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ABSTRACT While previous studies have character-
ized the fatty acids and global lipid families of the chicken
egg yolk, there have been no publications characterizing
the individual lipids in these lipid families. Such an in-
depth characterization of egg yolk lipids is essential to
define the potential benefits of egg yolk consumption for
the supply of structural and anti-inflammatory lipids.
Historically, the major focus has been on the cholesterol
content of eggs and the potential negative health benefits
of this lipid, while ignoring the essential roles of choles-
terol in membranes and as a precursor to other essential
sterols. A detailed analysis of egg yolk lipids, using
high-resolution mass spectrometric analyses and tandem
mass spectrometry to characterize the fatty acid
substituents of complex structural lipids, was used to
generate the first in-depth characterization of individual
lipids within lipid families. Egg yolks were isolated from
commercial eggs (Full Circle Market) and lipids extrac-
ted with methyl-t-butylether before analyses via high-
resolution mass spectrometry. This analytical platform

demonstrates that chicken egg yolks provide a rich
nutritional source of complex structural lipids required
for lipid homeostasis. These include dominant glycero
phosphocholines (GPC) (34:2 and 36:2), plasmalogen
GPC (34:1, 36:1), glycerophosphoethanolamines (GPE)
38:4 and 36:2), plasmalogen GPE (36:2 and 34:1), glyc-
erophosphoserines  (36:2 and 38:4), glycerophos
phoinositols  (38:4), glycerophosphoglycerols (36:2),
N-acylphosphatidylethanolamines (NAPE) (56:6), plas-
malogen NAPE (54:4 and 56:6), sphingomyelins (16:0),
ceramides (22:0 and 24:0), cyclic phosphatidic acids (16:0
and 18:0), monoacylglycerols (18:1 and 18:2), diac-
ylglycerols (36:3 and 36:2), and triacylglycerols (52:3).
Our data indicate that the egg yolk is a rich source of
structural and energy-rich lipids. In addition, the struc-
tural lipids possess w-3 and w-6 fatty acids that are
essential precursors of endogenous anti-inflammatory
lipid mediators. These data indicate that eggs are a
valuable nutritional addition to the diets of individuals
that do not have cholesterol issues.
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INTRODUCTION

Avian egg yolks supply all required structural and
energetic components for fetal development within a
protective eggshell. As such, eggs are also a valuable
nutritional source for human consumers of chicken
eggs. Previous lipid analytical studies have characterized
the free fatty acids and diverse lipid classes present in
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egg yolks (Jing et al., 2017; Nagai et al., 2017,
Westbrook and Cherian, 2019). However, a detailed
analysis of the individual members of these lipid classes
has not been undertaken.

While the nutritional value of egg yolk lipids is well
recognized, particularly with regard to brain function
and development (Chen et al., 2019), the issue of dietary
egg cholesterol has overshadowed appreciation of the
nutritional value of these lipids (Feng et al., 2017;
Motta-Romero et al., 2017; Puertas and Vazquez,
2018; Huang and Ahn, 2019). Currently, strategies to
reduce levels of egg cholesterol are being evaluated
(Feng et al., 2017; Puertas and Véazquez, 2018).

To increase our understanding of the potential nutri-
tional value of egg yolk lipids, we undertook a detailed


https://doi.org/10.1016/j.psj.2020.11.020
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:paul.wood@lmunet.edu

888 WOOD ET AL.

Egg-PC #243-255 RT: 2.26-2.37 AV: 13 NL: 2.11E6
T: FTMS - p ESI Full ms2 844.56@hcd25.00 [110.00-880.00]

100
95
90
85
80
75
70
65
60
55
50
45 283.26398
40
35
30
25
20

281.24834
5 279.23265

303.23285

269.32135  273.22224  277.16842 | |
Lahat aanes Aoans baaat asad nanae Laaaat iaaat ians

T MMM A Aaaas nass iy
270 275 280 285 290

285.25848  289.84088 292.68885
LAataa Masad anat neaat Mans Maashasts naand

297.31528 302.26426  308.21461 312.01564 316.64267
LAMMMS Mant Aated aades Madat aanas aana LAt aanas naas Laaad Mant intes sasnd anet nasad Masns Mane

