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Resumo

Faria, R.L. Deleterious effects of phosphatidylethanolamine plasmalogen
oxidation via singlet molecular oxygen. 2023. 151p. Tese - Programa de Pds-
Graduacdo em CiénciasBioldgicas (Bioquimica). Instituto de Quimica, Universidade
de Sao Paulo, Sado Paulo.

Plasmalogénios sdo fosfolipideos presentes em todos os tecidos humanos.
Representam cerca de 20% de todos os fosfolipideos. Caracterizam-se pela
presenca de uma ligacao do tipo éter vinilico na cadeia alifatica da posicéo sn-1 do
glicerol, enquanto na posi¢éo sn-2 do glicerol é esterificado, na grande maioria das
vezes, a acidos graxos poliinsaturados (PUFAs). Embora estudos tenham
demonstrados os efeitos protetores de plasmalogénios em modelos celulares
submetidos a estresse oxidativo, 0s mecanismos propostos para seu efeito
antioxidante sédo controversos. Por exemplo, a reacdo do grupo vinil éter com
espécies reativas de oxigénios (ROS) gera produtos reativos como dioxetanos e
aldeidos, os quais podem propagar os danos oxidativos. Grupos ricos em elétrons,
como o vinil éter de plasmalogénios, formam dioxetano com oxigénio singlete por
reacdo de (2+2) ciclo adicdo. Dioxetanos sdo geralmente instaveis e se decompde
rapidamente por termdlise, gerando carbonila excitada. Esta espécie excitada pode
decair para o estado fundamental emitindo luz visivel, mas também pode transferir
energia para o oxigénio molecular no estado fundamental (O2(3Ag-)), desta forma,
produzindo oxigénio molecular singlete (O2(1Ag))11. Este processo de formacgao de
O2(1Ag) é chamado de “fotoquimica no escuro”. Além disso, hidroperdxidos
lipidicos na presenca de ions oxidantes, como ferro 2+, também podem gerar
0O2(1Ag) por mecanismo de Russel. Portanto, a oxidacdo de plasmalogénio via
0O2(1Ag) pode propagar reagbes de oxidagdao por “fotoquimica no escuro” e
mecanismo de Russel. Para testar esta hipétese, o presente estudo tem como
metas: a) realizar analise oxi-lipiddmica qualitativa e quantitativa (lipidémica de
lipideos ndo-oxidados e oxidados) com foco no remodelamento lipidico induzido por
oxidacgao via oxigénio singlete gerado por fotooxidagdo em queratinécitos HaCat, b)
caracterizar os principais produtos oxidados (dioxetanos, aldeidos, lisofosfolipideos,
etc.) derivados da reacdo do plasmalogénio com oxigénio singlete, c) estudar os
mecanismos de oxidacdo de plasmalogénio e os efeitos da oxidacdo de
plasmalogénios em modelos de membranas e em células, d) Andlise de &cidos
graxos livres por UPLC-Fluorescéncia, pois h4 um grande interesse em conhecer a
composi¢cdo de acidos graxo em amostras biolégicas, pois alteragbes nesses
lipideos estdo associadas a condicdes patol6gicas, além de serem precursores de
sinalizadores como prostaglandina.

Palavras-chave: Espectrometria de massas, oxidagdo lipidica, plasmalogénios,
andlise de aldeidos lipidicos, mecanismos de geracao de oxigénio molecular
singlete.



ABSTRACT

Faria, R. L. Deleterious effects of phosphatidylethanolamine plasmalogen
oxidation via singlet molecular oxygen. 2023. 151P. Thesis - Graduate Program in
Biological Sciences (Biochemistry). Institute of Chemistry, University of Sdo Paulo, S&o
Paulo.

Plasmalogens are phospholipids present in all human tissues. They represent about
20% of all phospholipids. They are characterized by the presence of a vinyl ether-type
bond in the aliphatic chain at the sn-1 position of glycerol, while at the sn-2 position of
glycerol it is esterified, in most cases, to polyunsaturated fatty acids (PUFAS). Although
studies have demonstrated the protective effects of plasmalogens in cellular models
subjected to oxidative stress, the proposed mechanisms for their antioxidant effect are
controversial. For example, the reaction of the vinyl ether group with reactive oxygen
species (ROS) generates reactive products such as dioxetanes and aldehydes, which
can propagate oxidative damage. Electron-rich groups, such as the vinyl ether of
plasmalogens, form dioxetane with singlet oxygen by a (2+2) cycle addition reaction.
Dioxetans are generally unstable and decompose rapidly by thermolysis, generating
excited carbonyl. This excited species can decay to the ground state by emitting visible
light, but it can also transfer energy to molecular oxygen in the ground state (O2(3Ag-
)), thus producing singlet molecular oxygen (O2(1Ag))11. This process of O2(1Ag)
formation is called “photochemistry in the dark”. Furthermore, lipid hydroperoxides in
the presence of oxidizing ions, such as iron 2+, can also generate O2(1Ag) by Russell
mechanism. Therefore, plasmalogen oxidation via O2(1Ag) can propagate oxidation
reactions by “photochemistry in the dark” and Russel mechanism. To test this
hypothesis, the present study aims to: a) perform a qualitative and quantitative
oxylipidomics analysis (lipidomics of non-oxidized and oxidized lipids) focusing on lipid
remodeling induced by oxidation via singlet oxygen generated by photooxidation in
HaCat keratinocytes, b) characterize the main oxidized products (dioxetanes,
aldehydes, lysophospholipids, etc.) derived from the reaction of plasmalogen with
singlet oxygen, c¢) study the mechanisms of plasmalogen oxidation and the effects of
plasmalogen oxidation on models of membranes and cells, d) Analysis of free fatty acids
by UPLC-Fluorescence, as there is great interest in knowing the composition of fatty
acids in biological samples, as changes in these lipids are associated with pathological
conditions, in addition to being precursors of signals such as prostaglandin.

Keywords: Mass spectrometry, lipid oxidation, plasmalogens, analysis of lipid
aldehydes, singlet molecular oxygen generation mechanisms.
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1. Introduction
1.1- Reactive Oxygen Species and oxidative stress

Reactive Oxygen Species (ROS) are a group of molecules that include free
radicals such as superoxide anion (O27), hydroxyl radical (OH), and non-radical species
such as hydrogen peroxide (H202) and singlet oxygen (*02)(1). ROS can be generated
through several mechanisms, including the electron transport chain in mitochondria,
inflammatory responses, cyclooxygenation, lipooxygenation, lipid peroxidation,
metabolism of xenobiotics, and ultraviolet radiations(2—4).

ROS are produced in normal cellular metabolism, and they have important roles
in various biological processes, (e.g., cell signaling, immune responses). However,
excessive production of ROS can cause damage to cellular components such as DNA,
proteins, and lipids(5).

On the other hand, cells have antioxidant defense systems that act by
preventing/inhibiting oxidation reactions(3). Antioxidants are defined as substances
present in low concentrations that effectively prevent or inhibit the formation or reaction
of an oxidizing species(6). These species are classified as enzymatic, for example: the
enzymes superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx)
and peroxiredoxins (Prdx); and non-enzymatic such as carotenoids, flavonoids, vitamins
E and C, in addition to thiol compounds such as GSH.

In the case of membrane poly unsaturated fatty acids (PUFAS), it is known that
vitamin E and GPx4 and Prdx6 enzymes play a fundamental role in antioxidant defense
mechanisms(6,7). Overall, ROS are important regulators of cellular homeostasis, but
their excessive production can lead to cellular damage and disease(8).

Redox homeostasis refers to the balance between the production and elimination
of ROS and reactive nitrogen species (RNS) in living organisms(6,9). ROS and RNS are
naturally occurring molecules that are involved in various biological processes such as
cell signaling, immune response, and gene expression regulation(9).

Oxidative stress is defined as the imbalance between the production of oxidizing
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agents (ROS and RNS) and antioxidants (Figure 1)(6,9). This imbalance leads to
damage to important biomolecules such as DNA, RNA, proteins, lipids, etc. Oxidative
stress has been linked to a wide range of diseases, including cancer, cardiovascular
disease, neurodegenerative diseases such as Alzheimer's and Parkinson's, diabetes,
and autoimmune disorders. It is also thought to contribute to the aging process

itself(6,8,10,11).

o

Antioxidants

Reactive species

o
Reactive oxygen species (ROS) % Enzymatic antioxidants
0, HO' RO’ g
) 3 @ SOD  Prx Catalase
» e
ROOH ROO 10, 7| Oxidative 3 GPX
> x
H.O 0 Z Stress S
o : g g Non-enzymatic antioxidants
Reactive nitrogen species (RNS) - £ "
° 9 a-tocopherol  Carotenoids
ONOO ° NO* 3 o
5 9 GSH Flavonoids
£ (=}
Increase of reactive species: Decrease in antioxidants:
HypO).(la, Hyperpma, Ischemia, Poor nutrition, cancer (mutation),
inflammation, etc... medicaments. etc

Figure 1: Oxidative stress occurs when there is imbalance between cell production of
reactive (ROS and RNS) and antioxidant species. Under homeostasis conditions,
professional and antioxidant production is in a stable balance. Excessive reactive

species production or antioxidant depletion can cause oxidative stress.

1.2-Singlet Molecular Oxygen Reactions and photosensitization reactions
Molecular oxygen (O) is a species with two unpaired electrons in the antibonding
* orbital (O2 (3Z¢")). But when electronically excited it can acquire two singlet states (O,
(*Zg) and O2(*Ag)) but the O2(*Zy) state is more unstable and is quickly converted to
0O2(*Ag) (table 1)(12).
On the other hand, O2(*A,) can decay to the ground state or it can interact with
other species by oxidation reaction, hence it is a ROS, or it can transfer energy to the

species and decay to the ground state. There are several antioxidants that receive
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energy from Oa(*Ag) without oxidizing such as: carotenoids, bilirubin, tocopherols,
phenols and azide(12,13).
Table 1: Electronic distribution in the molecular orbitals of molecular oxygen in the

ground state (O (3Z4%)) and singlet excited states (02(*Zy) and O(*Ay)).

Electronic State Unfilled molecular | Energy Life time
orbital rt* (kcal/mol) i in water (us)
|
. . 15 -
Excited singlet Zg *17 ‘l’ 37.5 0.001
. . 1
Excited singlet Ag *1+ — 22.5 4

Ground state 3Zg+‘ *17 + | |

02(*Ag) is generated in biological systems by different mechanisms, and can be
divided into light-dependent (photosensitization) and light-independent (dark
reactions)(14,15). Generation of O,(*Aq) by reaction in the dark (chemiexcitation) may
have an enzymatic origin such as: peroxidases (myeloperoxidase) or oxygenases
(lipoxygenases); and non-enzymatic such as: hydrogen peroxide with hypochlorite or
peroxynitrite, the reaction of ozone with biomolecules, thermolysis of dioxetanes or
recombination of peroxyl radicals derived from biomolecules (such as lipids)(14,16,17).

Singlet excited molecular oxygen (*0,) is a biologically relevant ROS capable of
reacting efficiently with cellular constituents. In biological systems, singlet oxygen can be
produced by the immune system'’s white blood cells to kill invading pathogens. However,
if the production of singlet oxygen exceeds the body's ability to neutralize it, it can lead
to oxidative damage(14). This excited state can be generated in a variety of ways, such
as through skin exposure to ultraviolet light(18) or through chemical reactions with certain
substances(14). Singlet oxygen is highly reactive and can participate in a wide range of

chemical reactions(19).
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Photosensitization reactions are chemical reactions triggered by the absorption
of light by a photosensitizer, which can be a molecule that absorbs light and transfers its
energy to another molecule or a metal ion that catalyzes a reaction through the transfer
of electrons. There are two types of photosensitization reactions (Figure 2): Type |
photosensitization reactions involve the transfer of an electron from the photosensitizer
to a substrate molecule, while Type Il photosensitization reactions involve the transfer of
energy from the photosensitizer to molecular oxygen, generating singlet oxygen. Both
types of photosensitization reactions can have important biological functions, but they
can also be detrimental if they lead to the production of reactive species that damage

cellular components.(20-22).

Singlet Radicals
PS” 2t ISC _ Substrates Type |
yY Triplet Type Il 102
3PS’
302
y N
o o
e = p
< w o
OPS 1 v 1 A A DPS

Figure 2: The triplet excited state of the photosensitizer (°PS) can be formed by photoexcitation
of the singlet ground state (*PS”) to a singlet excited state. 3PS" is produced by intersystem
crossing (ISC) from 1PS". 3PS" can react directly with substrates and form radical species (type |)
or 3PS’ can transfer energy to molecular oxygen and produce singlet molecular oxygen (type

11)(23).

1.3- Lipids and fatty acids diversity
Lipids are a broad class of organic molecules that are characterized by their insolubility
in water and solubility in nonpolar solvents such as ether, chloroform, and benzene. They

include a diverse range of compounds and lipids can be classified into several
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categories, such as fatty acyls, glycerophospholipids, glycerolipids, sterol lipids,
sphingolipids, prenol lipids and saccharolipids (24).

Lipids play important roles in living organisms, such as serving as a source of energy,
forming the structural basis of cell membranes, and participating in signaling pathways.
They are also involved in many physiological processes, including cell growth and
division, hormone production, and immune function(25,26).

Fatty acids are a type of lipid molecule that consists of a hydrocarbon chain and a
carboxyl group at end. They can be classified into different categories based on their
length of carbon chain, degree of saturation (presence of double bonds), and position of
the double bonds in the chain(27). Some common classes of fatty acids include:
Saturated fatty acids: These fatty acids do not contain any double bonds and have a
straight carbon chain. Examples include palmitic acid (FA 16:0) and stearic acid (FA
18:0). Monounsaturated fatty acids (MUFA): These fatty acids contain one double bond
and have a bent carbon chain. Examples include oleic acid (C18:1) and palmitoleic acid
(FA 16:1). Polyunsaturated fatty acids (PUFA): These fatty acids contain two or more
double bonds and also have a bent carbon chain. Examples include linoleic acid (FA
18:2) and arachidonic acid (FA 20:4) (27).

Overall, fatty acids play important roles in the body, including as a source of energy, as

building blocks for cell membranes, and as precursors for signaling molecules(27,28).

1.4- Lipid peroxidation

Lipid peroxidation occurs when oxidizing species react by abstracting electrons
(hydrogen) from unsaturated lipids, inducing a cascade of radical reactions (3-step
reaction: initiation, propagation, termination) that lead to the formation of lipid
hydroperoxides (LOOH) as primary products(29).LOOHs are relatively unstable and may
participate in secondary reactions that lead to the formation of peroxyl and/or alkoxyl
radicals. These, in turn, can propagate the oxidation process, through the generation of

new lipid radicals (Figure 3 A)(29,30). PUFAs are particularly susceptible to lipid
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peroxidation due to the presence of bis-allylic hydrogen atoms, which are highly reactive
and easily abstracted by radicals(29).Alternatively, these radicals (peroxyl/alkoxyl) can
undergo intramolecular cyclization reactions or acyl chain breakage producing,
respectively, cyclic compounds similar to prostaglandins (eg isoprostanes,
neuroprostanes) and an enormous variety of reactive aldehydes (Figure 3 B)(29,31).
Thus, lipid peroxidation causes changes in the permeability and fluidity of cell

membranes, drastically altering cell integrity and function(32).
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Figure 3: The lipid peroxidation reaction. The first step is initiation with generation of lipid
radicals. LH represents an unsaturated fatty acid, and Re a radical, such as a hydroxyl
radical (HO-). The second step is propagation with creation of new lipid radicals. Carbon-
centered radical (L*) reacts rapidly with dioxygen producing lipid peroxyl radical (LOO¢).
The final step is termination, either by antioxidants or another radical. (B) Mechanism of
lipid peroxidation in phospholipid, the bis-allylic hydrogen atoms in blue, over oxidation

leads to fatty acids scission and produces aldehydes.

