free oxylipin from Formulas 
(1) and (2) are significantly different (p < 0.05) as detected by unpaired t-test. Abbreviations: EpDPE 
(epoxydocosapentanoic acid), HDoHE (hydroxydocosahexaenoic acid), EpOME (epoxyoctade-
cenoic acid), DiHOME (dihydroxyoctadecenoic acid), TriHOME (trihydroxyoctademonoenoic 
acid), HODE (hydroxyoctadecadienoic acid), oxo-ODE (oxo-octadecadienoic acid), HOTrE (hy-
droxyoctadecatrienoic acid). 

The addition of DHA to infant formula seems to promote lipid oxidation, specifically 
by oxidizing the esterified oxylipin pool at a greater rate than the free pool. Enhanced lipid 
oxidation via the presence of PUFA was also reported by Liang et al. [21]. The authors 
evaluated the lipid oxidation profile via the thiobarbituric acid reactive substances 
(TBARS) of n-3 PUFA-enriched eggs under cold storage (24 days at 4 °C). The authors 
reported that the PUFA-enriched eggs showed high lipid oxidation after 18 days of cold 
storage in comparison with normal eggs. 

Overall, the rates of oxylipin formation were higher in the esterified pool, independ-
ent of the formula studied. Moreover, the esterified pool oxidized faster than the free pool, 
and the addition of 1% DHA in Formula (2) significantly enhanced lipid oxidation. Col-
lectively, these data suggest that esterified fatty acids are preferentially oxidized over free 
fatty acids during storage. It is important to highlight that the kinetic model used herein 
is limited by the products monitored (only primary oxidation products); therefore, losses 
in free or bound oxylipins due to the formation of secondary volatile oxidation products 
may underestimate our current rates. Nevertheless, this limitation does not alter our 

−0.01 ± 0.19
12(13)-EpOME 7.21 ± 2.14 4.89 ± 2.58 1.95± 0.66¥ 25.22 ± 5.95 13.49 + 2.32 *
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as detected by unpaired t-test. Ϯ Velocity of esterified oxylipin from Formulas (1) and (2) are signif-
icantly different (p < 0.05) as detected by unpaired t-test. ¥ Velocity of free oxylipin from Formulas 
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(epoxydocosapentanoic acid), HDoHE (hydroxydocosahexaenoic acid), EpOME (epoxyoctade-
cenoic acid), DiHOME (dihydroxyoctadecenoic acid), TriHOME (trihydroxyoctademonoenoic 
acid), HODE (hydroxyoctadecadienoic acid), oxo-ODE (oxo-octadecadienoic acid), HOTrE (hy-
droxyoctadecatrienoic acid). 

The addition of DHA to infant formula seems to promote lipid oxidation, specifically 
by oxidizing the esterified oxylipin pool at a greater rate than the free pool. Enhanced lipid 
oxidation via the presence of PUFA was also reported by Liang et al. [21]. The authors 
evaluated the lipid oxidation profile via the thiobarbituric acid reactive substances 
(TBARS) of n-3 PUFA-enriched eggs under cold storage (24 days at 4 °C). The authors 
reported that the PUFA-enriched eggs showed high lipid oxidation after 18 days of cold 
storage in comparison with normal eggs. 

Overall, the rates of oxylipin formation were higher in the esterified pool, independ-
ent of the formula studied. Moreover, the esterified pool oxidized faster than the free pool, 
and the addition of 1% DHA in Formula (2) significantly enhanced lipid oxidation. Col-
lectively, these data suggest that esterified fatty acids are preferentially oxidized over free 
fatty acids during storage. It is important to highlight that the kinetic model used herein 
is limited by the products monitored (only primary oxidation products); therefore, losses 
in free or bound oxylipins due to the formation of secondary volatile oxidation products 
may underestimate our current rates. Nevertheless, this limitation does not alter our 