305.24831
L

T Lk N

295 300 305 310 315

m/iz

Figure 1. MS? of 844.5633, the chloride adduct [M+CIJ of egg yolk GPC 38:4. The product ions clearly indicate that the sn-2 fatty acid is 20:4
(303.2329; 0.32 ppm) and sn-1 is 18:0 (283.2642; 0.77 ppm), supporting the identity of GPC 38:4 as mainly GPC 18:0/20:4, with trace quantities
of GPC 18:1/20:3 (281.2486/305.2486). Abbreviation: GPC, glycerophoscholines.

analysis of the individual members of a diverse array of
lipid families present in the egg yolk to determine their
potential nutritional value with regard to energy meta-
bolism, the supply of critical lipid backbones for the
biosynthesis of structural lipids, and the supply of essen-
tial w-3 and w-6 fatty acids, from structural glycerophos-
pholipids (GPL), for the generation of endogenous
anti-inflammatory lipid mediators (Andersen, 2015;
Serhan and Levy, 2018).

Table 1. MS” of the [M+ClI|" anions of GPC.

For readers not familiar with lipid nomenclature, the
following is a brief overview of the major lipid classes
and their functions. Glycerophospholipids are a major
group in which fatty acids are attached to carbon 1
(sn-1) and carbon 2 (sn-2) of a glycerol molecule. At car-
bon 3 (sn-3) is a polar head group that includes phospho-
choline, phosphoethanolamine, phosphoserine, phospho
inositol, or phosphoglycerol. Lyso-GPL are the same
molecules but with the loss of the sn-2 fatty acid via a

GPC lipid Exact’ [M+Cl]” ppm  sn-1 FA  sn-1mass® sn-1ppm® sn-2 FA  sn-2mass’  sn-2 ppm’
34:1 759.5778 0.71 16:0 255.2329 0.48 18:1 282.2558 0.48
34:2 757.5621 0.06 16:0 255.2329 0.48 18:2 279.2329 0.39
35:1 773.5934 1.1 17:0 269.2486 0.74 18:1 282.2558 0.69
35:2 771.5778 1.2 17:0 269.2486 0.55 18:2 279.2329 0.93
36:1 787.6091 0.33 18:0 283.2642 0.68 18:1 282.2558 0.94
36:2 785.5934 0.82 18:0 283.2642 0.75 18:2 279.2329 0.75
36:3 783.5778 0.08 18:1 282.2558 0.72 18:2 279.2329 0.57
36:5 779.5465 1.3 18:2 279.2329 1.0 18:3 277.2173 1.2
38:4 809.5934 1.0 18:0 283.2642 0.96 20:4 303.2329 0.32
18: 281.2486 0.94 20:3 305.2486 0.96
38:5 807.7558 0.33 18:1 282.2558 0.44 20:4 303.2329 1.5
38:6 805.5621 0.68 16:0 255.2329 0.79 22:6 237.2329 0.97
40:4 837.6247 0.79 18:0 283.2642 1.2 22:4 331.2642 0.72
40:5 835.6091 0.72 18:0 283.2642 1.3 22:5 329.2486 0.94
40:6 833.5934 1.5 18:0 283.2642 1.1 22:6 237.2329 0.70
40:7 831.5778 1.5 18:1 282.2558 0.94 22:6 237.2329 0.67
20:3 305.2486 0.78 20:4 303.2329 0.56

Abbreviations: FA, fatty acid; GPC, glycerophosphocholines.

'Exact theoretical parent mass based on a carbon 12.0000 scale.
“Exact theoretical sn-1 fatty acid R-COO™ fragment ion mass.
30bserved sn-1 fatty acid R-COO™ fragment ion mass accuracy in ppm.
“Exact theoretical sn-2 fatty acid R-COO™ fragment ion mass.
Observed sn-2 fatty acid R-COO fragment ion mass accuracy in ppm.
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Figure 2. Relative levels of egg yolk major (upper graph) and minor
(middle graph) glycerophoscholines (GPC), and GPC plasmalogens
(GPCp; lower graph). The [M + H|™ cations GPC and GPCp were
monitored in positive electrospray ionization. (N = 6 eggs; 2
replicates).

deacetylase reaction (Wood, 2012, 2014). A further sub-
group of the GPL class are plasmalogens. These are
restricted to choline and ethanolamine GPL, involving
the addition of a fatty alcohol, rather than a fatty acid
at sn-1 (i.e., an alkyl rather than an acyl linkage). This re-
action is unique in that it is restricted to peroxisomes. The
final biosynthetic step for plasmalogens involves a desatu-
ration at the first 2 carbons adjacent to the alkyl linkage of
the glycerol backbone, resulting in an alkenyl linkage. All
of these lipids are essential for membrane structure
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Figure 3. Relative levels of egg yolk glycerophosphoethanolamines
(GPE), ethanolamine plasmalogens (GPEp), and alkyl-acyl GPE
(GPEe). The [M-H| ™ anions were monitored in negative ESL. (N = 6
eggs; 2 replicates).