1.5- Structure of plasmalogens

Plasmalogens are glycerophospholipids distinguished by the presence of
a vinyl ether linkage at the sn-1 position of glycerol (Figure 2), while being

enriched with polyunsaturated fatty acids (PUFAs) (33,34). Plasmalogens are
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present in all human tissues and make up around 20% of all phospholipids. They
are found in high levels in blood cells (such as erythrocytes, neutrophils, and
eosinophils), spermatozoa, and are particularly abundant in cardiac and cerebral
tissues (33,34). Notably, the brain has the highest concentrations of
plasmalogens in the phosphoethanolamine (PE) category, accounting for up to
85% molar of PE or 30% molar of total phospholipids within these membranes

(34).

Given their prevalence across diverse membrane systems and tissue
types, plasmalogens have been shown to play a crucial role in various biological
functions. These include their role as integral constituents of cellular membranes,
influencing membrane dynamics (35—-38). As plasmalogens conventionally house
polyunsaturated fatty acids (PUFA) in the sn-2 position (33,39), they are believed
to function as reservoirs for biologically active lipid mediators and potentially act

as antioxidants.

Numerous studies substantiate the proposition that plasmalogens may
function as antioxidants due to the heightened reactivity of their vinyl ether
moieties with reactive oxygen species (ROS)(39-41). In vitro investigations using
macrophages (RAW)(39) and human pulmonary arterial endothelial cells
(PAEC)(40) deficient in plasmalogen biosynthesis have shown that these cells
are more susceptible to cell death induced by oxidative stress, compared to
control cells(33). Consequently, it has been hypothesized that the vinyl ether
group is sacrificially oxidized, thereby protecting the PUFA at the sn-2

position(41), thus preventing lipid peroxidation.

Furthermore, decreased plasmalogen levels have been associated with several
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pathological conditions characterized by increased levels of reactive oxygen species
(ROS), such as aging and neurological disorders like Alzheimer's, Parkinson's, and
Down syndrome (39,42,43). Hence, biological scenarios marked by oxidative stress may

lead to a decrease in plasmalogen levels.
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Figure 3: Different structures of phosphatidylethanolamine esterified with EPA (FA 20:5):

plasmalogen pPE(p18/EPA), plasmanyl oPE(018/EPA) and diacyl PE (18:0/EPA).

1.6- Plasmalogen biosynthesis

The synthesis of plasmalogens involves several enzymatic steps that occur
mainly in the endoplasmic reticulum (ER) and peroxisome. The first step is the
conversion of dihydroxyacetone phosphate (DHAP) to glycerone phosphate by the
enzyme glycerone phosphate acyltransferase (GNPAT) in the peroxisome. Glycerone
phosphate is then converted to 1-alkenyl-glycerone phosphate (plasmanyl-glycerone
phosphate, 1-O-alkyl-DHAP) by the enzyme alkylglycerone phosphate synthase (AGPS)
in the peroxisome(33,34,44). FARL1 (fatty acyl-CoA reductase 1) is an enzyme that has
been shown to play a key role in the biosynthesis of plasmalogens by catalyzing the

reduction of fatty acyl-CoA to fatty alcohol(45). The last stages of synthesis take place in
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the endoplasmic reticulum(33,46). Overall, plasmalogen synthesis is a complex process

that involves multiple enzymes and subcellular compartments(46).

Plasmalogens play a vital role in physiological processes, as evidenced by
human genetic disorders that result from a scarcity of plasmalogens(33,46,47). This
scarcity resulted from reduced peroxisomal GNPAT and AGPS activities(33,48). Patients
exhibited severe symptoms such as mental retardation, hypotonia, adrenal dysfunction,
cataracts, deafness, facial dysmorphism, chondrodysplasia, and failure to thrive, often

leading to death within a year(47-49).

Numerous autosomal recessive disorders have been extensively investigated,
characterized by deficient peroxisomes or impaired function(33,46,48,50). These

disorders can be categorized into three groups: A, B, and C(33).

Group A disorders involve the widespread loss of peroxisomes, which
compromises various functions, such as Zellweger syndrome and neonatal

adrenoleukodystrophy.

Group B disorders involve an inability to accurately target specific proteins to
peroxisomes, while the overall function remains intact. Rhyzomelic chondrodysplasia
punctata (RCDP) is a rare genetic disorder characterized by various symptoms, such as
short stature, limb anomalies, facial dysmorphism, cataracts, severe mental retardation,
and increased mortality(34,46,50). Typically, defects in the PEX7 gene (RCPD type
1)(50), which is responsible for the peroxisome targeting sequence 2 (PTS2), lead to a

loss of PTS2-dependent protein targeting(49).

Group C disorders are characterized by the loss of a specific peroxisomal
function or enzyme. Instances involve deficiencies in plasmalogen biosynthesis
enzymes. Some sources categorize these as Type 2 and Type 3 based on the absence

of GNPAT or AGPS, respectively(33).
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The significance of plasmalogens for normal development is underscored by
disorders in which their biosynthesis is deficient(46). The impact of plasmalogen
reduction, as observed in certain diseases, necessitates comprehensive research to
understand both the biochemical and cellular processes that affect plasmalogen levels

and the mechanisms underlying the pathophysiology of these disorders(33,46,49).

While numerous functions have been attributed to plasmalogens, their exact
physiological role remains elusive. Investigating these assigned functions in patients with
defective plasmalogen biosynthesis or reduced levels will be crucial for comprehending

the consequences of their loss.

(o] e}
o)k/R Ho\ﬁ,o\)k/OH - -
° Endoplasmic reticulum
0 4 0 g )
o]
HO\l‘;,O\)k/O R, i 07 "Ry 0" Rs
HO/\/RZ g 1/\ RA/O\E’O\)\/O\/\RQ RA/O\?;,O\)\/O\ ___Rs
AGPS © Plasmanyl ° Plasmalogen
. \
o PEX7
Hopo M o~ ——— 1-O-akyl-DHAP )
i

Figure 4: Overview over the biosynthetic pathway of plasmalogens. Abbreviations used in this
diagram: DHAP (dihydroxyacetone-phosphate), Farl (fatty acyl CoA reductase 1), glycerone

phosphate O-acyltransferase (GNPAT), alkylglycerone phosphate synthase (AGPS),

Peroxisomal Biogenesis Factor 7 (PEXT7).

1.7- Reaction of plasmalogens with different reactive species

Plasmalogens also stand out for their supposed antioxidant role(39). However, the
proposed antioxidant mechanisms are controversial in view of the products formed in the

plasmalogen reaction. It is known that the oxygen of the vinyl ether group is sp2 and
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because of this, resonance occurs between the three atoms of this group rich in
electrons, thus making plasmalogens targets of reactive species such as: peroxyl
radicals, singlet oxygen, metals and acid. hypochlorous(39,51-53). The scheme in
Figure 5 summarizes the main plasmalogen reactions with reactive species present in
biological systems.

A common product of all reactions are aldehydes, which are capable of modifying other
biomolecules such as: DNA, proteins and lipids. In addition to aldehydes, the reaction of
the vinyl ether group with singlet oxygen generates a dioxetane intermediate, an unstable
species that rapidly decomposes, generating excited carbonyls, long-chain aldehydes
and lysophospholipids (Figure 5)(54,55). Excited carbonyls can transfer energy to
molecular oxygen producing oxygen in the singlet state (*0O;), an excited electrophilic
species capable of modifying various biomolecules. In this way the formation of

dioxetane could propagate the oxidation reactions.
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Figure 5: Main plasmalogen reactions with reagents present in biological systems, namely:
radicals (*OH, *OOH), acids (H+), singlet oxygen (1*O2) and hypochlorous acid (CIOH). Common

products: aldehydes and lysophospholipids (LPE).

Plasmalogens stand out as an important factor in the survival of cells under oxidative

stress. Although many studies classify it as an antioxidant lipid, the mechanism of action
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is not known. Initially, it was proposed that the antioxidant action of plasmalogens would
be related to the presence of the vinyl ether group, but more recent studies suggest that
the protective action of plasmalogens goes beyond consuming reactive species, and
also that the lipid composition of the membrane influences the antioxidant action.

1.7- Summary of the results obtained in this study

Plasmalogens are unique phospholipids that have a vinyl ether group at the snl
position of glycerol. They are known for their heightened reactivity towards reactive
oxygen species (ROS) because of their electron-rich nature. This study focused on
understanding the mechanisms involved in plasmalogen reactions when exposed to
reactive oxygen species (ROS), including singlet oxygen produced through
photooxidation. The initial focus required the development of plasmalogen purification
techniques from beef and pig brains (Chapter 1).

The purified plasmalogens that were acquired served as the basis for method
development and preliminary experiments prior to using commercial standards. This
enabled the development of low-temperature photooxidation technigues (Chapter 2) for
the analysis of fatty aldehydes. These methods were essential not only for studying
membrane leakage, which required 15 mg of lipids for liposome preparation (chapter 3),
but also for overcoming the limitations of commercial standards. Notably, the purification
process demonstrated remarkable reproducibility across different brain sources and
resulted in the simultaneous extraction of value-added lipids such as cerebrosides and
sulfatides. Intriguingly, a novel variant of phosphatidylserine methyl ester plasmalogen
emerged in the purified fractions, offering potential for uncovering its mysterious role in
brain function.

While the reactivity of plasmalogens with singlet oxygen is well-established, there
is a lack of research investigating the resulting products. To address this gap, the study
analyzed the various products resulting from photooxidation using diverse techniques to
uncover distinct reactivity profiles (Chapter 2). The research uncovered evidence of

dioxetane production through chemiluminescence, which is a harmful outcome for
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cellular health. Moreover, the study demonstrated that plasmalogen dioxetane
generation propagates oxidation by producing additional singlet oxygen. Simultaneously,
the study characterized hydroperoxide formation, revealing a mechanism distinct from
dioxetane production. Remarkably, plasmalogen hydroperoxide readily yields alpha-beta
unsaturated fatty aldehydes upon reduction, while metal-induced oxidation produces
diacyl phospholipids with alpha-beta unsaturated carbonyls. Validation of these species
relied on reacting them with a thiol group-sensitive fluorescent probe, introducing a
simple technique for their detection and revealing their reactivity with thiol groups. This
finding is significant in the modification of proteins and biomolecules.

Chapter 3 explores the prevalence of phosphoethanolamine plasmalogens in
HaCat keratinocyte cells and their increased reactivity in photosensitivity reactions.
Leveraging insights from Chapter 2, the study explored how pPE oxidation could disrupt
membrane integrity. Intriguingly, membranes rich in plasmalogens ruptured solely upon
exposure to singlet oxygen in the presence of reductants, indicating an unexpected
vulnerability associated with antioxidant mechanisms.

Expanding upon the expertise gained in analyzing fatty aldehydes resulting from
plasmalogen oxidation, the study extended its methodologies to include free fatty acid
analysis (FFA, chapter 4). This approach was promptly optimized and used to analyze
plasma samples from SOD1 G93A transgenic mice that were exposed to different diets.
The study revealed that dietary variations had a greater impact on FFA profiles than ALS
disease itself, indicating the wide applicability of this method for future research.

In essence, this research unraveled the intricate behaviors of plasmalogens
under oxidative stress, shedding light on their roles in cellular health, oxidation pathways,
and potential protein modifications. By expanding methodological horizons, this study
not only contributes to a deeper understanding of lipid biochemistry but also provides
valuable tools for future scientific inquiries.
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Objective

General objective

Investigate deleterious and pro-oxidant effects of plasmalogen, focusing on the
characterization of oxidation products and the impacts on membrane stability.
Characterize different plasmalogen oxidation products by derivatization methods

with fluorescent probes.

Specific objectives

Chapter 1: To develop a purification method for plasmalogen phosphoethanolamine

(pPE) and to obtain material for the next stages of the study.

Chapter 2: To study the pro-oxidant action of photo-oxidized plasmalogens through the
formation of singlet molecular oxygen via photochemistry in the dark and the Russel

mechanism.

Chapter 3: To study the reactivity of lipids extracted from photooxidized HaCat
keratinocytes and to compare the reactivity of plasmalogens with other classes of
membrane lipids. Compare the stability of photooxidation products and determine
if plasmalogen hydroperoxides are less stable compared to other classes. Finally,
a mimetic model of membranes will be used to analyze how plasmalogens alter the

stabilized phototoxicity of membranes.

Chapter 4: To develop a sensitive method for the analysis of free fatty acids and

apply it to blood plasma of amyotrophic lateral sclerosis (ALS) model rats

supplemented with different diets.
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Highlights

Phosphatidylethanolamine plasmalogen purification with high purity.
Using simple and quick methods.
Simultaneously, cerebrosides and sulfatides are obtained in high purity.

Characterization of products by lipidomic analysis by high resolution mass
spectrometry.

Simpler alternative methods of plasmalogen analysis (TLC and HPLC).

Identification of phosphatidylserine methyl ester plasmalogen.
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Abbreviations:

ARA, arachidonic acid

BHT, Butylated hydroxytoluene

DNPH, dinitrophenylhydrazine

HRMS, high resolution mass spectrometry
LPE, Lyso phosphatidylethanolamine

GPC, Glycerophosphocholine

GPE, Glycerophosphatidylethanolamine
NALD, Neonatal adrenoleukodystrophy

oPE, Phosphatidylethanolamine plasmanyl
PA, Phosphatidic acid

PE, Phosphatidylethanolamine

PIl, Phosphatidylinositol

PLA1, phospholipase Al

pPE, Phosphatidylethanolamine plasmalogen
pPSMe, Phosphatidylserine methyl ester plasmalogen
PS, Phosphatidylserine

PUFAs, Polyunsaturated fatty acids

Q10, Coenzyme Q or ubiquinone-10

RCDP, Rhizomelic punctate chondrodysplasia
ROS, Reactive oxygen species

UHPLC, ultra-high-performance liquid chromatography
TLC, thin layer chromatography
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Abstract

Plasmalogens are phospholipids characterized by having a vinyl ether-type bond in the
snl chain of glycerol. Plasmalogens are present in all human tissues and represent
around 20% of all phospholipids. Many papers report that plasmalogens have antioxidant
effects. However, it is still controversial, as many studies show that the oxidation of
plasmalogens produces reactive aldehyde species that can have deleterious effects.
Thus, further studies are needed, mainly in vivo, to confirm the antioxidant action of
plasmalogens. However, plasmalogen are value-added lipids that make many studies
expensive to perform. In this work, we describe a simple method of purifying
plasmalogen from phosphoethanolamine (pPE) with approximately 80% purity from
bovine or porcine brain using phospholipase Al treatment and flash column-
chormatography. Purified products were characterized by TLC and lipidomic analysis via
high resolution mass spectrometry (HRMS). Besides the purification of pPE the method
also allowed to obtain cerebrosides and sulfatides. Overall, this method provides an
efficient and cost-effective approach to purifying lipids with added value that can enable
studies that require good amounts of PE plasmalogen.