0.37 ± 0.42
9,10-DiHOME −0.37 ± 0.02 −0.07± 1.02 −0.14 ± 0.16 −0.37 ± 0.11 0.02 ± 0.13 −0.54 ± 0.20
12,13-DiHOME 0.47 ± 0.06 0.14 ± 0.22 0.31 ± 0.22 0.70 ± 0.17 0.37 ± 0.64 0.00 ± 0.20
9,10,13-TriHOME 6.33 ± 1.08 6.06 ± 1.04 * 0.27 ± 0.26 6.32 ± 1.53 5.70 ± 1.87 * 0.41 ± 1.01
9,12,13-TriHOME 3.76 ± 0.77 2.58 ± 0.30 * 0.88 ± 0.38 6.77 ± 1.70 6.01 ± 0.41 *
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as detected by unpaired t-test. Ϯ Velocity of esterified oxylipin from Formulas (1) and (2) are signif-
icantly different (p < 0.05) as detected by unpaired t-test. ¥ Velocity of free oxylipin from Formulas 
(1) and (2) are significantly different (p < 0.05) as detected by unpaired t-test. Abbreviations: EpDPE 
(epoxydocosapentanoic acid), HDoHE (hydroxydocosahexaenoic acid), EpOME (epoxyoctade-
cenoic acid), DiHOME (dihydroxyoctadecenoic acid), TriHOME (trihydroxyoctademonoenoic 
acid), HODE (hydroxyoctadecadienoic acid), oxo-ODE (oxo-octadecadienoic acid), HOTrE (hy-
droxyoctadecatrienoic acid). 

The addition of DHA to infant formula seems to promote lipid oxidation, specifically 
by oxidizing the esterified oxylipin pool at a greater rate than the free pool. Enhanced lipid 
oxidation via the presence of PUFA was also reported by Liang et al. [21]. The authors 
evaluated the lipid oxidation profile via the thiobarbituric acid reactive substances 
(TBARS) of n-3 PUFA-enriched eggs under cold storage (24 days at 4 °C). The authors 
reported that the PUFA-enriched eggs showed high lipid oxidation after 18 days of cold 
storage in comparison with normal eggs. 

Overall, the rates of oxylipin formation were higher in the esterified pool, independ-
ent of the formula studied. Moreover, the esterified pool oxidized faster than the free pool, 
and the addition of 1% DHA in Formula (2) significantly enhanced lipid oxidation. Col-
lectively, these data suggest that esterified fatty acids are preferentially oxidized over free 
fatty acids during storage. It is important to highlight that the kinetic model used herein 
is limited by the products monitored (only primary oxidation products); therefore, losses 
in free or bound oxylipins due to the formation of secondary volatile oxidation products 
may underestimate our current rates. Nevertheless, this limitation does not alter our 

0.91 ± 0.49
ΣLA-derived oxylipins 27.85 ± 1.90 18.91 ± 2.88 * 8.63 ± 4.55
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Velocity is expressed as mean ± SD of n = 3 for total, esterified, and free oxylipin fractions. Formula 
(1): canola oil as the lipid source; Formula (2): canola oil + 1% of DHA as the lipid source; ND: not 
detected. * Velocity of esterified oxylipin is significantly different from that of free oxylipin (p < 0.05) 
as detected by unpaired t-test. Ϯ Velocity of esterified oxylipin from Formulas (1) and (2) are signif-
icantly different (p < 0.05) as detected by unpaired t-test. ¥ Velocity of free oxylipin from Formulas 
(1) and (2) are significantly different (p < 0.05) as detected by unpaired t-test. Abbreviations: EpDPE 
(epoxydocosapentanoic acid), HDoHE (hydroxydocosahexaenoic acid), EpOME (epoxyoctade-
cenoic acid), DiHOME (dihydroxyoctadecenoic acid), TriHOME (trihydroxyoctademonoenoic 
acid), HODE (hydroxyoctadecadienoic acid), oxo-ODE (oxo-octadecadienoic acid), HOTrE (hy-
droxyoctadecatrienoic acid). 

The addition of DHA to infant formula seems to promote lipid oxidation, specifically 
by oxidizing the esterified oxylipin pool at a greater rate than the free pool. Enhanced lipid 
oxidation via the presence of PUFA was also reported by Liang et al. [21]. The authors 
evaluated the lipid oxidation profile via the thiobarbituric acid reactive substances 
(TBARS) of n-3 PUFA-enriched eggs under cold storage (24 days at 4 °C). The authors 
reported that the PUFA-enriched eggs showed high lipid oxidation after 18 days of cold 
storage in comparison with normal eggs. 