including lipid rafts. A more complicated lipid class that
was detected in our study was glycerophosphoethanol-
amines (GPE) that are acylated (i.e., a fatty acid is added)
at the nitrogen of ethanolamine (N-acylphosphatidyletha-
nolamines [NAPE]|). The function of these complex lipids
remains to be fully defined. A further unique GPL class
is cyclic phosphatidic acids possessing a fatty acid at snl
with sn2 and sn3 forming a cyclic phosphate. These unique
lipids possess anti-inflammatory and antiproliferative
properties (Wood et al., 2018a,b; Christmann et al., 2019).
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Table 2. MS2 of the [M-H]| anions of GPE, plasmalogen GPE (GPEp), and alkyl-acyl GPE (GPEe).

Lipid Exact Mass' [M-H|” ppm  sn-1FA sn-1 mass’  sn-1 ppm® sn-2 FA sn-2 mass’ sn-2 ppm”
GPE 34:1 717.5308 1.0 16:0 255.2329 0.60 18:1 282.2558 0.80
GPE 34:2 715.5152 0.17 16:0 255.2329 0.60 18:2 279.2329 1.0
GPE 36:1 745.5621 1.2 18:0 283.2642 0.89 18:1 282.2558 0.44
GPE 36:2 743.5465 0.67 18:0 283.2642 0.89 18:2 279.2329 0.80
18:1 282.2558 0.80 18:1 282.2558 0.80
GPE 36:4 739.5152 0.67 16:0 255.2329 0.32 20:4 303.2329 0.26
18:2 279.2329 0.71 18:2 279.2329 0.71
GPE 38:3 769.5621 18:0 283.2642 1.2 20:3 305.2486 1.3
18:1 282.2558 1.2 20:2 307.2642 0.74
GPE 38:4 767.5465 0.61 18:0 283.2642 0.54 20:4 303.2329 0.32
18:1 281.2486 0.94 20:3 305.2486 0.96
GPE 38:5 765.5308 0.15 16:0 255.2329 0.56 22:5 329.2486 0.72
18:1 282.2558 0.87 20:3 303.2329 1.2
GPE 38:6 763.5152 0.55 16:0 255.2329 0.56 22:6 237.2329 0.3
GPE 40:5 793.5618 0.98 16:0 255.2329 0.44 24:5 357.2798 0.11
GPE 40:6 791.5461 1.1 18:0 283.2642 0.54 22:6 237.2329 0.39
GPE 40:8 787.5148 1.9 18:2 279.2329 0.03 22:6 237.2329 1.9
GPE 42:8 815.5465 2.0 20:2 307.2642 0.16 22:6 237.2329 2.2
GPEp 34:1 701.5319 0.73 18:1 282.2558 0.85
GPEp 34:2 699.5202 0.28 18:2 279.2329 0.64
GPEp 36:1 729.5672 1.5 18:1 282.2558 0.28
GPEp 36:2 727.5515 0.72 18:2 279.2329 0.82
GPEp 36:4 723.5202 1.3 20:4 303.2329 0.92
GPEp 38:2 755.5828 1.2 18:2 279.2329 0.50
GPEp 38:4 751.5515 2.2 20:4 303.2329 0.49
GPEe 38:5 751.5515 2.2 22:5 329.2486 2.2

Abbreviations: FA, fatty acid; GPE, glycerophosphoethanolamines.
'Exact theoretical parent mass based on a carbon 12.0000 scale.
“Exact theoretical sn-1 fatty acid R-COO™ fragment ion mass.
30bserved sn-1 fatty acid R-COO™ fragment ion mass accuracy in ppm.
‘Exact theoretical sn-2 fatty acid R-COO™ fragment ion mass.
Observed sn-2 fatty acid R-COO fragment ion mass accuracy in ppm.

Another major lipid class is sphingolipids that are
specialized lipids involved in membrane structure and
cell signaling. Sphingomyelins are sphingolipids that
have an amino alcohol backbone, which is most commonly
sphingosine, with an N-acyl fatty acid and an O-phospho-
choline at the terminal free hydroxy group. Ceramides
possess only the N-acyl fatty acid, whereas hexosylcera-
mides possess a galactosyl or glucosyl substitution at the
terminal hydroxy group. A more complex sphingolipid
class is the ceramide-phosphoethanolamines with a phos-
phoethanolamine substitution at the terminal hydroxy
group. The functions of these lipids are not clearly defined.