Graphical abstract
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Introduction

Plasmalogens are present in all human tissues and represent approximately 20%
of the total mass of phospholipids (1). The brain is the tissue with the highest amounts
of phosphoethanolamine (PE) plasmalogens, representing up to 85 mol% of PE, or, 30
mol% of total phospholipids of these membranes (2).

Mutations on plasmalogen biosynthesis or low levels of plasmalogen have been
associated with several genetic neurological and metabolic disorders (eg, rhizomelic
punctate  chondrodysplasia (RCDP), Zellweger syndrome, and neonatal
adrenoleukodystrophy (NALD))(3). Furthermore, lower levels of plasmalogens have
been implicated in a variety of disease states, including aging, Alzheimer's disease,
Parkinson's disease, Down syndrome, and heart disease and/or myocardial infarction(4).
However, some in vitro studies in cell models have shown that supplementation recovers
plasmalogen levels and improves the response to oxidative stress or recovery of cellular
activity(5).

Plasmalogens are characterized by the presence of a vinyl ether bond in the
aliphatic chain at the sn-1 position of glycerol, while at the sn-2 position of glycerol it is
esterified, in most cases, to polyunsaturated fatty acids (PUFAs)(4). Although the vinyl—
ether bond at the sn-1 position is relatively resistant to enzymatic degradation, it is quite
susceptible to oxidation induced by a variety of oxidizing reagents(6). Then,
plasmalogens are generally considered as endogenous antioxidants and there are
several studies highlighting the antioxidant action of plasmalogen in cell cultures and in
experimental animals(4). However, the proposed mechanisms for its antioxidant effect
are controversial. For example, plasmalogen reaction with reactive oxygen species
(ROS) generates reactive products such as aldehydes(7,8). Additionally, recent studies
have pointed out that plasmalogen confer sensitivity to ferroptosis by increasing cell
susceptibility to lipid peroxidation(9,10). Therefore, plasmalogens antioxidant activity is
still a matter of debate and more studies, especially in vivo, are needed to better

understand the cellular consequences of plasmalogen oxidation before it can truly be
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described as an endogenous antioxidant(11). Furthermore, Nishimukai et al(12) showed
that rats fed a diet containing purified bovine brain phospholipids had a large increase in
plasmalogen levels in blood plasma and liver.

Despite the great interest, commercial plasmalogens are costly and the
purification methods are not productive and require robust equipment such as HPLC.
Here, we report a rapid and easy purification of approximately 50 mg of purified pPE
from 8 g tissue (bovine or porcine brain) in 2 days of work using common laboratory
glassware and simple techniques. Furthermore, approximately 10 mg of sulfatides and
80 mg of cerebrosides can be obtained simultaneously during the purification. These

sphingolipids are important for the integrity, formation and maintenance of myelin(13).

Materials and methods

Materials

The bovine (380 g) and porcine (92 g) brains was obtained from a local supplier and
transported quickly, in ice-cold medium, to the laboratory and stored in -20°C.
Phospholipase Al from Thermomyces lanuginosus, sodium chloride, sodium phosphate
monobasic, sodium phosphate dibasic, deferoxamine mesylate salt, 2,4-
Dinitrophenylhydrazine (DNPH) from Sigma-Aldrich, USA. 18(Plasm)-18:1 PE Avanti
Polar Lipids, USA.

Cleaning and preparing the homogenate

The brain was placed in a beaker of adequate size and washed 3 times with saline
solution (NaCl 9%). Plasmalogens are very reactive and oxidize easily, especially in the
presence of metals such as iron present blood. The brain was cutter with a scalpel into
pieces of approximately 1 cm3. The pieces were rinsed 3 times with saline solution. The
pieces not used was store at -80°C, to prevent the pPE from degrading.

Preparing the homogenate

In a 50 ml Falcon tube was add 8 g of wet tissue and PBS 10 mM pH 7.4 with

desferrioxamine mesylate 0.1 mM until reaching the 40 ml. Caution, do not add the 40

42



ml PBS as the tissue is voluminous and may exceed the maximum volume of the Falcon
tube.

Then, the Falcon tube content was passed to a 40 mL dounce tissue grinder. Better use
more soft tissue grinder to not destroy the cells too much so that metals present in the
interior start to oxidize the plasmalogen and degrade them.

Lipid extractions and treatment with phospholipase A1 (PLA1)

In a heavy duty round bottom centrifuge tubes 35 mL was add 5 mL of 200mg/mL
homogenate (1 g tissue) and 5 mL of methanol with ice-cold 10 mM BHT, then vortexed
for 1 min. We recommend making 8 tubes simultaneously, to use all the homogenate
prepared in the previous step. Then, was add 15 mL of chloroform: ethyl acetate (4:1,
v/v) and vortexed for 30 s per tube and centrifuged (10000g, 5 min, 4°C). The lower
phase was collected using a glass Pasteur pipette to a 500 mL conical flask.

The aqueous phase was re-extracted with additional 15 mL of chloroform: ethyl acetate
(4:1, viv) and pass to the conical flask. Avoid collecting the non-soluble phase, as it is
mainly composed of protein and will make it difficult for the next steps. However, it is
possible to remove it with a glass Pasteur pipette and the conical flask facilitates the
removal of this unwanted phase.

The organic phase was passed to a 500 mL flask round and gently evaporate the solvent
using a rotavapor instrument by slowly decreasing the pressure but keeping the bath
temperature at 20°C. Avoid heating the bath to dry the solvent, prefer Rotavapor which
has low temperature condensers such as -78°C (ethanol or acetone with dry ice).

To PLAL treatment, was add 5 mL of chloroform: ethyl acetate (4:1, v/v) to transfer the
lipids solution to a heavy duty round bottom centrifuge tube with screw caps of 15 mL,
then rinsed with more 5 mL of chloroform: ethyl acetate solution. The lipid solution was
dried with nitrogen gas stream while slowly rotating the tube at an inclined angle to
produce a uniform lipid film. Then was add 15 ml of 20% PLA1 enzyme solution in 100
mM PBS pH 4.5. The tube was vortexed for 30 s and incubated in an ultrasonic bath at

50°C for 4 h. After the first 30 min it should form a white emulsion. After the PLA1
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treatment, the tube was placed in an ice bath for 10 min to lower the temperature for a
second extraction. Then the extraction was repeated and the dried lipid was stored
overnight at -80 °C for flash column purification. In the first extraction was used 8 tubes
and second is used 3 tubes.

Flash column purification

The column (dimensions, O.D.x 2 cm x 30 cm) was packed with 10 g of silica gel by
slurry method, in which silica gel is mixed with chloroform. The silica was dried in a hot
air oven at 100°C for 1 hour. Then, was applied pressure to the column to compress the
silica. The advantage of slurry methods is that they eliminate the formation of air bubbles
in the column as it is compacted.

To remove de died lipid from round flask, was add 5 mL of chloroform and vortexed for
30 s. Then slowly applied to the silica column with the glass Pasteur pipette and rinsed
the sample flask with more 2 mL of chloroform. We used for chromatography the eluents
in table 1 and was collected the 10 mL fractions each. Do not use pressure to collect the
first and second fractions as the column may crack. The fractions were monitored by
TLC analysis, eluting with a solvent composed of chloroform / methanol / water (25/10/1;
v /v /v)and applied 10 pL of each fraction for better visualization. The TLC plate was
visualized by charring with H2SO4 50% in water, PE plasmalogen PE has 0.55,
cerebrosides 0.58 and sulfatides 0.39. The fractions were combined and died by
rotavapor instrument. After removing the solvent there will be a gelatinous solid to the
PE plasmalogen and a white powder for sulfatides and cerebrosides.

TLC analysis

In a 2 mL glass vial was add 100 uL of 1 mg/ml purified PE plasmalogen in CHCL3 and
200 uL of chloroform/methanol (1:1, v/v) containing 0.1 M HCI. The solution was
incubated at 37°C for 40 min and 400 rpm to cleave the vinyl binding from the
plasmalogen(14). After treatment with HCI, all the pPE must be consumed and produce
LPE. The plasmalogen consumption was monitored by TLC. For qualitative analyses,

the TLC plate was stained with a solution of DNPH (4 g DNPH, 15 mL H2S0O4, 20 mL
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H20, 50 mL ethanol). Spots containing plasmalogens appear yellow. For a better view,
scan the plate and change the color to grayscale. It is not necessary to warm up to
visualize with aldehyde staining. For quantification was followed as described by Reich
et al. (15), the TLC plate was visualized by charring with H2SO4 50% in water and the
plate was scanned and analyzed by Image J software (http:// rsbweb.nih.govi/ij/).

HPLC analysis

HPLC with PDA detection was performed using a Shimadzu HPLC system (Shimadzu,
Japan) with two pump solvent delivery system (Model LC-20AD, Prominence Liquid
Chromatograph, Shimadzu, Japan), automatic injector (Model SIL-20AC).

The analysis was performed under isocratic conditions in normal phase with a Hilic
column (2.6 ym 100 A, 100x2.1 mm), with a flow of 0.3 mL.min-1 and temperature 40°C
in isocratic mode of 37% Hexane: Isopropanol: H20 (360: 480: 89; v/ v/ v) and 63%
Hexane: Isopropanol (360: 480; v / v), with absorbance monitored at 205 nm.
Lipidomics analysis

Mass spectrometry was carried out using an TripleTOF 6600 (Sciex, Framingham, MA)
mass spectrometer operating in information-dependent analysis (IDA). The ionization
was by electrospray. The separation was performed using ultra-high performance liquid
chromatography (UHPLC Nexera, Shimadzu, Kyoto, Japan) with two pump solvent
delivery system (Model LC-30AD), automatic injector (Model SIL-30AC).

The liquid chromatography was performed in reverse-phase (CORTECS® C18 column,
1.6 um, 2.1 mm id. x 100 mm, Waters®) with gradient elution of mobile phase A
[water/acetonitrile (60:40)] and mobile phase B [isopropanol/acetonitrile/water (88:10:2)]
both phases containing ammonium acetate or ammonium formate (final concentration of
10 mM) for experiments performed in negative or positive ionization mode, respectively.
The gradient conditions used were 40% B to 100% B in 10 min and held for 2 min, then
decreased from 100% to 40% B over 1 min and held at 40% B for 7 min. The injection
volume was 2 pl, the flow rate was 0.200 mL/min, and column temperature was 35°C.

Before MS analysis, it is essential that the instrument is tuned according to the
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manufacturers’ protocols. When analyzing concentrated samples, it is important to make
serial dilutions and start with the lowest concentration, otherwise contamination of the
lines/ source can occur.

Source conditions: temperature 450°C; curtain gas, 25 psi; nebulizer and heater gases
at 45 psi; The MS was operated in both positive and negative ionization modes, and the
scan range set at a mass-to-charge ratio of 200—2000 Da. Data acquisition using
Analyst® 1.7.1. Data for lipid molecular species identification and quantification was
obtained by Information Dependent Acquisition (IDA®). The cycle time period of 1.05s
with 100 ms acquisition time for MS1 scan and 25 ms acquisition time to obtain the top
36 precursor ions. The ion spray voltage of —4.5kV and 5.5 kV (for negative and positive
modes, respectively) and the cone voltage at +/-80V were set to analysis. The collision
energies are set +/-50 V, typically required for MS/MS phospholipids.

Data processing

Detected lipids were manually identified by MS/MS spectrum using PeakView®. Areas
of identified lipids were obtained using MultiQuant® (version 3.0.2). For semi-
guantification, the R-3.5.0 software was used. Briefly, the area of each identified lipid
was divided by the area of its respective internal standard (Table 1), multiplied by the
amount of internal standard added at the beginning of lipid extraction and, finally,
corrected by the correction factor obtained from calibration curves. Data processing the
MS/MS data was analyzed with PeakView®, and lipid molecular species were identified
by an in-house manufactured

Table 1: Lipid classes normalized by the respective internal standards.

Lipid PC PE PS PG Pl CL AEG Cer
Class
Internal PC PE PC PG PC CL PC Cer

Standard  (17:0/17:0)  (17:0/17:0) (17:0/17:0)  (17:0/17:0) (17:0/17:0) (4x14:0)  (17:0/17:0) (d18:1/17:0)

Lipid SM CE Cholesterol Q10 DAG TAG DAE

Class
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Internal SM TAG TAG TAG TAG TAG TAG

Standard (d18:1/17:0) (3x17:0) (3x17:0) (3x17:0) (3x17:0) (3x17:0) (3x17:0)

Results
Cleaning and preparing the homogenate

The main objective of this study was to develop an efficient and easy purification
protocol to obtain Plasmalogen PE in high purity (80%) using equipment commonly found
in research laboratories. The protocol has been optimized to work with 8 g of tissue at a
time and have approximately of 50 mg of pPE but also 10 mg of sulfatides and 80 mg of
cerebrosides are obtained (Figure 1. Diagram of the summarized procedure for purifying

PE plasmalogens, sulfatides and cerebrosides.).

Brain
(bovine or porcine)

Cutting and cleaning ------ Store at -80°C the unused parts

Homogenate preparation - 8 g tissue

1st Day
Ist Lipids extraction = ----- ~800 mg lipids
PLA 1 treatment === 4 hr reaction
2nd Lipids extraction === ~720 g lipids
Flash chromatography 30 fractions of 10 mL
purification
2nd Day

~50 mg PE Plasmalogen
------- ~10 mg Sulfatides
~80 mg Cerebrosides

TLC analysis and
fractions combined

Figure 1. Diagram of the summarized procedure for purifying PE plasmalogens,

sulfatides and cerebrosides.

To expand the scope of possible animal brains, in this study, we performed
purification of lipids of interest in bovine and porcine brains (Figure 2). The brain is the

most enriched tissue in plasmalogen. We used porcine and bovine brain with
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approximately 180 g 400 g, respectively.
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Figure 2. (A) Bovine and porcine brains, tissue used for purification indicated in green
area ;(B) Lipid mass extracted by mass of wet tissue from bovine and porcine brain, (*

p-value <0.05); (C) Lipid recovery from 2nd extraction.

First, we washed the brain with ice-cold saline to remove residual blood, to
prevent the iron present from oxidizing the plasmalogen(16). Then the brain was cut into
smaller pieces using a scalpel or a very sharp knife, as the brain is a soft organ and
unsharpened knives can mash it. Next, we prepared brain homogenate using a gentle
tissue grinder such as Dounce or Potter-Elvehjem. Gentle tissue disruption is indicated
to minimize cell disruption(17) and avoid the release of oxidants such as iron and
enzymes that generate ROS (18). Brain pieces were homogenized with PBS, pH 7.4,
containing deferoxamine, a highly selective iron chelating agent that completely silences
the iron redox activity(19).