Overall, the rates of oxylipin formation were higher in the esterified pool, independ-
ent of the formula studied. Moreover, the esterified pool oxidized faster than the free pool, 
and the addition of 1% DHA in Formula (2) significantly enhanced lipid oxidation. Col-
lectively, these data suggest that esterified fatty acids are preferentially oxidized over free 
fatty acids during storage. It is important to highlight that the kinetic model used herein 
is limited by the products monitored (only primary oxidation products); therefore, losses 
in free or bound oxylipins due to the formation of secondary volatile oxidation products 
may underestimate our current rates. Nevertheless, this limitation does not alter our 

59.99 ± 7.89 50.75 ± 6.49 *
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The addition of DHA to infant formula seems to promote lipid oxidation, specifically 
by oxidizing the esterified oxylipin pool at a greater rate than the free pool. Enhanced lipid 
oxidation via the presence of PUFA was also reported by Liang et al. [21]. The authors 
evaluated the lipid oxidation profile via the thiobarbituric acid reactive substances 
(TBARS) of n-3 PUFA-enriched eggs under cold storage (24 days at 4 °C). The authors 
reported that the PUFA-enriched eggs showed high lipid oxidation after 18 days of cold 
storage in comparison with normal eggs. 

Overall, the rates of oxylipin formation were higher in the esterified pool, independ-
ent of the formula studied. Moreover, the esterified pool oxidized faster than the free pool, 
and the addition of 1% DHA in Formula (2) significantly enhanced lipid oxidation. Col-
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fatty acids during storage. It is important to highlight that the kinetic model used herein 
is limited by the products monitored (only primary oxidation products); therefore, losses 
in free or bound oxylipins due to the formation of secondary volatile oxidation products 
may underestimate our current rates. Nevertheless, this limitation does not alter our 

0.56 ± 1.23
9-HOTrE 0.70 ± 0.08 0.52 ± 0.12 0.30 ± 0.10 ¥ 0.71 ± 0.16 0.68 ± 0.16 * 0.07 ± 0.03
13-HOTrE 0.47 ± 0.20 0.25 ± 0.11 0.19 ± 0.10 ¥ 0.55 ± 0.10 0.44 ± 0.15 *
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Processes 2023, 11, x FOR PEER REVIEW 12 of 14 
 

 

Table 4. Velocities of the total, free, and esterified oxylipins in infant formulations stored at 4 °C for 
21 days. 

Formula (1) Formula (2) 
Oxylipins Total Esterified Free Total Esterified Free 
9-HODE 3.83 ± 0.41 1.59 ± 0.81 1.67 ± 0.81 5.29 ± 0.98 3.19 ± 0.78 *ϯ 0.62 ± 0.57 
13-HODE 7.24 ± 1.85 4.25 ± 1.14 4.11 ± 2.00 10.28 ± 3.03 7.57 ± 2.50 *ϯ 1.12 ± 1.41 
9-oxo-ODE −0.09 ± 0.05 −0.27 ± 0.05 0.06 ± 0.18 −0.07 ± 0.22 −0.15 ± 0.28 −0.23 ± 0.14 
13-oxo-ODE −0.10 ± 0.04 −0.27 ± 0.07 0.06 ± 0.16 −0.07 ± 0.17 −0.10 ± 0.13 −0.21 ± 0.3 
9(10)-EpOME 0.59 ± 0.03 0.22 ± 0.17 0.36 ± 0.13¥ 1.54 ± 0.42 0.86 ± 0.16 *ϯ −0.01 ± 0.19 
12(13)-EpOME 7.21 ± 2.14 4.89 ± 2.58 1.95± 0.66¥ 25.22 ± 5.95 13.49 + 2.32 *ϯ 0.37 ± 0.42 
9,10-DiHOME −0.37 ± 0.02 −0.07± 1.02 −0.14 ± 0.16 −0.37 ± 0.11 0.02 ± 0.13 −0.54 ± 0.20 
12,13-DiHOME 0.47 ± 0.06 0.14 ± 0.22 0.31 ± 0.22 0.70 ± 0.17 0.37 ± 0.64 0.00 ± 0.20 
9,10,13-TriHOME 6.33 ± 1.08 6.06 ± 1.04 * 0.27 ± 0.26 6.32 ± 1.53 5.70 ± 1.87 * 0.41 ± 1.01 
9,12,13-TriHOME 3.76 ± 0.77 2.58 ± 0.30 * 0.88 ± 0.38 6.77 ± 1.70 6.01 ± 0.41 *ϯ 0.91 ± 0.49 
ΣLA-derived ox-
ylipins 27.85 ± 1.90 18.91 ± 2.88 * 8.63 ± 4.55 ϯ 59.99 ± 7.89 50.75 ± 6.49 *ϯ 0.56 ± 1.23 