Finally, the neutral lipids are much simpler structur-
ally involving fatty acid monoacylation (MAG), diacyla-
tion (DAG), or triacylation (TAG) of the glycerol
backbone. Functionally, these lipids are complex in
that they are involved in energy metabolism, signal
transduction, and function as precursors to other GPL.

In summary, this long list of complex lipids has previ-
ously not been characterized in chicken egg yolks, and
our study was designed to shed new light on the dietary
value of egg yolks.

MATERIALS AND METHODS

Egg Samples

Egg yolks were isolated from Full Circle Market grade
A cage-free large brown eggs purchased in Middlesboro,

KY. These eggs are representative of brown egg varieties
available in grocery stores.

Sample Processing

Fifty to 80 mg of egg yolk was sonicated in 1 mL of wa-
ter and 1 mL of methanol containing the stable isotope
internal ~ standards  [*Hs]phosphatidylethanolamine
34:1, [*H;|docosahexaenoic acid, [**C,o|phosphatidyl-
choline 32:0, [**Cygceramide 16:0, [*H;MAG 18:1,
['*C4|DAG 36:2, and bromocriptine as internal stan-
dards (Wood, 2017, 2019; Wood et al., 2018a,b;
Christmann et al., 2019). The sonicates were vigorously
shaken at room temperature for 30 min after the addi-
tion of 2 mL of methyl-tert-butyl ether. After centrifuga-
tion at 4,000 X g for 30 min, 1 mL of the upper organic
layer was dried by centrifugal vacuum evaporation and
dissolved in 200 pL of infusion solvent optimized for
the formation of [M+Cl] adducts (2-propanol:
methanol:dichloromethane [8:4:4] + 5 mmol ammonium
chloride).

High-Resolution Mass Spectrometric
Analyses

Samples underwent flow injection analyses at a flow
rate of 12 pL per min and were analyzed via
high-resolution mass spectrometry using a Q-Exactive
benchtop orbitrap (Thermo Fisher) with a resolution
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Figure 4. Relativelevels of egg yolk lyso-glycerophosphocholines (Lyso-GPC) and lysopho-glycerophosphoethanolamines (Lyso-GPE). The [M + H|*
cations of GPC were monitored in positive ESI and the [M-H| ™ anions of lyso-GPE were monitored in negative ESI. (N = 6 eggs; 2 replicates).

of 140,000 and less than 3 ppm mass error. Electrospray
ionization (ESI) with a sheath gas of 12, a spray voltage
of 3.7 kV, and a capillary temperature of 321°C was
used. The ionization modes used are listed with each
data figure.

For MS? studies, a window of 0.4 amu was used for the
precursor ion, and the product ions were acquired at high
resolution (140,000, <3 ppm mass error). For MS?
studies, the neutral collision energy was optimized be-
tween 20 and 30 eV. Positive ESI MS? analyses of choline
GPL (GPC) do not provide information on the fatty acid

substituents of these lipids. In contrast, MS? analyses of
the chloride adducts, [M+Cl| ™, of GPC allows for the
identification of these fatty acid substituents (Figure 1
and Table 1). Mass errors, in ppm, were calculated based
on 5 decimal places for both the theoretical and observed
masses.

Data Presentation

Individual masses and their associated peak intensities
were imported into an Excel (Microsoft) spreadsheet
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Table 3. MS” of the [M + H|" cations of Lyso-GPC and the [M-H]| anions of

Lyso-GPE.
Lipid Exact’ [M+H]" ppm FA FA mass’ FA ppm®
Lyso-GPC 16:0 495.3324 0.69 16:0 255.2329 0.52
Lyso-GPC 16:1 493.3168 0.30 16:1 253.2173 0.43
Lyso-GPC 18:0 523.3637 0.57 18:0 283.2642 0.86
Lyso-GPC 18:1 5213481 0.66 18:1 282.2558 0.87
Lyso-GPC 18:2 519.3324 0.61 18:2 279.2329 0.78
Lyso-GPC 20:4 543.3324 0.72 20:4 303.2329 1.2
Lyso-GPC 22:6 567.3324 0.05 22:6 237.2329 1.0
Lipid Exact’ [M-H| ppm FA FA mass’ FA ppm®
Lyso-GPE 18:0 481.3168 0.056 18:0 283.2642 0.64
Lyso-GPE 18:1 479.3011 0.036 18:1 282.2558 1.04
Lyso-GPE 18:2 477.2855 0.09 18:2 279.2329 0.69
Lyso-GPE 20:4 501.2855 0.25 20:4 303.2329 1.2
Lyso-GPE 22:5 527.3011 0.26 22:5 329.2486 0.82
Lyso-GPE 22:6 525.2855 0.10 22:6 237.2329 0.88
Abbreviations: FA, fatty acid; GPC, glycerophosphocholines; GPE, glycero