Tissue parts that are not used immediately can be stored in a -40°C or -80°C
freezer for at least 90 days. However, avoid unnecessary thawing as plasmalogen can
easily degrade.(20)

Lipid extractions and treatment with phospholipase A1 (PLA1)

For lipid extraction, first we mixed the homogenate with methanol containing the

antioxidant butylated hydroxytoluene (BHT) to the homogenate to prevent lipid

peroxidation that can degrade plasmalogen. Then, we added chloroform/ethyl acetate
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(4:1; viv)(21) and collected the organic phase. Solvents were evaporated by rotary
evaporator and the total amount of extracted lipids were quantified by weight. The bovine
brain showed to be richer in lipids, with lipids corresponding to approximately 10% of the
wet mass, while the porcine brain contained approximately 7.5%. (Figure 2.B).

Next, total lipid extracts were resuspended in PBS pH 5.5 and treated with
phospholipase Al (PLA1L), which hydrolyzes the ester linkage in the snl chain of the
glycerolipids. By this treatment, only the diacyl PE is hydrolyzed to lyso PE (LPE), while
plasmalogens are kept intact. This procedure facilitates the separation of diacyl PE from
plasmalogen by chromatography (22), because diacyl PE and plasmalogen, while LPE
is much more polar (14). After PLA1 treatment, lipids were re-extracted with minimal loss
(<10%) of total lipids (Figure 2.C).

We optimized the lipid extraction steps by reducing the waste of organic solvents
in both extraction steps. The brain is the second the human organ that has highest
amount of lipids, representing approximately 50% of its dry weight (23). Then, it was
possible to use more tissue mass for less organic solvent, while tissue with a high protein
content there is difficult the separation between the three phases (aqueous, insoluble
and organic). In the 2nd extraction, only 1/3 of the volume of the 1st extraction is used,

but always with clear phase separation (Figure S1).

Silica gel column purification

After the second lipid extraction we have obtained approximately 720 mg of total lipid.
This pool was purified by silica column (eluent gradient, Table 1) and 30 fractions of 10
mL were collected. Then we performed TLC analysis with a reference plasmalogen PE
standard (pPE (p18/18:1)) to identify the fractions with PE plasmalogen. Five main bands
were observed on TLC and identified by lipidomic analysis (next section) to be fractions
enriched in cholesterol (2 to 5), cerebrosides (7 to 9), sulfatides (11 to 14), PE
plasmalogen(18 to 22) and lyso PE (24-26) (Figure 3.A).

These fractions were combined and evaporated by rotary evaporator to give relatively
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pure cerebrosides (approximately 80 mg of a white powder); sulfatides (approximately
10 mg of a white powder) and plasmalogen PE (50 mg of a colorless gelatinous solid)
(Figure 3.B). The fraction containing cholesterol (160 mg), showed impurities of more
non-polar species such as Q10 and other unidentified ones (Figure 3.B). The fraction
enriched in LPE (5 mg) also presented impurities of more polar substances (data not
shown). Overall, the purification method proved to be reproducible and there were no
significant differences of lipid mass between bovine and porcine brains, however there
is a tendency to obtain more cerebrosides in bovine brain (Figure 3.C). The intermediate
polarity of the lipid classes of interest (Plasmalogen PE, Cerebrosides and Sulfatides)
allows the use of simpler chromatographic methods and without the use of large amounts

of eluent or collection of fractions with small volumes (less than 1 mL).
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Figure 3. (A) TLC analysis of fractions collected from silica column. (In) lipid pool after
treatment with initial PLAL; (Std.) pPE(p18/18:1) standard; (1 to 27) number of fractions
collected from purification; (B) Physical appearance of purified lipids: cerebrosides and
sulfatides are white powder and PE plasmalogen is colorless gelatinous solid; (C) Lipid

mass ratio of purified lipids to the initial mass of wet tissue.

We optimized the protocol to work with the highest amount of starting tissue and found

that 8 g of tissue is the most practical. Above this mass, we had problems purifying on a

silica column.
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Lipidomic Analysis

To evaluate the efficacy of PLAL treatment, we performed lipidomic analysis by
UPLC-ESI-QTOF-MS/ MS of the lipid pool before (1st extraction) and after PLAL
treatment (2nd extraction). We identified 194 different lipids (complementary table S1).
As expected, the PLAL treatment converted diacyl PE into LPE, without loss of PE

plasmalogen (Figure 4).

1st Extraction 2nd Extraction
Initial PLA1 Treatment
GPE GPE
100% - Others 2% — oPE 2% 100% Others 2% oPE 3%
GPE 17% GPE 17%
75% 75% GPC 2%
* GPC 168% — ) Sulfatides 4%
Sulfatides 5% PE Plasmalogen 75% Ceramides 6% PE Plasmalogen 84%
50% A Ceramides 4% 50%
Cerebrosides 59%
Cerebrosides 44%
25% A LPE 2% 25%
PE 21% LPE 10%
- 0
o Cholesterol 13% _ - Cholesterol 10% _ PE 4%

Figure 4. Bovine brain extract lipid composition before (1st extraction) and after PLAL
treatment (2nd extraction). Abbreviations: GPE (glycerophosphoethanolamines), PE
(diacyl phosphoethanolamines), oPE (plasmanyl PE), LPE (lyso PE), PC

(diacylphosphatidylcholine)

The fractions purified from PLAl-treated lipids by silica gel column
chromatography were verified by TLC. Five main bands were observed (Figure 3.A) and
submitted to lipidomic analysis to characterize the lipid composition of each band. The
first band (fractions 2 to 5) is composed of more nonpolar lipids, mainly cholesterol
(Figure S2.B). The second band (fractions 7 to 9) is composed mainly by cerebrosides
and was obtained with purity of 86 £ 3% and 94 + 3% from bovine and porcine brain,
respectively. Even though there are many cerebrosides with a significant difference
between bovine and porcine brains, the composition of the most abundant cerebrosides
still similar. (Figure 5.A). The third band (fractions 10 to 14) is composed mainly by
sulfatides and was obtained with a purity of 83 + 3% and 81 * 4% from bovine and

porcine brain, respectively. The composition of sulfatides is similar for both brains
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(Figure 5.B).The fourth band (fractions 18-22) is mainly composed of PE plasmalogens
and was obtained with a purity of 83 + 3% and 70 + 10% from bovine and porcine brains
respectively. The composition of plasmalogen PE is similar for both brains. The last
group (fractions 23-26) and is mainly composed of LPE product of diacyl hydrolysis by

the action of PLA1 (data not shown).
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Figure 5. Lipid composition of purified lipids from bovine and porcine brains analyzed by
UHPLC-ESI-QTOF-MS/MS. Purified lipids represented by lipid class (left) and the 15
most abundant species (right) of (A) Cerebrosides, (B) Sulfatides; (C) PE Plasmalogen.(*

p-value <0.05, ** p-value <0.01, *** p-value <0.001).
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The purified plasmalogen fraction also contained minor amounts of plasmanil PE
(oPE), an ether phospholipid analogue of plasmalogen that is distinguished by the
absence of a double bond on the carbon adjacent to the ether bond (24), diacyl PE and

plasmalogen of phosphatidylserine methyl ester (PSMe) (Figure 5.C).

Identification of plasmalogen of phosphatidylserine methyl ester (PSMe) by
MS/MS

We found 14 lipids in purified samples of plasmalogen PE that showed the same
fragmentation pattern (MS/MS spectrum) of plasmalogens and plasmanil, with 1 peak
from fatty acid of the sn-2 chain and the lipid peak without the fatty acid (Figure 6). This
unknown lipid has 3 characteristic peaks: 152.9958, 198.0173 and 165.9911.

The 152.9958 has been suggested a phospholipid-specific negative ion (25).
However, it is more present in MS/MS spectra of phosphatidylinositol (P1), phosphatidic
acid (PA) and phosphatidylserine (PS). The peaks 198.0173 and 165.9911 may belong
to the polar head group and indicate that there is a neutral loss of 32.0273 which

corresponds to MeOH. Then, these phospholipids could be PS methyl ester (PSMe).
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PPE (p18/ARA).
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Alternative qualitative and quantitative analysis of PE plasmalogen by TLC or
UHPLC

Mass spectrometry is used in this work to obtain accurate composition of purified
products. However, lipidomic analysis is an expensive method. Alternatively, TLC
analysis can be used as a rapid and low-cost test to characterize the purified
plasmalogen. Plasmalogens are degraded into LPE and fatty aldehydes under acidic
conditions (14). Thus, pPE are easily detected by charring TLC plates with DNPH in
acidic medium. Using this staining slightly yellowish spots appears when plasmalogens
are present. For better visualization of the colored bands, it is recommended to
desaturate the image (Figure 7A).

The TLC can be charring with acid and the purity of pPE can be estimated by
samples treated with acid, see in methods, in (Figure 7B) the plasmalogen purity is
proximally 80%, close as in mass spectrometry. Acid-treated samples can also be
analyzed by UHPLC at 205 nm (Figure 7C) and resulting in a purity of proximally 76%,

slightly lower than mass spectrometry.
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Figure 7: TLC analysis of PE pasmalogen standard [PE (p18/18:1)] (STD) and purified
PE plasmalogen (pPE) before and after hydrolysis with 0.05 M HCI at 37 -C for 40 min.
(A) TLC plate revealed with acidic DNPH solution showing plasmalogen as yellow spots;
(B) TLC showing brown lipid bands formed by the carbonization of the original TLC plate,
right: graphical representations of the purified plasmalogen sample after hydrolyzing with
HCI; (C) Typical HPLC chromatogram at 205 nm of PE (p18/18:1) standard and purified

plasmalogem before and after HCI treatment.

Discussion

We describe here in detail a simple, robust and reproducible protocol for a bovine
and porcine brain plasmalogen purification protocol. The protocol was optimized to
obtain 50 mg of pPE in just 2 working days, in addition to being able to simultaneously
purify 80 mg of cerebrosides and 10 mg of sulfatides. Cerebrosides and sulfatides are
costly glycosphingolipids and are important lipids for the development, integrity and

maintenance of myelin(13).The methods described in the literature for plasmalogen PE
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purification are less efficient, as they are not very productive and use large amounts of
solvent and robust equipment such as HPLC(22,26). In this work we verified the efficacy
of PLAL treatment to hydrolyze diacyl PE while keeping PE plasmalogens intact by
lipidomic analysis (Figure 5.). PLAL treatment converted diacyl PE species to LPE which
facilitates the purification of plasmalogen species (Figure 3.A). Finally, we analyzed the
purified products and quantified the purity of the purified product by high resolution mass
spectrometry (Figure 5).

This purification protocol has few steps and requires less than 1L of organic
solvent from 8 g of wet tissue. In addition to reduce the amount of organic solvent in the
extraction steps, we also opted for silica column purification, this method purifies more
products using less time and eluent (organic solvent) than HPLC. During the 1960s and
1970s, silica column purification techniques were widely used to separate lipid mixtures
into their component parts in order to obtain milligram lipid classes for characterization
studies (27). However, with more sensitive characterization methods that require fewer
samples, this type of purification method has become less used. Due to the difficulty of
replicating this type of chromatography, as changes in column dimensions, type of silica
and even packaging method can change reproducibility(27). To reduce these difficulties,
we describe in detail the entire silica column purification method, which resulted in very
reproducible purifications.

Reducing the amount of solvent may have lost efficiency in lipid extraction, mainly
for PC, SM and PS. However, the levels of PE and Cerebrosides and Sulfatides are
proportional to those expected for human brains(28).

We identified a type of phosphatidylserine plasmalogen whose serine carboxyl
group is methylated (PSMe) (Figure 6.) in the purified PE plasmalogen fractions. There
are few studies on this type of phospholipid, but it is known that methylated PS does not
induce apoptosis(29). This might be relevant in a neuron context. However, analysis with
standards stills needed to truly ensure the structure and pattern of fragmentation.

Lipidomic analyzes are expensive, time-consuming and difficult. For this reason,
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we describe here other simpler methods by TLC and HPLC analysis that facilitate the

gquantification and identification of plasmalogens in the purified fractions. Therefore, this

protocol can be widely used by different types of laboratories.
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Figure S1. Extraction tube after centrifugation during the 1st and 2nd lipid extraction,
the arrows indicate the three phases formed: aqueous, insoluble and organic (lipid
content).
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Supplementary Table:

Table S1: Lipid composition of 1st and 2nd extraction from bovine brain.