9-HOTrE 0.70 ± 0.08 0.52 ± 0.12 0.30 ± 0.10 ¥ 0.71 ± 0.16 0.68 ± 0.16 * 0.07 ± 0.03 
13-HOTrE 0.47 ± 0.20 0.25 ± 0.11 0.19 ± 0.10 ¥ 0.55 ± 0.10 0.44 ± 0.15 *ϯ −0.01 ± 0.05 
ΣALA-derived ox-
ylipins 1.17 ± 0.08 0.62 ± 0.18 0.54 ± 0.24 ¥ 0.71 ± 0.15 0.77 ± 0.17 * 0.05 ± 0.04 

10(11)-EpDPE ND ND ND −0.19 ± 0.17 −0.20 ± 0.17 0.01 ± 0.00 
13(14)-EpDPE ND ND ND −0.65 ± 0.48 −0.65 ± 0.48 0.01 ± 0.00 
16(17)-EpDPE ND ND ND −1.07 ± 0.75 −1.07 ± 0.75 0.01 ± 0.00 
19(20)-EpDPE ND ND ND −1.15 ± 1.63 −1.16 ± 1.63 0.02 ± 0.00 
17-HDoHE −0.03 ± 0.02 −0.03 ± 0.02 ND 1.68 ± 0.36 1.57 ± 0.38 *ϯ 0.14 ± 0.06 
ΣDHA-derived ox-
ylipins −0.03 ± 0.02 −0.03 ± 0.02 ND −1.38 ± 3.33 −1.51 ± 3.36 0.16 ± 0.06 

Velocity is expressed as mean ± SD of n = 3 for total, esterified, and free oxylipin fractions. Formula 
(1): canola oil as the lipid source; Formula (2): canola oil + 1% of DHA as the lipid source; ND: not 
detected. * Velocity of esterified oxylipin is significantly different from that of free oxylipin (p < 0.05) 
as detected by unpaired t-test. Ϯ Velocity of esterified oxylipin from Formulas (1) and (2) are signif-
icantly different (p < 0.05) as detected by unpaired t-test. ¥ Velocity of free oxylipin from Formulas 
(1) and (2) are significantly different (p < 0.05) as detected by unpaired t-test. Abbreviations: EpDPE 
(epoxydocosapentanoic acid), HDoHE (hydroxydocosahexaenoic acid), EpOME (epoxyoctade-
cenoic acid), DiHOME (dihydroxyoctadecenoic acid), TriHOME (trihydroxyoctademonoenoic 
acid), HODE (hydroxyoctadecadienoic acid), oxo-ODE (oxo-octadecadienoic acid), HOTrE (hy-
droxyoctadecatrienoic acid). 

The addition of DHA to infant formula seems to promote lipid oxidation, specifically 
by oxidizing the esterified oxylipin pool at a greater rate than the free pool. Enhanced lipid 
oxidation via the presence of PUFA was also reported by Liang et al. [21]. The authors 
evaluated the lipid oxidation profile via the thiobarbituric acid reactive substances 
(TBARS) of n-3 PUFA-enriched eggs under cold storage (24 days at 4 °C). The authors 
reported that the PUFA-enriched eggs showed high lipid oxidation after 18 days of cold 
storage in comparison with normal eggs. 

Overall, the rates of oxylipin formation were higher in the esterified pool, independ-
ent of the formula studied. Moreover, the esterified pool oxidized faster than the free pool, 
and the addition of 1% DHA in Formula (2) significantly enhanced lipid oxidation. Col-
lectively, these data suggest that esterified fatty acids are preferentially oxidized over free 
fatty acids during storage. It is important to highlight that the kinetic model used herein 
is limited by the products monitored (only primary oxidation products); therefore, losses 
in free or bound oxylipins due to the formation of secondary volatile oxidation products 
may underestimate our current rates. Nevertheless, this limitation does not alter our 

Velocity of
esterified oxylipin from Formulas (1) and (2) are significantly different (p < 0.05) as detected by unpaired t-test. ¥ Ve-
locity of free oxylipin from Formulas (1) and (2) are significantly different (p < 0.05) as detected by unpaired t-test.
Abbreviations: EpDPE (epoxydocosapentanoic acid), HDoHE (hydroxydocosahexaenoic acid), EpOME (epoxyoc-
tadecenoic acid), DiHOME (dihydroxyoctadecenoic acid), TriHOME (trihydroxyoctademonoenoic acid), HODE
(hydroxyoctadecadienoic acid), oxo-ODE (oxo-octadecadienoic acid), HOTrE (hydroxyoctadecatrienoic acid).