phosphoethanolamines.

'Exact theoretical parent mass based on a carbon 12.0000 scale.
?Exact theoretical sn-1 fatty acid R-COO™ fragment ion mass.
30bserved sn-1 fatty acid R-COO™ fragment ion mass accuracy in ppm.

from the acquired high-resolution mass spectrometry
data (290-1,400 amu). This spreadsheet contained the
exact masses for more than 3,500 individual lipids across
56 lipid subfamilies. The masses in the constructed
spreadsheet were obtained from Lipid Maps
(lipidmaps.org). For individual lipids, when the mass er-
ror was <2.0 ppm, peak intensities were divided by the
peak intensity of an appropriate stable isotope internal
standard, generating relative levels of individual lipids.
Mean values and associated SD were calculated in the
Excel spreadsheets (Microsoft). Data are presented as
relative lipid levels = SD (N = 6 eggs; 2 replicates). Rela-
tive SD were less than 10%.

RESULTS
Choline Glycerophospholipids

Egg yolks contained a diverse array of glycerophos-
phocholines, both phosphatidylcholines and choline
plasmalogens (Figure 2). These included GPC with
monounsaturated, diunsaturated, and polyunsaturated
fatty acid substituents. Tandem mass spectrometry
revealed that these GPC were rich in both essential
w-3 and w-6 fatty acids (Table 1) including the long-
chain fatty acid substituents 22:4, 22:5, and 22:6.

Ethanolamine Glycerophospholipids

Egg yolk GPE (Figure 3) were less diverse and at
lower levels than noted for GPC (Figure 2). Tandem
mass spectrometry revealed that these GPL were rich
in both essential w-3 and w-6 fatty acids (Table 2)
including the long-chain fatty acid substituents 22:6
and 24:5.

In addition, we report for the first time that the egg yolk
possesses a diverse array of ethanolamine plasmalogen
GPE and alkyl-acyl GPE (Figure 3), essential lipids for
membrane fluidity. These GPL also were rich in both
essential w-3 and w-6 fatty acids (Table 2).

Lyso-GPC and Lyso-GPE

The lyso metabolites of GPC and GPE, which are the
result of deacylation at sn-2 by phospholipase A2 or by
phospholipase Al at sn-1, also were monitored in the
egg yolk (Figure 4). The fatty acid substituents were
validated by MS? (Table 3). While 20:4 or 22:6 fatty
acid substituents were monitored, only trace levels of
lyso-GPE 20:5 were monitored. These relative levels of
lyso-GPE 20:5 were 1000-fold lower than lyso-GPE
18:0 and 100-fold lower than lyso-GPE 20:4.

Serine-, Inositol-, Glycerol-GPL and
Lyso-Glycerophosphoinositol

The levels and diversity of egg yolk glycerophospho-
serines, glycerophosphoinositols, and glycerophosphol-
glycerols (GPG) were much more limited than we
observed with choline and ethanolamine glycerophos-
pholipids (Figure 5). Both glycerophosphoserines and
glycerophosphoinositols possessed high levels of 22:6
and 20:4 fatty acids (Table 4). While GPG were accu-
rately monitored in negative ESI, the signals in positive
ESI were insufficient to determine if bis(monoacylgly-
cerol)phosphates contributed to the observed signals.

Only 2 dominant species of lysoglycerophosphoinosi-
tols (18:0 and Lyso PI 20:4) and lyso-GPG (lyso-GPG
18:1 and lyso-GPG 18:2) were monitored (Figure 5;
Table 4).
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Figure 5. Relative levels of egg yolk glycerophosphoserines (GPS), glycerophosphoinositols (GPI), glycerophospholglycerols (GPG) and
lyso-GPG. The [M-H| ™ anions were monitored in negative ESI. (N = 6 eggs; 2 replicates).