Lipideos 1st Estraction 2ndEstraction | Lipideos 1st Estraction 2ndEstraction | Lipideos 1st Estraction 2ndEstraction |
1G-AEG (016/16:0) 4.202 103.316 Sulf cer (d18:1/26:1-OH) 0.032 0.383 PE (18:1/DHA) 55.6 3,119.7
1G-AEG (016/18:0) 0.005 0.084 Sulf cer (d18:1/27:1-OH) 0.005 0.046 pPE (p16/18:1) 38,806.9 50,921.4
1G-AEG (016/20:1) 0.014 0.231 Sulf cer (d18:2/24:1) 0.046 0.084 pPE (p16/20:1) 43,721.4 58,652.8
1G-AEG (018/20:1) 0.106 1.119 Sulf cer (d18:2/25:1) 0.003 0.497 pPE (p16/20:2) 41,339.0 74,195.3
1G-cer (d18:0/18:1-OH) 1.005 8.631 Sulf cer (d18:2/26:1) 0.005 0.062 pPE (p16/20:3) 9,474.9 6,110.4
1G-cer (d18:0/20:1-OH) 0.023 0.128 Sulf cer (d18:2/26:1-OH) 0.006 0.064 pPE (p16/22:1) 1,555.8 1,182.6
1G-cer (d18:0/22:1-OH) 0.528 3.380 cer (d18:0/18:0) 0.171 0.404 pPE (p16/22:3) 5,528.0 1,141.2
1G-cer (d18:0/23:1-OH) 1.141 8.314 cer (d18:0/24:1) 0.346 1.102 PPE (p16/22:4) 24,291.2 25,024.7
1G-cer (d18:0/24:1-OH) 4.483 34.812 cer (d18:1/16:0) 2.618 56.814 pPE (p16/ARA) 9,912.3 6,187.2
1G-cer (d18:0/24:2-OH) 2.015 13.386 cer (d18:1/18:0) 5.408 15.442 pPE (p16/DHA) 49,037.9 12,089.0
1G-cer (d18:0/25:1-OH) 1.505 10.479 cer (d18:1/20:0) 1.293 2.349 pPE (p17/18:1) 35.2 348.9
1G-cer (d18:0/26:1-OH) 0.694 4.416 cer (d18:1/22:0) 0.069 0.280 pPE (p17/20:1) 60,317.0 66,571.2
1G-cer (d18:0/26:2-OH) 0.729 4773 cer (d18:1/23:0) 0.102 0.404 pPE (p17/22:4) 2,211.3 3,061.0
1G-cer (d18:1/18:0) 0.317 3.135 cer (d18:1/23:1) 0.126 0.681 pPE (p17/DHA) 2,947.8 1,745.4
1G-cer (d18:1/22:0) 0.235 1.972 cer (d18:1/24:0) 0.346 1.102 pPE (p18/16:0) 1,889.2 2,236.5
1G-cer (d18:1/23:0) 0.526 4.251 cer (d18:1/24:1) 1.439 5.624 pPE (p18/18:1) 1,826.2 2,988.6
1G-cer (d18:1/24:0) 2.636 21.077 cer (d18:1/25:0) 0.071 0.160 pPE (p18/20:1) 667.0 578.0
1G-cer (d18:1/24:0-OH) 4.483 34.812 cer (d18:1/25:1) 0.153 0.501 PPE (p18/20:1) 667.0 578.0
1G-cer (d18:1/24:1) 0.660 5.399 cer (d18:1/26:0) 0.020 0.032 pPE (p18/22:1) 1,085.8 496.8
1G-cer (d18:1/24:1) 4.793 42.226 cer (d18:1/26:1) 0.107 0.294 pPE (p18/22:3) 2,264.0 408.1
1G-cer (d18:1/24:1-OH) 2.015 13.386 cer (d18:2/18:0) 0.830 1.249 pPE (p18/22:4) 43,203.6 35,927.4
1G-cer (d18:1/25:0) 0.763 5.455 cer (d18:2/22:0) 0.065 0.274 pPE (p18/24:3) 488.9 844.9
1G-cer (d18:1/25:1) 0.814 6.117 cer (d18:2/24:1) 0.081 0.256 pPE (p18/ARA) 33,724.9 14,985.1
1G-cer (d18:1/26:0) 0.267 1.644 cer (d18:2/25:0) 0.153 0.501 pPE (p18/DHA) 153,986.7 63,801.6
1G-cer (d18:1/26:1) 0.684 5.202 LPE (18:0) 0.004 0.010 pPE (p18/DPA) 43,855.3 33,115.4
1G-cer (d18:2/24:0-OH) 2.015 13.386 LPE (18:1) 0.945 6.748 pPE (p18:1/18:1) 41,339.0 74,195.3
1G-cer (d18:2/25:0) 0.814 6.117 LPE (20:1) 0.193 1.511 pPE (p18:1/19:1) 749.6 1,547.5
1G-OA-cer (d18:0+18:0/24:0-OH) 0.030 0.016 LPE (20:3) 0.056 0.040 pPE (p18:1/20:1) 12,345.2 20,087.2
1G-OA-cer (d18:1+16:0/24:0) 0.029 0.030 LPE (22:1) 0.004 0.013 pPE (p18:1/20:2) 9,789.9 8,419.0
1G-OA-cer (d18:1+16:0/24:0-OH) 0.066 0.001 LPE (22:2) 0.002 0.027 pPE (p18:1/20:3) 33,724.9 14,985.1
1G-OA-cer (d18:1+16:0/24:1) 0.066 0.018 LPE (22:3) 0.012 0.040 pPE (p18:1/21:1) 379.3 1,027.6
1G-OA-cer (d18:1+16:0/24:1-OH) 0.038 0.017 LPE (22:4) 0.601 2.504 pPE (p18:1/22:1) 1,542.7 918.2
1G-OA-cer (d18:1+18:0/24:0) 0.028 0.005 LPE (ARA) 0.584 0.203 pPE (p18:1/22:3) 43,203.6 35,927.4
1G-OA-cer (d18:1+18:0/24:1) 0.102 0.015 LPE (DHA) 3.367 2.815 pPE (p18:1/22:4) 43,855.3 33,115.4
1G-OA-cer (d18:1+18:1/24:0-OH) 0.084 0.027 LPE (DPA) 0.032 0.029 pPE (p18:1/24:1) 2,601.4 859.8
1G-OA-cer (d18:1+18:1/24:1) 0.062 0.010 LPE(16:0) 0.021 0.038 pPE (p18:1/24:3) 6,879.4 6,544.2
Acyl-1G-cer (d18:1/24:1+18:1) 0.022 0.009 LPE(16:1) 0.000 0.002 pPE (p18:1/24:4) 2,786.3 1,579.7
SM (d18:1/16:0) 0.560 13.097 LPE(18:1) 0.002 0.022 pPE (p18:1/ARA) 29,516.5 20,283.9
SM (d18:1/18:0) 14.741 48.368 LPE(22:3) 0.126 0.511 pPE (p18:1/DHA) 33,1745 6,702.3
SM (d18:1/20:0) 3.213 5.523 LpPE (p16) 0.004 0.153 PC (16:0/16:0) 0.8 66.6
SM (d18:1/24:0) 5.238 24.174 LpPE (p18:1) 0.003 0.229 PC (16:0/16:1) 0.5 44.5
SM (d18:1/24:1) 3.890 39.236 OPE (016/20:1) 4,356.478 1,558.654 PC (16:0/18:1) 2.3 341.9
SM (d18:1/25:1) 1.682 9.044 OPE (016/22:3) 12,751.048 20,750.767 PC (16:0/DHA) 0.1 6.1
SM (d18:1/26:1) 0.842 5.424 OPE (016/22:4) 5,527.971 1,141.242 PC (16:1/18:0) 2.3 341.9
Sulf cer (d18:0/22:0) 0.020 0.326 OPE (016/DHA) 29,5616.456  20,283.942 PC (18:0/18:1) 0.0 0.1
Sulf cer (d18:0/23:0-OH) 0.010 0.147 oPE (018/20:1) 1,243.490 1,990.790 PC (18:0/ARA) 0.4 4.9
Sulf cer (d18:1/22:0) 0.038 0.417 OPE (018/22:3) 1,542.696 918.184 PC (18:1/18:1) 0.1 9.1
Sulf cer (d18:1/22:0-OH) 0.013 0.093 OPE (018/22:4) 7,018.028 9,407.962 Pl (18:0/ARA) 289.0 5,150.1
Sulf cer (d18:1/22:1) 0.048 0.488 OPE (018/DPA) 43,203.571  35,927.436 pPC (p18/16:0) 0.4 8.3
Sulf cer (d18:1/22:1-OH) 0.001 0.297 OoPE (018:0/DHA) 43,855.339 33,115.420 pPSM (p16/18:1) 0.0 0.2
Sulf cer (d18:1/23:0) 0.073 0.736 0PE(018/22:1) 311.188 57.812 pPSM (p16/22:4) 0.4 9.5
Sulf cer (d18:1/23:0-OH) 0.015 0.355 PE (16:0/18:1) 1,441.765 15,082.921 pPSM (p16/DHA) 0.1 0.7
Sulf cer (d18:1/23:1) 0.014 0.149 PE (16:0/DHA) 0.064 1.536 pPSM (p18/18:1) 0.3 4.6
Sulf cer (d18:1/24:0) 0.494 6.013 PE (16:1/18:1) 337.493 1,205.628 pPSM (p18/20:1) 0.1 2.8
Sulf cer (d18:1/24:0-OH) 0.182 2.289 PE (18:0/18:1) 712.766 2,595.283 pPSM (p18/22:4) 0.2 23
Sulf cer (d18:1/24:1) 0.901 9.345 PE (18:0/20:1) 104.294 194.726 pPSM (p18/ARA) 0.4 9.5
Sulf cer (d18:1/24:1-OH) 0.065 0.797 PE (18:0/22:4) 945.311 6,137.493 pPSM (p18:1/18:1) 0.0 0.1
Sulf cer (d18:1/24:2-OH) 0.565 11.013 PE (18:0/ARA) 4,355.895  34,029.123 pPSM (p18:1/ARA) 0.1 2.1
Sulf cer (d18:1/25:0) 0.028 0.138 PE (18:0/DHA) 5,391.437  88,440.505 pPSM(p16/20:1) 0.3 4.6
Sulf cer (d18:1/25:0-OH) 0.021 0.211 PE (18:0/DPA) 260.881 3,317.597 pPSM(p18/18:1) 0.3 4.6
Sulf cer (d18:1/25:1) 0.119 1.260 PE (18:1/18:1) 1,606.752  19,719.419 pPSM(p18/DHA) 0.8 18.2
Sulf cer (d18:1/25:1-OH) 0.012 0.156 PE (18:1/18:2) 141.070 404.259 pPSM(p18:1/20:1) 0.3 4.4
Sulf cer (d18:1/26:0) 0.026 0.277 PE (18:1/20:1) 5.130 22.615 pPSM(p18:1/DHA) 0.3 24
Sulf cer (d18:1/26:0-OH) 0.021 0.181 PE (18:1/22:1) 551.610 1,138.019 pPSM(p20/18:1) 0.3 4.4
Sulf cer (d18:1/26:1) 0.133 1.740 PE (18:1/ARA) 223.896 3,359.369
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Highlights

 Plasmalogens react efficiently with O,('Ag) and produce two main products,
dioxetanes and hydroperoxides.

* Dioxetanes produce O,('Ag) and other excited species by chemiluminescence.

» Plasmalogen hydroperoxides are more reactive compared to other lipid
hydroperoxides due to the adjacent ether and produce O,('Ag).

* Plasmalogen hydroperoxides when oxidized produce a new diacyl phospholipid that
contains a fatty acid esterified with an alpha beta unsaturated carbonyl.

Plasmalogen hydroperoxides when reduced produce fatty aldehydes with alpha beta
unsaturated carbonyl.

» Plasmalogen has a pro-oxidant action producing O,('Ag) by two distinct and relevant
mechanisms in the cellular environment.
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Abbreviations:

Ald 17:0, Heptadecanal
Ald 18:1 A2, Octadecenal
Ald 16:0, Hexadecanal

Ald 16:1 A2, Hexedecanal

ALDOPC, 1-palmitoyl-2-(9'-oxo-nonanoyl)-sn-glycero-3-phosphocholine

ARA, Arachidonic acid

CHH, 7-(Diethylamino)coumarin-3-carbohydrazide
Ce4+, Ammonium cerium(lV) nitrate

CHCI3, Chloroform

CSH, Mercapto-4-methylcoumarin

D20, Deuterium oxide

DBA, 9,10-Diphenylanthracene

DMN, 1,4-Dimethylnaphthalene

DMNO2, 1,4-Dimethylnaphthalene endoperoxides
DPA, 9,10-diphenylanthracene

DPAO2, 9,10-diphenylanthracene endoperoxides
Fe2+, Iron(ll) sulfate hydrate

GPx4, Glutathione peroxidase 4

HHE, 4-hydroxy Hexenal

HNE, 4-hydroxy Nonenal

HRMS, high resolution mass spectrometry

LPE, Lyso phosphatidylethanolamine

MB, Methylene blue
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NIR, Near-infrared

PE, phosphatidylethanolamine

pPE, PE plasmalogen

pPE-OOH, PE plasmalogen hydroperoxides

Prdx6, Peroxiredoxin-6

PUFAs, Polyunsaturated fatty acids

ROS, Reactive oxygen species

RT, Retention time

UHPLC, Ultra-high-performance liquid chromatography
UVA, Ultraviolet A

TPP, Triphenyl phosphine
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Abstract

Plasmalogens are glycerophospholipids with a vinyl-ether linkage at the sn-1
position of the glycerol backbone. Even though they are found in all human
tissues, being especially abundant in the brain and heart, the biological role of
plasmalogens remains unclear. It has been suggested that plasmalogens are
antioxidants because of the high reactivity of their vinyl ether groups with reactive
oxygen species (ROS). However, it has been suggested that when plasmalogens
react with singlet oxygen (02 (1AQ)), they produce two primary oxidation
products: a hydroperoxyl and an unstable dioxetane intermediate. Dioxetanes
can produce O2 (1Ag) by transferring energy to molecular oxygen (02 (3> g-)).
Herein, we describe evidence of the generation of O2 (1Ag) from dioxetanes by
chemical trapping and light emission at 1,270 nm. This is a strong indication of
the monomolecular decay of O2 (1Ag). Furthermore, we also describe another
route of O2 (1Ag) production by the oxidation of plasmalogen hydroperoxides by
cerium (Ce**) and iron (Fe?*) ions, a process known as the Russell mechanism.
The oxidation products were characterized by high-resolution tandem mass
spectrometry (ESI-MS/MS) and it was determined that 98% of them form
hydroperoxides. However, the degradation of hydroperoxides generates fatty
diacyl phospholipids and aldehydes with alpha-beta unsaturated carbonyls that
can bind to thiol groups by Michael addition. Although plasmalogens are
considered antioxidants, this study shows that they can act as a pro-oxidant and

generate other products with deleterious action.

Keywords: Plasmalogen, Singlet molecular oxygen, Plasmalogen

Hydroperoxides, Plasmalogen oxidation mechanism.
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Introduction

Plasmalogens are glycerophospholipids with a vinyl-ether bond at the sn-
1 position of the glycerol backbone and a sn-2 acyl chain enriched in
polyunsaturated fatty acids [1], [2]. Plasmalogens are phospholipids found in all
human tissues, including the membranes of neutrophils, eosinophils, and sperm.
It is especially abundant in the brain and heart [1], [2]. Several pathologies are
associated with defects in plasmalogen biosynthesis. Some examples are
neurodegenerative  diseases, Zellweger syndrome, and rhizomelic
chondrodysplasia punctata [3]. In vitro studies in macrophages (RAW) and
human pulmonary arterial endothelial cells (PAEC) deficient in plasmalogen
biosynthesis have shown that they are more rapidly killed by oxidative stress than
controls [4], [5].

Oxidative stress is defined as an imbalance between the generation of
reactive species, such as free radicals and reactive oxygen species (ROS), and
antioxidants that protect biomolecules against oxidative damage [6]. ROS
damage can cause disturbances in cell metabolism, including DNA strand
breakage and lipid peroxidation [7].

Several studies support the hypothesis that plasmalogens act as
antioxidants due to the high reactivity of their vinyl ether groups with ROS [1], [4],
[8]. Supposedly, the vinyl ether group is sacrificed to protect the PUFA in the sn-
2 position [9] , thus preventing lipid peroxidation.

It has been suggested that when plasmalogens react with O2 (1Ag), they
produce two primary oxidation products: a hydroperoxyl and an unstable
dioxetane intermediate [9]. Singlet oxygen (O2 (1Ag)) exhibits substantial

reactivity towards electron-rich organic molecules, including the plasmalogen
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vinyl ether group. However, a robust characterization of the formation of
dioxetanes is still lacking, and the relationship between the formation of
hydroperoxides and dioxetanes is still unknown [9]-[11].

Unstable dioxetanes decompose rapidly by thermolysis, generating
excited carbonyl. This excited species can decay to the ground state by emitting
visible light, but they can also transfer energy to molecular oxygen (02 (3> g-))
producing O2 (1Ag) [12], [13]. Therefore, itis not yet clear whether plasmalogens
act as antioxidants, have an oxidative action, or both.

The energy transfer reaction from an electronically excited species to O2
(3>g-) producing 02 (1Ag) without a photoexcited species is called
"photochemistry in the dark." Here, we hypothesized that the oxidation of
plasmalogen via O2 (1Ag) can propagate oxidation reactions through
"photochemistry in the dark," resulting in the production of a new molecule of O2
(1Ag) (figure 1, rote A).