The rate of formation was significantly higher for esterified than free oxylipins in
both formulas, although greater changes reflecting more rapid oxidation were observed in
Formula (2) compared to Formula (1). In Formula (1), the rates of esterified LA-derived
9,10,13-TriHOME and 9,12,13-TriHOME formation were significantly greater by 21.4-fold
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and 1.9-fold, respectively, than their respective free forms (p < 0.05). In Formula (2), the
rates of esterified 9-HODE, 13-HODE, 9(10)-EpOME, 12(13)-EpOME, 9,10,13-TriHOME,
9,12,13-TriHOME, 9-HOTrE, and 13-HOTrE were significantly higher than their free forms
by 4.1-, 6.45-, 87-, 35.5-, 12.9-, 5.6-, 8.7-, and 45-fold, respectively. Thus, more oxylipins
were oxidized at a greater rate in Formula (2) compared to Formula (1). DHA-derived
esterified 17-HDoHE, which was only detected in Formula (2), also showed a significantly
higher rate (10.2-fold higher) of formation than the free form. Moreover, the rate of
the sum of LA-derived esterified oxylipins was significantly higher (1.2 and 89.6-fold
higher for Formulas (1) and (2), respectively) than the sum of free LA-derived oxylipins
(p < 0.05), indicating that the esterified pool is the preferred substrate for LA-derived
oxylipin formation in the two infant formulas. The rate of formation of the sum of ALA-
derived oxylipins was 14.4-fold higher than in the free pool for Formula (2). Similar results
were also reported by Shen et al. [10], where the velocities of the esterified LA-derived
oxylipins were significantly higher than free oxylipins in thermally treated soybean oil.

Quantitatively, the rates of esterified oxylipin formation for LA-derived 9-HODE,
13-HODE, 9(10)-EpOME12(13)-EpOME, 9,10,13-TriHOME, and 9,12,13-TriHOME in For-
mula (2) were significantly higher than in Formula (1), highlighting the impact of formula
composition in the velocities of oxylipin formation.

The addition of DHA to infant formula seems to promote lipid oxidation, specifically
by oxidizing the esterified oxylipin pool at a greater rate than the free pool. Enhanced lipid
oxidation via the presence of PUFA was also reported by Liang et al. [21]. The authors
evaluated the lipid oxidation profile via the thiobarbituric acid reactive substances (TBARS)
of n-3 PUFA-enriched eggs under cold storage (24 days at 4 ◦C). The authors reported
that the PUFA-enriched eggs showed high lipid oxidation after 18 days of cold storage in
comparison with normal eggs.

Overall, the rates of oxylipin formation were higher in the esterified pool, independent
of the formula studied. Moreover, the esterified pool oxidized faster than the free pool, and
the addition of 1% DHA in Formula (2) significantly enhanced lipid oxidation. Collectively,
these data suggest that esterified fatty acids are preferentially oxidized over free fatty acids
during storage. It is important to highlight that the kinetic model used herein is limited
by the products monitored (only primary oxidation products); therefore, losses in free
or bound oxylipins due to the formation of secondary volatile oxidation products may
underestimate our current rates. Nevertheless, this limitation does not alter our conclusion
that esterified oxylipins are the first species to form during lipid oxidation. Future studies
are warranted to monitor the turnover of secondary volatile compounds within specific
lipid pools.

4. Conclusions

This study provides evidence that oxidation during refrigerated storage preferentially
targets esterified lipids, and that the lipid composition of infant formula highly influences
esterified oxylipin formation. The esterified oxylipin pool appears to be a more sensitive
marker of early lipid oxidation (within 3 days) in food systems compared to free oxylipins.
The rate of oxylipin formation was notably higher for the esterified pool than for the
free pool in both formulas. However, Formula (2) exhibited more substantial changes
in esterified oxylipins, which is indicative of faster oxidation, compared to Formula (1).
Therefore, adding DHA to infant milk formula accelerated lipid oxidation. The rates and
mechanisms of oxidation elucidated by this kinetic study could lead to more accurate
shelf-life estimations and guide the development of processing and storage conditions to
enhance shelf life and ensure product nutritional and sensory qualities.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/pr11103045/s1, Figures S1–S17 and Tables S1–S20.
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