N-Acylphosphatidylethanolamines

N-acylation of the ethanolamine head group in phos-
phatidylethanolamines and ethanolamine plasmalogens
results in the generation of NAPE and NAPEp, respec-
tively. These complex lipids that have been reported in
the brain (Wood, 2019), were found in egg yolk
(Figure 6) and structures elucidated by MS? (Table 5).

This is the first report of the presence of NAPE and
NAPEp in egg yolk.

Sphingolipids

The egg yolk was found to contain sphingomyelins
(Figure 7), hydroxysphingomyelins (Figure 7), ceramides
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Table 4. MS” of the [M-H| ™ anions of GPS, GPI, and Lyso-GPI.

Lipid* Exact’ [M-H] ppm  sn-1FA  sn-1mass’ sn-1ppm’ sn-2 FA  sn-2mass’  sn-2 ppm’
GPS 36:2 787.5363 0.95 18:0 283.2642 2.7 18:2 279.2329 0.80
18:1 282.2558 1.2 18:1 282.2558 1.2
GPS 36:4 783.5050 0.69 16:0 255.2329 0.21 20:4 303.2329 0.49
GPS 38:4 811.5363 0.44 18:0 283.2642 1.2 20:4 303.2329 1.1
GPS 38:6 807.5050 0.62 16:0 255.2329 0.21 22:6 327.2329 0.30
GPS 40:4 839.5676 0.62 18:0 283.2642 1.2 22:4 331.2642 0.51
GPI 34:2 834.5258 0.72 16:0 255.2329 0.76 18:2 279.2329 1.1
GPI 36:2 862.5571 0.82 18:0 283.2642 1.1 18:2 279.2329 0.96
GPI 36:4 858.5258 0.94 16:0 255.2329 0.56 20:4 303.2329 1.3
18:2 279.2329 0.96 18:2 279.2329 0.96
GPI 38:3 888.5727 1.0 18:0 283.2642 1.2 20:3 305.2486 1.4
GPI 38:4 886.5571 0.69 18:0 283.2642 0.75 20:4 303.2329 0.89
GPI 38:6 882.5258 0.91 16:0 255.2329 0.68 22:6 237.2329 0.79
GPI 40:6 910.5571 1.0 18:0 283.2642 1.1 22:6 237.2329 0.82
Lyso-GPI 18:0 600.3275 0.64 18:0 283.2642 0.45
Lyso-GPI 20:4 620.2962 0.57 20:4 303.2329 0.03

*All PS demonstrated the characteristic ions of [GP - H,O = 152.9953; ppm of 1.9], and [M - Serine {- H,O} Head

group = —87.0320; 0.14 ppm)].

Abbreviations: FA, fatty acid; GPI, glycerophosphoinositols; GPS, glycerophosphoserines.
'Exact theoretical parent mass based on a carbon 12.0000 scale.

*Exact theoretical sn-1 fatty acid R-COO™ fragment ion mass.

30bserved sn-1 fatty acid R-COO™ fragment ion mass accuracy in ppm.

“Exact theoretical sn-2 fatty acid R-COO™ fragment ion mass.

Observed sn-2 fatty acid R-COO™ fragment ion mass accuracy in ppm.

(Figure 8), hexosylceramides (Figure 8), and ceramide
phosphoethanolamines (Figure 8). While sphingomyelin
16:0 was the dominant observed sphingomyelin in egg
yolk (Figure 7), there were a number of hydroxysphingo-
myelins that demonstrated high levels (Figure 7). In the
case of ceramides and ceramide derivatives, long-chain
fatty acid substituents predominated (Figure 8). It is
important to note that our direct flow analysis does not
allow for the discrimination of glucosyl-vs. galactosyl-
ceramides in the hexosyl-ceramide signals.

We were unable to detect levels of lactosyl ceramides,
phytoceramides, dihydroceramides, and sulfatides, sug-
gesting that these lipids would be synthesized by the
developing chick.

Cyclic Phosphatidic Acids

The major cyclic phosphatidic acids were all observed
in the egg yolk (Figure 9) and validated by MS?
(Table 6). Cyclic phosphatidic acids, which have been
monitored in tissues (Fujiwara, 2008; Gotoh et al.,
2014) and biofluids (Wood et al., 2018a.b; Christmann
et al., 2019), are synthesized from lysophosphatidylcho-
lines (Table 3) via a phospholipase D-mediated
transphosphatidylation.