On the other hand, it is also proposed that plasmalogens oxidized via O2
(1Ag) can produce hydroperoxides, which are also very harmful species. Lipid
hydroperoxides can react in a biological system with free metal ions, heme
proteins, or other oxidants and thereby generate highly reactive lipid radicals,
including alkoxyl and peroxyl radicals [11]. Lipid peroxyl radicals also produce O2
(1Ag) by the Russell mechanism [10] (figure 1 rote B). Thus, the oxidation of
plasmalogens via O2 (1Ag) can propagate the oxidation by two different
mechanisms.

We describe evidence of pro-oxidant actions of plasmalogens through the
production of excited carbonyls and O2 (1Ag) generated by energy transfer and

the Russell mechanism. We have also characterized the plasmalogen oxidation
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products via O2 (1Ag), formyl phospholipid, and plasmalogen hydroperoxide by
tandem mass spectrometry. In addition, a method for measuring aldehydes was
developed, which made it possible to demonstrate the quantitative ratio between
dioxetane and hydroperoxide products of plasmalogens that were oxidized via
02 (1Ag). We also describe some of the degradation products of lipid
hydroperoxides: alpha-beta unsaturated diacyl phospholipid and a long-chain
aldehyde. Our findings may help elucidate the actual role plasmalogens play in

cellular oxidative stress.
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Figure 1: Plasmalogen oxidation mechanism via singlet oxygen (O2 (1Ag)), and
there are two possible routes leading to the production of a new O2 (1Ag). Route
A involves "photochemistry in the dark," which produces a dioxetane intermediate
that can propagate the oxidation reaction and produce a new O2 (1Ag) from O2
(3Ag). Route B is the Russell mechanism, in which oxidation of hydroperoxides
produces peroxyl radicals. Two radicals then react with each other, producing a
hydroxyl and carbonyl.
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Results
Characterization of phosphoethanolamine plasmalogen photooxidation

products:

To characterize the PE plasmalogen photooxidation products, the pPE
plasmalogen solution (p18:1/18:1) was photooxidized in the presence of MB at a
low temperature (-40°C). The low temperature was used to prevent the
decomposition of unstable intermediates, such as dioxetanes. Aliquots of the
samples at different times were collected, and the oxidation products were
analyzed by a high-resolution LC-Q-TOF-MS/MS system. Photooxidation
promoted a rapid consumption of the pPE (p18/18:1) peak at 10.3 min, which was
almost completely consumed after 30 min. Additionally, a major product with
similar polarity at 9.6 min was formed, along with some minor polar products at

earlier retention times (e.g., 4.3 min) (Figure 2A).

Structural characterization of the oxidation products was done by
analyzing the exact mass of the precursor ions (MS1) and their fragmentation
products (MS/MS or MS2) in the negative ionization mode. The pPE (p18/18:1)
used as a starting material showed characteristic MS1 (Figure 2B) and MS2
mass spectra (Figure 2C) with a precursor ion at m/z 728.5601 and fragment
ions at m/z 140.0118 referring to the phosphoethanolamine group, the ion at m/z
281.2486 corresponding to the 18:1 acyl chain, and the ions at m/z 446.3023 and
464.3146 arising from the loss of the 18:1 acyl chain as an acid and a ketene,

respectively (Figure 2C).

The MS1 mass spectra of pPE oxidation product detected at 9.6 min

showed a m/z value consistent with the addition of two oxygen atoms (m/z
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760.5483). We assigned this product to contain plasmalogen with an alkyl ether
hydroperoxide group at the snl position. The fragmentation profile of pPE(p18-
OOH/18:1) showed a prominent fragment ion at m/z 281.2486, which arises from
both the dissociation of the sn2-18:1 fatty acyl chain and the dissociation and
dehydration of the snl ether hydroperoxide alkyl chain (Figure 2F). To confirm
the formation of an ether hydroperoxide group at the pPE snl position, we
reduced the hydroperoxide with triphenylphosphine (TPP). This reduction
generates a hemiacetal that can quickly cleave to generate LPE (18:1) and a fatty
aldehyde (Ald 18:1 A2) (Figure 2G). Reduction with TPP increased the LPE
levels (Figure 2H), confirming the addition of hydroperoxide in the vinyl ether
position in the plasmalogen. If the position of the hydroperoxide were different
from the vinyl ether position, we would have detected a pPE hydroxide, which

was not the case (Figure S3).

In addition to plasmalogen hydroperoxide, we also detected two minor
polar products that eluted at around 4.3 min one corresponding to the
lysophosphatidylethanolamine (LPE (18:1)) and the other corresponding to a PE
(formyl/18:1) (Figure 2B). PE (Formyl/18:1) and LPE (18:1) share a similar
fragmentation pattern that shows ions corresponding to the 18:1 fatty acyl chain
in the sn2 position and the phosphoethanolamine group in the sn3 position.
These two species differ in the m/z value of the precursor ion, since the formyl
PE has a mass shift of +27.99 Da due to the formyl group in the snl position
(Figure 2D and E). Formyl PE is a product of dioxetane thermal decomposition.

However, it can be easily hydrolyzed to Lyso PE [14].
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The formation of pPE containing the alkyl ether hydroperoxide group at the
snl position was also studied using pPE purified from bovine brain (Figure S1),
which contains a mixture of different types of PE plasmalogens (Table S1). This
pPE mixture was photooxidized under the same conditions and analyzed by LC-
MS. The same characteristic fragmentation profile, showing prominent ions
arising from the dissociation of the fatty acyl chain from the sn2 position and the
dissociation of the snl alkyl ether hydroperoxide chain with a mass shift of -18
due to the dehydration of the hydroperoxide group, was observed (Figure S2).
Thus, together, these results confirm the formation of plasmalogens containing
an alkyl ether hydroperoxide group at the snl position in the photooxidation of

bovine brain pPE.
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Figure 2: Characterization of photooxidation products of pPE(p18/18:1): (A) Total
ion chromatography (TIC) of photooxidation with peaks corresponding to pPE
(p18/18:1) at 10.3 min and the products formed in pPE (p18-O0OH/18:1) at 9.6
min and PE(formyl/18:1) at 4.3 min; (B) MS1 of the peaks shown in A; MS2 of the
ions corresponding to: (C) LPE(18:1), (D) PE (formyl/18:1), (E) pPE(pl18-
OOH;18:1), and (F) pPE(p18/18:1); (G) Mechanism of reduction of vinyl ether
hydroperoxide from pPE(p18-O0H/18:1); (H) Quantification of photooxidation
products with reduction using triphenylphosphine (TPP).

Determination of the ratio between plasmalogen photooxidation routes:

Singlet oxygen (02 (1Ag)) is a ROS, and as such, it reacts efficiently with
plasmalogen, more than a hundred times faster than it does with diacyl glycerol

analog[9]. Several authors have suggested two oxidation products from the
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reaction between O2 (1Ag) and plasmalogen: (Figure 1, route A) dioxetanes that
are thermally degraded into formyl phospholipid and fatty aldehyde, and (Figure

1, route B) allyl hydroperoxide at sn-1 position[8], [9], [14].

However, the proportion of the products is still unknown. Our first approach
was to use the peak area obtained from pPE (p18-OOH/18:1) and PE
(formyl/18:1), normalized by the saturated internal standard (PE (14:0/14:0)). The
pPE (p18/18:1) oxidation products showed the same pattern of formation, with
pPE (p18-O0H/18:1) as the main product representing about 98%, and PE
(formy/18:1) representing only about 2% (Figure 3B). However, formyl PE can

be hydrolyzed, which explains its decrease after 20 min.

We determined the proportion of aldehydes as another approach to
estimate the relative proportion between the dioxetane and hydroperoxide
products. Since dioxetane undergoes thermolysis, it produces a fatty aldehyde
with 17 carbons (Ald 17:0), while pPE hydroperoxide, when reduced, produces a

fatty aldehyde with 18 carbons (Ald 18:1 A2) (Figure 3A).

In samples irradiated without a photosensitizer, the aldehydes were not
detected. However, when irradiated in the presence of MB, both aldehydes were
observed, with Ald 17:0 being the major product. When irradiated in the presence
of MB and then mixed with TPP, we observed a great increase in Ald 18:1 A2,

with a proportion of 97%, and only 3% of Ald 17:0 (Figure 3D).
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Figure 3: (A) Possible routes of oxidation of pPE (p18/18:1) via O2 (1Ag):
production of a dioxetane intermediate that degrades into PE (formyl/18:1) and
Ald 17:0; concurrent route with production of a hydroperoxide pPE (p18-
OOH/18:1) which can be reduced by TPP, thus producing LPE (18:1) and Ald
18:1 A2. (B) Kinetics of formation of PE (formyl/18:1) (dioxetane product, left) and
pPE (p18-O0H/18:1) (hydroperoxide, right); (C) Determination of CHH-
derivatized aldehydes from samples of pPE (p18/18:1) irradiated for 30 min,
under the conditions: (-MB) without methylene blue; (+MB) with methylene blue,
(+MB + TPP) with MB and with TPP.

Characterization of alpha beta unsaturated fatty aldehyde (Ald 18:1 A2)

produced by the reduction of plasmalogen hydroperoxides

Aldehydes are not ionizable groups. For the analysis of this species, it is
necessary to carry out a derivatization reaction. In this study, we used the 7-
(Diethylamino) coumarin-3-carbohydrazide (CHH) as a probe to react with
aldehyde groups. The MS/MS spectrum of the derivatized aldehydes has a
characteristic ion of CHH probe with m/z 244.0968 and may generate another

characteristic ion of the aldehyde, but with much lower intensity [15].

The fatty aldehyde Ald 17:0, produced by thermolysis of dioxetane pPE

(18:1/18:1), showed the same fragmentation pattern as the commercial Ald 17:0,
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with a precursor ion at m/z 512.3847 and fragment ions at m/z 252.2702 referring

to the fatty aldehyde (Figure 4A and B).

For Ald 18:1 A 2, precursor ions were observed at m/z 512.3847, and
fragment ions were observed at m/z 279.2830, referring to the fatty aldehyde.
(Figure 4C). However, this data only indicates that the aldehyde has a chain of
18 carbons and 1 unsaturation. However, it is not possible to guarantee that it is

an alpha-beta unsaturated aldehyde.

In order to confirm production of an alpha-beta unsaturated aldehyde (Ald
18 A2) by reduction of plasmalogen hydroperoxides. We developed a novel
analysis method using the fluorescent probe 7-Mercapto-4-methylcoumarin
(CSH). Aldehydes such as 4-hydroxynonenal (HNE) [16] and hexadecenal (Ald
16:1 A2) [17] are highly susceptible to Michael addition on the beta-carbon of the
alpha-beta unsaturated group with nucleophiles such as thiol of CSH probe.
Nevertheless, the addition of CSH on the beta-carbon does not eliminate the
aldehyde group[17]. Thus, it is possible to derivatize the aldehyde group with the

CHH probe (Figure 4D).

Initially, we performed tests using Ald 16:1 A2, a commercially available
aldehyde containing the alpha-beta unsaturated group, and Ald 16:0 as a control.
As CSH does not react with aldehyde groups, we performed a second
derivatization reaction using CHH for the aldehyde group (Figure S4 A and B).
As expected, the analysis by UHPLC-fluorescence showed that only Ald 16:1 A2
was derivatized with both probes, while Ald 16:0 was only derivatized with CHH

(Figure S4C).
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Relative intensity (%)

Relative intensity (%)

Using CSH and CHH as probes, we performed the characterization of the
aldehydes formed in pPE photooxidation by mass spectrometry. It is possible to
identify the doubly derivatized aldehyde, resulting in an MS/MS spectrum with
peaks characteristic of the neutral loss of each probe in Ald 16:1 A2 commercial
standard (Figure 4D). The same pattern was observed in Ald 18:1 A2 produced
by pPE (p18-O0H/18:1) (Figure 4E). In this way, we were able to characterize
the fatty aldehydes produced by plasmalogen photooxidation

through

derivatization of aldehyde and carbonyl groups.
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Figure 4: Fragmentation pattern of CHH-derivatized long chain aldehydes (A)
commercial standard of Heptadecanal (Ald 17:0); (B) Ald 17:0 produced in
phooxidation of pPE (p18/18:1), dioxetane product and (C) Ald 18:1 A2, product
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of pPE (p18-O0H/18:1), reduction; (D) Reaction mechanism of derivatization of
aldehydes with alpha beta unsaturated carbonyl, is initially performed with CSH
probe that reacts with alpha beta unsaturated carbonyl by Michael addition,
followed by derivatization with CHH that reacts with aldehyde group;
Fragmentation pattern of CSH-CHH-derivatized fatty aldehydes with alpha beta
unsaturated carbonyl (E) Ald 16:1 A2 commercial (F) Ald 18:1 A2 product of pPE
(p18-O0H/18:1) reduction.

Chemiluminescence of plasmalogens dioxetane and triplet carbonyl

identification:

The identification of PE (formyl/18:1) and Ald 17:0 in plasmalogen
photooxidation suggests the formation of a dioxetane intermediate. Dioxetane
thermolysis produces electronically excited carbonyls [18], [19]. Excited
carbonyls can undergo "dark photochemistry,” which can result in typical
photochemical reactions without the presence of photoexcited species [20].
During this process, the excited carbonyl species transfers energy to another
ground-state species, such as molecular oxygen (O2 (3> g-)), resulting in the

production of singlet molecular oxygen (02 (1AQ)).

The excited carbonyl may also decay to the ground state and emit visible
light (Figure 5A). We photooxidized 1 mM pPE (p18/18:1) at -40°C to preserve
the dioxetanes and detect the light emitted by excited carbonyls. The sample was
then allowed to naturally heat up to RT. O2 (1Ag) reacts with vinyl ether to
produce dioxetane via cyclization [14]. Diacyl PE (18:1/18:1) was used as a
negative control for photooxidation because it lacks a vinyl ether bond. Visible
light emission in the photooxidized pPE (p18/18:1) sample (Figure 5B) suggests

the formation of excited carbonyl species.
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Dioxetanes thermolysis produces singlet and triplet excited carbonyls.
However, it is only the triplet carbonyls that can transfer energy to O2 (3% g-) and
result in the production of O2 (1Ag) [21]. A strategy to determine if triplet
carbonyls are produced is by adding the enhancer dibromo anthracene (DBA).
DBA is efficiently excited by triplet carbonyls, and when it decays to the ground
state, it emits visible light [18]. This increases the visible light emitted during the
decomposition of dioxetanes, which produce triplet excited carbonyls. We added
DBA after photooxidation at low temperature and measured the emitted light
again. We observed a significant increase in the emitted light in the presence of

DBA (Figure 5C).

02 (1Ag) reacts with electron-rich groups, such as olefins, dienes, and
polycyclic aromatic compounds [11]. Additionally, O2 (1Ag) can decay to the
ground state of O2 (3> g-) while emitting near-infrared (NIR) light at 1270 nm

(equation 1) [11].

O2(*Ag) — 02 (33 g") + hv (A= 1270 nm) (1)

To confirm O2 (1Ag) production, we repeated the photo-oxidation of pPE
(p18/18:1) at a low temperature and measured the emitted light at 1270 nm. PE
(18:1/18:1) was used as a negative control. We observed weak emission for
several minutes at 1270 nm only in the photooxidized pPE (p18/18:1) (Figure
5D). The emission at 1270 nm has a similar kinetics to the reaction when DBA
was added (Figure 5C). O2 (3> g-) and DBA receive energy from excited triplet
carbonyls by the same mechanism, may for this reason for the similar kinect
behavior. Near-infrared (NIR) emission with peak light at 1270 nm is

characteristic of the monomolecular decay of O2 (1Ag). Although we observed
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emitted light at 1270 nm, it was not possible to obtain a resolved NIR emission
spectrum to confirm the production of O2 (1Ag) by NIR emission alone due to a

low signal-to-noise ratio.

For this reason, we utilized an alternative method to detect the generation
of O2 (1Ag) through chemical trapping with 9,10-diphenylanthracene (DPA). This
species reacts efficiently with O2 (1Ag) to produce a stable endoperoxide
(DPAO2) (Figure 5A) [10], [21]. We added DPA after photooxidation at low
temperature and incubated the solution was at RT for 1 hour in the dark. HPLC
analysis revealed the formation of DPAO2 (Figure 5E and Figure S5), this way
suggesting the production of O2 (1Ag) via “photochemistry in dark” from

plasmalogen photooxidized (Figure 1, route A).
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Figure 5: (A) The oxidation mechanism of plasmalogen with O2 (1Ag) produces
a dioxetane intermediate that can propagate the oxidation reaction by producing
a new molecule of O2 (1Ag). Additionally, there is a chemical trapping mechanism
of 02 (1Ag) with 9,10-Diphenylanthracene (DPA) that produces the
corresponding endoperoxide (DPAO2); (B) Time course of total visible light
emission of 1 mM pPE(p18/18:1) and PE(18:1/18:1) photooxidized at -40°C and
naturally heated to RT; (C) Time course of total visible light emission of 1 mM
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pPE(p18/18:1) photooxidized at -40°C and naturally heated to RT with the
addition of 10 mM DBA, a triplet carbonyl enhancer; (D) Time course of NIR
emission at 1270 nm from O2 (1Ag) monomolecular light emission of 1 mM
pPE(p18/18:1) or PE (18:1/18:1) photooxidized at -40°C and then heated to 37°C;
(E) Chromatogram from chemical trapping of O2 (1Ag) with DPA to produce
DPAO2 from pPE photooxidized by HPLC at 210 nm.

Characterization of radical reaction products of pPE (p18-O0OH/18:1) with

Ce™ and Fe*2

Plasmalogen hydroperoxide (pPE (p18-O0H/18:1)) accounted for 98% of
the product formed during photooxidation of pPE (p18/18:1). Lipid
hydroperoxides react with metals like Fe?* and Ce** to produce peroxyl radicals

and O2 (1Ag) via the Russell mechanism [25].

The Russell mechanism involves peroxyl radicals reacting to form a linear
tetra oxide intermediate that decomposes into ketone, hydroxyl, and molecular
oxygen singlet[22]. Fatty acid hydroperoxides produce alcohol and ketone as
oxidized lipid products [10]. Plasmalogen hydroperoxide has an ether group. This
reaction may produce a hemiacetal and an ester. The ester leads to a diacyl PE
(18:1 A2/18:1), while the hemiacetal decomposes to produce LPE (18:1) and Ald
18:1 A2 (Figure 2G). To confirm the expected product formation via the Russell
mechanism, we incubated 5 uM pPE (p18-O0H/18:1) with 50 uM Ce** and Fe?*
in a solution of CHCI3: methanol:water (90:9:1 v/v/v) for 1 hour. We used
photooxidized PE (18:1/18:1) as a positive control and incubated it under the

same conditions (Figure 6B).

pPE (p18-O0H/18:1) was consumed and producing expected products of

the Russell mechanism for plasmalogen hydroperoxides the diacyl PE (18:1
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A2/18:1) and LPE (18:1). Additionally, we observed the expected products of
positive hydroperoxide control (PE (18:1/18:1)-O0OH): the alcohol [PE

(18:1/18:1)-OH] and ketone [PE (18:1/18:1)=0] (Figure 6C).

Furthermore, pPE (p18-O0H/18:1) was fully consumed by both Ce** and
Fe?* while PE (18:1/18:1)-O0OH was more consumed in the presence of Ce** ion
due to its higher oxidation potential of Ce*4. These data indicate that pPE (p18-
OOH/18:1) is more reactive with metal ions than the diacyl analogue (PE

(18:1/18:1)-OOH).
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Figure 6: (A) Reaction mechanism of plasmalogen hydroperoxide pPE (pl18-
OOH/18:1) and (B) diacyl hydroperoxide PE (18:1/18:1)-OOH with Fe?* and Ce**,
producing a peroxyl radical intermediate and resulting in carbonyl and hydroxyl
products; (C) Consumption of pPE-OOH incubated with Fe?* and Ce** resulted
in the production of LPE (18:1) and PE (18:1 A2/18:1) compared to the positive
control. Incubation of PE (18:1 /18:1)-OOH with Fe?* and Ce** resulted in the
production of alcohol PE (18:1 /18:1)-OH and ketone PE (18:1 /18:1)=0.
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The oxidation of pPE (p18-O0H/18:1) to PE (18:1A2/18:1) is an isomer of
PE (18:1/18:1), but with an alpha-beta unsaturated fatty acid in the snl position.
The UHPL-ESI-QTOF-MS/MS analysis reveals that both products have the same

MS/MS spectrum (Figure S6), but with different retention times (Figure 7A).

To confirm the alpha-beta unsaturated carbonyl in diacyl PE
(18:1A2/18:1), we incubated the pPE(p18-O0H/18:1) oxidated by Ce*" in
presence of CSH. We identified by mass spectrometry analysis an adduct of PE
(18:1A2/18:1) with the CSH probe, and the MS/MS spectrum confirmed a probe
fragment at m/z 191.0172 (Figure 7B). Taken together, we were able to identify
the two lipid products of Russell's mechanism for plasmalogen hydroperoxides

(Figure 1, route B).
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Figure 7: (A) Extracted ion chromatogram (XIC) of [M]- = 742.539 from a
sample of photooxidized pPE(p18/18:1) treated with Ce** (blue) and a
commercial standard PE (18:1/18:1) (green);(B) MS/MS spectrum of
PE(18:1A2/18:1) derivatized with CSH.
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Characterization of singlet molecular oxygen generated by the reaction of
hydroperoxides pPE (p18-O0OH/18:1) and Ce**

The lipid products identified in the reaction of pPE (p18-OOH/18:1) with
Ce* or Fe?* are consistent with a mechanism that involves the reaction of two
peroxyl radicals, as described by the Russell mechanism. To demonstrate O2
(1Ag) production via the Russell mechanism (Figure 1, route B), we monitored
1270 nm light emission during the reaction of 5 yM pPE (p18-O0H/18:1) with 75
MM Ce*, and we observed an intense emission signal (Figure 8A). We
conducted the same measurements using linoleic acid hydroperoxide (LAOOH)
as a positive control for O2 (1Ag) production via the Russell's mechanism (Figure
8B)[10]. Both lipid hydroperoxides produced light emission at 1270 nm with very
similar intensity and kinetics, thus supporting that plasmalogen hydroperoxide

can produce O2 (1Ag) via the Russell mechanism.

As the signal obtained at 1270 nm was very intense, it was possible to
obtain the infrared emission spectrum that unequivocally confirms the production
of O2 (1Ag) (Figure 8C). DMNO?2 is a classical chemical generator of O2 (1Ag)
when thermally decomposed. For comparison, the spectrum obtained from the
decomposition of DMNO2 was also acquired (Figure 8D). These results clearly
demonstrate that 102 is produced by the reaction of pPE (p18-O0OH/18:1) in the
presence of Ce**. Knowing the decomposition kinetics of DMNO2 (Figure S6), it
is possible to quantify the amount of 102 produced. The amount of pPE (p18-
OOH/18:1) produced in the presence of Ce** was 3.2%, consistent with Russell's

mechanism[10].
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Figure 8: Analysis of O2 (1Ag) produced by Russell by light emission in near-
infrared (NIR): (A) Kinetics of emission at 1270 nm were measured by a cut-off
filter for plasmalogen hydroperoxides pPE (p18-OOH/18:1) and (B) LAOOH
(positive control), both at 5 uM, with the addition of 75 uM Ce** in a single-phase
reaction (CDCI3:MeOD(D5):D20; 308;91.4;0.6; v/v/v); (C) NIR emission
spectrum of pPE (p18-O0OH/18:1) at 100 uM with a single 75 uM Ce*" and a
positive control of O2 (1Ag) produced by thermal decomposition of 1mM DMNO2.

Discussion

In this study, we show that plasmalogen photooxidation can propagate
pro-oxidant reactions by generating singlet oxygen (02 (1Ag)) through two
routes: (route A) the [2 + 2] cycloaddition of O2 (1Ag) in the plasmalogen vinyl
ether group, producing a dioxetane intermediate. The production of a new O2
(1Ag) occurs by transferring energy from the excited triplet carbonyl produced by
dioxetane thermolysis at room temperature (RT) to the molecular oxygen (02
(3> g-)); (route B) Additionally, the reaction of O2 (1Ag) with electron-rich groups,
such as vinyl ether from plasmalogens [11], [23], produces an allylic
hydroperoxide acetal (Figure 1). These hydroperoxides can react with metal

ions, producing a new O2 (1Ag) by the Russell mechanism.

To demonstrate the formation of dioxetanes, we first established the
oxidation reaction at a low temperature (-40°C) to avoid dioxetane thermolysis.
The plasmalogen was still consumed quickly at low temperatures, and radical

reactions occurred significantly less often than at room temperature. Thus,
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virtually all pPE was reacting with O2 (1Ag). Electrospray ionization tandem mass
spectrometry analysis (ESI-MS/MS) was used to characterize the oxidized
products. Two types of products were identified from the photooxidation of
plasmalogen pPE(p18/18:1): PE (formyl/18:1) and plasmalogen hydroperoxide

(pPPE(p18-O0H/18:1), Figure 2).

02 (1Ag) is added to the first carbon in the sn-1 chain of plasmalogen,
which can produce an allylic hydroperoxide acetal. The incorporation of the
hydroperoxide at the sn-1 position was confirmed by reducing pPE(pl18-
OOH/18:1) with TPP (Figure 3G), which reduces acetal hydroperoxide to
hemiacetal. This then decomposes into lysophospholipid (LPE (18:1), Figure 3H)
and fatty acid aldehyde (Ald 18:1 A2). Other studies have already identified LPE
and formyl PE using mass spectrometry [8], [9], [24]. However, here we also

characterize plasmalogen hydroperoxide.

TPP efficiently reduces pPE hydroperoxides and produces LPE and fatty
aldehydes. Then, it would be interesting to investigate which antioxidant enzymes
can reduce the acetal hydroperoxide of pPE, as GPx4 and Prdx6 are currently
only known to reduce fatty acid hydroperoxides in phospholipids[11], [25]. In
addition, the accumulation of phospholipid hydroperoxides activates mechanisms

of ferroptosis, which is a type of programmed cell death [25], [26].

Long-chain fatty aldehydes can be produced by plasmalogen dioxetane
thermolysis and also by the reduction of plasmalogen hydroperoxide. However,
aldehydes are not readily ionizable groups [15]. Therefore, we developed a
method to detect aldehydes based on their reaction with a probe (CHH) that

enhances their ionization in positive ionization mode and analysis by ESI-MS/MS
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[15], [27]. An aldehyde with 17 carbons (Ald 17:0) was detected and used as a
specific product derived from pPE (p18/18:1) dioxetane thermolysis. On the other
hand, an aldehyde with 18 carbons containing an alpha-beta unsaturated ketone
(Ald 18:1 A2) was also detected after reduction with TPP, which was used as a
marker for the formation of plasmalogen hydroperoxides (pPE (p18-O0OH/18:1)).
Thus, plasmalogen photooxidation primarily produces hydroperoxide, not
dioxetane, as demonstrated by relative quantification of the two aldehydes.
Aldehyde quantification revealed that almost all (98%) were hydroperoxides
(Figure 3D), consistent with the ratio of plasmalogen hydroperoxide to formyl

phospholipid (97%) (Figure 3A and B).

Thermolysis of dioxetanes produces an electronically excited carbonyl that
emits visible light when it decays to the ground state [18]. Figure 5A shows the
light emission of photooxidized pPE (p18:1/18:1) at -40°C and then left at RT. It
has a long kinetic and a peak of light emission at 6 minutes. The identification of
formyl PE and Ald 17:0 has already been observed in other studies, and it is
suggested that the formation of a dioxetane intermediate occurs due to these
products [8], [14]. However, our study is the first to show the formation of

dioxetane through light emission.

We found that dioxetane produces triplet carbonyl that can transfer energy
to O2 (3> g-) to produce O2 (1Ag) [28]. However, triplet carbonyl can also cause
damage in biological environments by transferring energy to other biomolecules
in cells and propagating damage, including DNA modification [29]. Thus, triplet

carbonyl is a product of plasmalogen photooxidation with deleterious action.
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The reactivity of plasmalogen hydroperoxide is not well studied. In this
work, we show that the reduction of hydroperoxide, instead of producing alcohol,
produces an unstable hemiacetal that degrades into fatty aldehyde (Ald 18:1 A2)
and lysophospholipid (LPE 18:1). We also studied the reactivity in the presence
of oxidizing metal ions (Fe?* and Ce**), and again, we observed that the products
are different from those of other phospholipid hydroperoxides (Figure 6). Instead
of producing alcohol and ketone, plasmalogen hydroperoxides produce
hemiacetal and an unsaturated alpha-beta diacyl PE. Both alpha-beta
unsaturated products (Ald 18:1 A2 and PE (18:1 A2/18:1)) from pPE(p18-
OOH/18:1) were identified through a reaction with a probe containing thiol. It has
recently been shown that alpha-beta unsaturated long-chain aldehydes modify
Bax/Bak proteins and cause oligomerization of these proteins, which activates
the process of apoptosis [17]. Therefore, these products are deleterious because

they can modify the types of peptides or metabolites.

The emission at 1270 nm is characteristic of monomolecular emission of
02 (1Ag). Through this phenomenon, we show evidence of O2 (1Ag) production
by the Russell mechanism from hydroperoxide, as well as by "photochemistry in
the dark" due to dioxetane thermolysis. Another evidence supporting the
formation of O2 (1Ag) by "photochemistry in the dark" is the addition of a chemical
trap (DPA). 02 (1Ag) reacts rapidly and specifically with DPA (k = 1.3 X108 M-1s-
1) to produce a stable endoperoxide product, DPAO2. Figure 5E shows the

formation of DPAO?2.

Plasmalogens are phospholipids present in cell membranes. Therefore, it

would be more appropriate to perform the tests with liposomes in phosphate-

92



buffered saline. However, the light emission tests were performed in chloroform
medium because this solvent has a low boiling point (-63°C). Thus, we were able
to perform photooxidation at -40°C. Furthermore, another advantage of working
with chloroform is that the O2 (1AQ) lifetime is approximately 28 times longer in

chloroform than in water [30], which increases the intensity of the emitted light.