Neutral Lipids: MAG, DAG, and TAG

The egg yolk was found to be rich in content and di-
versity of MAG, DAG, and TAG (Figure 10), as re-
ported previously (Jing et al., 2017; Nagai et al., 2017;
Westbrook and Cherian, 2019). The greatest diversity

was with TAG, followed by DAG, then MAG. These
lipids that contained both w-3 and w-6 fatty acid sub-
stituents serve both as metabolic energy sources and as
carriers of essential fatty acids required for the biosyn-
thesis of structural lipids and lipid-signaling molecules.

DISCUSSION

Eggs are known to possess high levels of GPC, and our
data indicate that these lipids contain a rich supply of
essential w-3 and w-6 fatty acid substituents. We also
report for the first time that the egg yolk possesses a
diverse array of GPEp, alkyl-acyl GPE, lyso-GPE, and
lyso-GPC. With regard to the potential nutritive value
of these lipids, previous studies have demonstrated
high oral bioavailability of dietary GPL as both intact
molecules and as lipase degradation products
(Zierenberg and Grundy, 1982; Cohn et al., 2010).
Because w-3 fatty acids are precursors for proresolving
lipids and w-6 fatty acids are precursors for both pro-
resolving and pro-inflammatory lipid mediators
(Serhan and Levy, 2018; Wood, 2018), we undertook a
detailed lipidomics analysis to identify the complex
lipids that possessed 20:4, 20:5, and 22:6 fatty acid sub-
stituents. Fatty acids 20:4 and 22:6 were monitored in a
diversity of choline, ethanolamine, and serine GPL,
while the distribution of 20:5 was more limited to GPC
and GPE. Similarly, 20:4 and 22:6 were monitored in
lyso-GPC and lyso-GPE. These data indicate that the
egg yolk is a rich source of potential anti-inflammatory
precursors. In the case of lyso-GPL, our data are highly
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Figure 6. Relative levels of egg yolk N-acylphosphatidylethanolamines (NAPE) and plasmenyl NAPES (NAPEp). The [M-H| ™~ anions of NAPE

and NAPEp were monitored in negative ESIL. (N = 6 eggs; 2 replicates).

Table 5. MS” of the [M-H| ™ anions of NAPE and NAPEp.

Lipid Exact Mass' [M-H|” ppm  sn-1FA  sn-l mass”  sn-lppm®  sn-2FA  sn-2mass’  sn-2 ppm’
NAPE 52:1 983.7918 0.02 16:0 255.2329 0.94 18:1 282.2558 0.17
NAPE 52:3 979.7605 0.61 16:0 255.2329 1.1 18:1 282.2558 1.10
16:0 255.2329 1.1 18:2 279.2329 0.50
NAPE 56:5 1,031.7198 0.21 18:0 283.2642 0.38 20:4 303.2329 0.69
NAPE 56:6 1,029.7761 0.94 18:0 283.2642 0.45 20:4 303.2329 0.32
16:0 255.2329 1.3 22:6 237.2329 2.1
NAPEp 56:6 1,013.7812 0.30 16:0 255.2329 1.1 22:6 237.2329 2.4
18:2 279.2329 0.78 20:4 303.2329 0.62

Abbreviations: FA, fatty acid; NAPE, N-acylphosphatidylethanolamines;
phosphatidylethanolamines.

"Exact theoretical parent mass based on a carbon 12.0000 scale.

“Exact theoretical sn-1 fatty acid R-COO" fragment ion mass.

30bserved sn-1 fatty acid R-COO™ fragment ion mass accuracy in ppm.

‘Exact theoretical sn-2 fatty acid R-COO" fragment ion mass.

SObserved sn-2 fatty acid R-COO™ fragment ion mass accuracy in ppm.

NAPEp, plasmalogen N-acyl
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Figure 7. Relative levels of egg yolk sphingomyelins (SM) and hydroxy-sphingomyelins (SM[-OH]). The [M+Cl]~ adducts of SM were monitored in
negative ESI while the [M + H]|" cations of SM(~OH) were monitored in positive ESI. (N = 6 eggs; 2 replicates).

relevant because these lipids have demonstrated anti-
inflammatory properties after oral administration
(Huang et al., 2010; Hung et al., 2011a,b,c) and cross
the blood—brain barrier to deliver essential fatty acids
to the brain (Lagarde et al., 2001).

The potential nutritive value of egg GPL, in a
balanced diet, has been overshadowed by extreme nega-
tive views of the cholesterol content of eggs. This has
resulted in a number of commercial strategies to reduce
the content of cholesterol in chicken eggs (Feng et al.,
2017; Motta-Romero et al., 2017; Puertas and

Vézquez, 2018; Huang and Ahu, 2019). However, this
issue is complex in that dietary GPL have also been
demonstrated to improve high-density liporotein-choles-
terol composition and reduce dietary cholesterol absorp-
tion (Cohn et al., 2010; Kiillenberg et al., 2012; Andersen
et al., 2013; Andersen, 2015; Ballesteros et al., 2015).
These and our data suggest that egg consumption should
depend on population-specific recommendations, with
medical input, regarding cholesterol issues.

Other complex lipids also were monitored for the first
time in egg yolks. This included NAPE that are involved
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in membrane fluidity /integrity and in the generation of
N-acylethanolamines, complex signaling molecules, via
the actions of NAPE-phospholipase D (Wellner et al.,
2013; Lee et al., 2015; Wood, 2019). N-acylphosphatidy-
lethanolamines are generally synthesized in the gastroin-
testinal tract, liver, and brain. However, NAPE are
absorbed into the bloodstream and cross the blood—
brain barrier (Gillum, 2008). Our data indicate that
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Figure 9. Relative levels of egg yolk cyclic phosphatidic acids (cPA).
The [M-H| anions of cPA were monitored in negative ESI. (N = 6 eggs; 2
replicates).

these lipids also may represent valuable dietary compo-
nents of eggs.

Another complex lipid family we monitored in egg
yolks was sphingolipids that are essential for membrane
function and for cell signaling (Albeituni and Stiban,
2019). These included ceramides, hexosylceramides
(galactosyl- and glucosyl-ceramides), ceramide phospho
ethanolamines, sphingomyelins, and hydroxysphingo-
myelins. Our data are the first to report ceramide phos-
phoethanolamines and hydroxysphingomyelins in egg
yolks. Ceramide phosphoethanolamines are essential
membrane components (Masood et al., 2010), while
hydroxysphingomyelins have been reported to be essen-
tial for physical function (Li et al., 2018) and to decrease
the risk for prostate cancer (Schmidt et al., 2020) and
endometrial cancer (Knific et al., 2018). Clearly, dietary
supplementation of these critical lipids has the potential
for significant health benefits.

Our analyses also are the first to report the presence of
cyclic phosphatidic acids in the egg yolk. These lipids are
very stable and possess antimitogenic, anti-inflammatory,
and neuroprotective properties (Fujiwara, 2008; Gotoh
et al., 2014; Hashimoto et al., 2018). Unfortunately, there
are no data on the oral bioavailability of these lipids at
this time.

In summary, egg yolk contains a wide diversity of essen-
tial lipids serving membrane structural roles and func-
tioning in cell signaling. In particular, the reservoirs of
polyunsaturated fatty acids we monitored in a diverse
array of structural lipid families stress their availability,
via lipid remodeling, for the generation of proresolving
mediators important to anti-inflammatory and anti-
proliferative pathways. Our data are the first to report
the levels of phosphatidylglycerols, NAPE, plasmenyl
NAPE, hydroxysphingomyelins, ceramide phosphatidyl-
ethanolamines, hexosyl ceramides, and cyclic phospha-
tidic acids in the egg yolk. We also report for the
first time, a detailed characterization of the fatty acid
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Table 6. MS” of the [M-H]| ™ anions of cPA.

Lipid Exact mass’ [M-H|™ ppm Fatty acid product’ Fatty acid product ppm’
cPA 16:0 392.2327 0.50 16:0 0.0391

cPA 18:0 420.2640 0.46 18:0 0.70

cPA 18:1 418.2484 0.35 18:1 0.88

cPA 18:2 416.2327 0.40 18:2 0.76

Abbreviation: cPA, cyclic phosphatidic acids.

}Exact theoretical parent mass based on a carbon 12.0000 scale.
*Exact theoretical fatty acid R-COO™ fragment ion mass.
30bserved fatty acid R-COO" fragment ion mass accuracy in ppm.
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Figure 10. Relative levels of egg yolk neutral lipids. Monoacylglycer-
ols (MAG); Diacylglycerols (DAG); and Triacylglycerols (TAG). The
[M+CI]™ adducts of MAG and DAG were monitored in negative ESI
while the [M + NHy]" cations of TAG were monitored in positive ESL.
(N = 6 eggs; 2 replicates).

composition of individual phosphatidylcholines and
phosphatidylethanolamines.
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