Taken together, the results discussed herein provide strong evidence of
the generation of O2 (1Ag) by photooxidized plasmalogen and the production of
other deleterious products, such as triplet carbonyls, fatty aldehydes, alpha-

beta-fatty aldehydes, and alpha-beta-phospholipids.

Although plasmalogens are considered antioxidants, this study shows
that they can act as a pro-oxidant. Thus, we can assume that antioxidant action
may depend on the severity of oxidative stress. Because in more intense

stresses, plasmalogens can intensify oxidative stress instead of attenuating it.

MATERIALS AND METHODS

MATERIALS

Chloroform-d (Cod: 151823, Lot: # MKBF3607V), Methylene blue (MB, Cod:
151823, Lot: # MKBF3607V), 7-(Diethylamino)coumarin-3-carbohydrazide
(CHH, cod: 36798, Lot: # BCCF3603), trans,trans-2,4-Nonadienal (cod: 61410,
Lot: # BCBR3933V), trans,trans-2,4-Decadienal (cod: 90628, Lot: # BCBW7178),
Tridecanal (cod: 269239, Lot: # MKCB9020), Hexenal(cod: 76717, Lot:
#BCBW3602), 9,10-Dibromoanthracene (cod: D38855, Lot: # 02503EH), 9,10-
Diphenylanthracene (cod: D205001), Methanol-d4 (MeOD,cod: 441384, Lot:
01006TH), Ammonium cerium(IV) nitrate (Ce**, cod: 215473), Iron(ll) sulfate

hydrate (Fe?*, cod: 307718, Lot:STBJ9273) Deuterium oxide (D20, cod: 151882,
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Lot: MKBP9326V), 7-Mercapto-4-methylcoumarin (CSH, cod: 63759, Lot:
BCCD3153),

were acquired from Sigma Aldrich (Saint Louis, MO, USA). 1-palmitoyl-2-(9'-oxo-
nonanoyl)-sn-glycero-3-phosphocholine  (ALDOPC, cod: 870605P, Lot:
870605P-1MG-F-014), 1-(1Z-octadecenyl)-2-oleoyl-sn-glycero-3-
phosphoethanolamine (pPE(p18/18:1), cod: 852758P, Lot: 852758P -10MG-A-
024), 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (PE(14:0/14:0), cod:
850745P, Lot: 5738P-NA-070), 16:1 aldehyde (Ald 16:1 A2, cod: 857459P, Lot:
857459P -1MG-D-010) were acquired from Avanti Polar Lipids (Alabaster, AL,
USA). 4-hydroxy Hexenal (HHE, Cod: 32060, Lot: 0411894-9), 4-hydroxy
Nonenal (HNE, Cod: 32100, Lot: 0411894-9), Hexadecanal (Ald 16:0, cod:
9001996, Lot: 050947-4) were acquired from Cayman Chemicals (Ann Arbor,
MI), Heptadecanal (Ald (17:0), cod: H1295, Lot: MBUJA-MQ), pentadecanal (Ald
(15:0), cod: P1869, Lot: KODWM-IE) were acquired from Tokyo Chemical
Industry (Nihonbashi-honcho, Chuo-ku, Tokyo, Japan). 1,4-Dimethylnaphthalene
(DMN) endoperoxide (DMNO2) was also prepared by UVA irradiation of
DMN/methylene blue and then quantified spectrophotometrically[31].
Plasmalogen photooxidation.

Purified pPE 5 mM (750 g/mol) and MB 300 pyM in CHCI3 or CDCI3 was irradiated
with LED with maximum emission of 632 nm and 41 + 1 Wm-?for 30 min in a bath
at -40°C (dry ice and ACN), aliquots were collected throughout the reaction and
analyzed by ESI-QTOF MS/MS or used luminescence emission. pPE(p18/18:1)
was also used in 1TmM and 50 yM MB, under the same oxidation conditions and
analyzed by MS. The LED with maximum emission and power was determined

by a Fieldmate power meter (Coherent - Portland, OR) coupled to an OP2-Vis
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detector.

Lipid analysis by ESI-QTOF MS/MS

Lipids were analyzed by ESI-QTOF (Triple TOF® 6600, Sciex, Concord, US)
interfaced with an ultra-high performance liquid chromatography (UHPLC
Nexera, Shimadzu, Kyoto, Japan). The samples were loaded into a CORTECS®
(UPLC® C18 column, 1.6 pm, 2.1 mm i.d. x 100 mm) with a flow rate of 0.2 mL
min—1 and the oven temperature maintained at 35 °C. For reverse-phase LC,
mobile phase A consisted of water/acetonitrile (60:40), while mobile phase B
composed of isopropanol/acetonitrile/water (88:10:2). Mobile phases A and B
contained ammonium acetate at a final concentration of 10 mM for experiments
performed in negative or positive ionization mode, respectively. Lipids were
separated by a 20 min linear gradient as follows: from 40 to 100% B over the first
10 min., hold at 100% B from 10-12 min., decreased from 100 to 40% B during
12-13 min., and hold at 40% B from 13-20 min. The MS was operated in both
positive and negative ionization modes, and the scan range set at a mass-to-
charge ratio of 200-2000 Da. Data for lipid molecular species identification and
quantification was obtained by Information Dependent Acquisition (IDA®). Data
acquisition using Analyst ® 1.7.1 was performed with a cycle time period of 1.05
s with 100 ms acquisition time for MS1 scan and 25 ms acquisition time to obtain
the top 36 precursor ions. An ion spray voltage of —4.5 and the cone voltage at
-80 V were set to analysis. Additional parameters included curtain gas set at 25
psi, nebulizer and heater gases at 45 psi and interface heater of 450 °C. The LC-
MS/MS data were analyzed with PeakView®. Lipid molecular species were
manually identified based on their exact masses, specific fragments and/or

neutral losses. Also, a maximum error of 5 mDa was defined for the attribution of
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the precursor ion. After identification, the area of lipid species was obtained by
MS data using MultiQuant®. Each peak integration was carefully inspected for
correct peak detection and accurate area determination.

Optimization of aldehyde derivatization conditions with CHH

The aldehyde analysis method was based from Mansano et al.[32]. Initially it was
found that the best concentration of formic acid to catalyze the derivatization
reaction was 0.1% v/v (figure 8S A), the optimal CHH excess was 20x in
aldehydes (figure 8S B) with a reaction time of 120 min (figure 8S C). The
samples were analyzed by ultra-high performance liquid chromatography
(UHPLC Nexera, Shimadzu, Kyoto, Japan), 5y microliter of the sample was
injected into a reversed-phase column water cortex C8 (100 x 4.6 mm, 1.7 um
particle size) with a flow rate of 0.2 mL min—-1 and the oven temperature
maintained at 35 °C and RF-10AxI fluorescence detector. The HPLC mobile
phase consisted of water with 0.1% formic acid (A) and methanol with 0.1%
formic acid (B), and the flow rate was 0.3 mL/min. The separation of the
fluorescent adducts was done using the following condition: 60% B for 2 min, 60-
100% in 9 min, 92% B for 3 min, and 100-60% B in 1 min and 60% for 3min. The
excitation and emission wavelengths were fixed at 450 and 468 nm. The
chromatography method was optimized so that aldehydes formed by lipid
peroxidation method (HHE, HNE, Hexenal, Nodienal and Decadienal) were
analyzed together with fatty aldehydes (Ald (13:0), Ald (15:0), Ald17:0)), however,
separating the unreacted CHH(figure 8S D).

For alpha beta unsaturated samples. Before incubation with CHH, 100 uM of
photooxidized pPE with or without Fe2*/Ce** was incubated with 5 mM CSH in

ACN with 0.1% TEA for 2 hr at RT.
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Aldehydes analysis by ESI-QTOF MS/MS

The aldehydes derivatized with CHH were analyzed by ESI-QTOF (Triple TOF®
6600, Sciex, Concord, US) interfaced with an ultra-high performance liquid
chromatography (UHPLC Nexera, Shimadzu, Kyoto, Japan). The
chromatographic conditions were the same as for the fluorescence analysis.
Excess CHH can damage the mass spectrometer, for this reason the first 5 min
are discarded (figure 8S E), but all aldehydes are identified (figure 8S F), the
conditions of the mass spectrometer were the same as for lipid analysis in
positive mode. The final derivation conditions were: 50 uM aldehydes or 50 uM
pPE, 1 mM CH in IPA with 0.1% formic acid.

Excited triplet species light emission in the visible region.

All reactions were carried out in a quartz tube under constant stirring at room
temperature (final volume = 600 pL). The light emission in the visible region was
immediately recorded by a FLSP 920 photon counter (Edinburgh Instruments,
Edinburgh, UK) with a PMT Hamamatsu detector R9110, maintained at —20 °C
by a PMT cooler CO1 (Edinburgh Instruments). 5 mM of purified Plasmalogen
photo-oxidized at -40°C in CHCI3 or CDCI3 was added to a cuvette and naturally
warmed to room temperature. For carbonyl enhancer experiments, DBA or DPA

were added prior to reading with a final concentration of 10 mM.

Singlet molecular oxygen emission in the near infrared region

The monomol light emission of Oz (*Ag) was measured with a special
photocounting apparatus developed in our laboratory, equipped with a
monochromator capable of selecting emissions in the near-infrared (IR) region
(950-1400 nm). The spectra were recorded by a FLSP 920 photon counter

(Edinburgh Instruments, Edinburgh, UK) consisting of a PMT detector coupled to

97



the device, a PMT Hamamatsu H10330A-45 apparatus maintained at -60 °C by
a thermoelectric cooler to reduce the dark current (Hamamatsu city, Japan). The
power was provided by a high voltage DC power supply, and the applied potential
was set to —0.8 kV. The light emitted from the sample was processed through a
monochromator (TMS/DTMS300, Edinburgh Analytical Instruments, UK)
equipped with a diffraction grating capable of selecting wavelengths in the
infrared region. The phototube output was connected to the computer, and the
signal was acquired. The monochromator was controlled and the data was
acquired using the F-900 version 6.22 software program (Edinburgh Analytical
Instruments, Livingston, UK).

Light emissions at specified wavelength (1270 nm) intervals were obtained with
cut-off filters (Melles Griot Inc., Carlsbad, CA) placed between the cuvette and
the photomultiplier. All sample components were mixed and poured into a

mirrored walls glass cuvette (35 x 7 x 55 mm) maintained at 25 °C.
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Suplementary Figures:
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Figure S1: (A) Composition of purified PE plasmalogen; (B) Consumption of pPE

purified by photooxidation in the presence of methylene blue (—) and control

without methylene blue (-+-).
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Figure S2: Tandem mass spectrometry (MS/MS) comparison of plasmalogen

and hydroperoxides from purified plasmalogen photooxidized: (Top) pPE(p16-

OOH/20:4) and pPE(p16/20:4); (lower) pPE(p18-O0H/20:4) and pPE(p18/20:4).

104



20 ] pPE(p18-O0H/18:1)
151 k
2 ] :
% 107 MB 30 min
E
57
0: MB 30 min + TPP
0 2 4 6 8 10 12 14 16 18 20
Retention time (min)
205 LPE(18:1)
151
2 ] :
% 10 . MB 30 min
£
5 rt
0 MB 30 min + TPP

0 T é Ll 4 Ll é T é T 1l0 Ll 1l2 T
Retention time (min)

14 16 18 20

20 pPE(p18-OH/18:1)
15
2 ] :
% 107 MB 30 min
£
5]
0: MB 30 min + TPP

o 2 4 6 8 10 12
Retention time (min)

14 16 18 20

Figure S3: Extracted ion chromatogram (XIC) from pPE(p18/18:1) standard

photooxidased in presense of MB for 30 minutes with (red line) or without (black

line) TPP: (Top) XIC m/z:760.55-760.56 from pPE (p18-O0H/18:1); (Middle) XIC

m/z:478.29-478.230 from LPE (18:1); (Bottom) XIC m/z: 744.55-744.56 from pPE

(p18-OH/18:1).
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Figure S4: (A) Ald 16:1 A2 derivatization mechanism with CSH and CHH probes;
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chromatograms of Ald 16:1 A2 and Ald 16:0 reactions with CSH and CHH probes
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Figure S5: (A) Chemical trapping mechanism of 02 (1Ag) with 9,10-
Diphenylanthracene (DPA) producing the corresponding endoperoxide (DPAO2)
(B) Chromatogram of controls DPA and DPAO2.
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Figure S6: MS/MS spectra of commercial standard PE (18:1/18:1) and PE
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Supplementary tables.

Table S1: Composition of purified and photooxidized pPE at different times and
with the addition of reducing hydroperoxide (TPP). The composition was

normalized by the total lipid area in the initial condition (O min).

Component Name 0 min 10 min 20 min 30 min 30 min + TPP
pPE(p16/18:1) 8.9% 1.8% 1.0% 0.1% 0.0%
pPE(p16/20:1) 11.1% 2.1% 1.1% 0.1% 0.0%
pPE(p16/20:3) 0.4% 0.0% 0.0% 0.0% 0.0%
pPE(p16/22:3) 2.6% 0.3% 0.1% 0.0% 0.0%
pPE(p16/22:4) 4.2% 0.6% 0.3% 0.0% 0.0%
pPE(p16/ARA) 1.7% 0.2% 0.1% 0.0% 0.0%
pPE(p16/DHA) 3.7% 0.3% 0.1% 0.0% 0.0%
pPE(p17/18:1) 1.4% 0.2% 0.1% 0.0% 0.0%
pPE(p17/20:1) 0.7% 0.1% 0.0% 0.0% 0.0%
pPE(p17/22:4) 0.6% 0.1% 0.0% 0.0% 0.0%
pPE(p17/DHA) 0.5% 0.1% 0.0% 1.7% 0.0%
pPE(p18/16:0) 0.1% 0.0% 0.0% 0.0% 0.0%
pPE(p18/18:1) 1.1% 0.5% 0.5% 0.3% 0.2%
pPE(p18/20:1) 4.4% 0.6% 0.3% 0.0% 0.0%
pPE(p18/22:1) 0.2% 0.2% 0.3% 0.1% 0.0%
pPE(p18/22:3) 1.0% 1.1% 1.5% 0.7% 0.6%
pPE(p18/22:4) 7.5% 1.1% 0.6% 0.0% 0.0%
pPE(p18/24:3) 0.2% 0.0% 0.0% 0.0% 0.0%
pPE(p18/ARA) 3.3% 0.5% 0.2% 0.0% 0.0%
pPE(p18/DHA) 9.5% 1.4% 0.6% 0.0% 0.0%
pPE(p18/DPA) 0.4% 0.0% 0.0% 0.0% 0.0%
pPE(p18:1/18:1) 14.0% 2.6% 1.4% 0.1% 0.1%
pPE(p18:1/19:1) 0.5% 0.0% 0.0% 0.0% 0.0%
pPE(p18:1/20:1) 4.8% 0.9% 0.4% 0.1% 0.0%
pPE(p18:1/20:2) 0.9% 0.2% 0.2% 0.1% 0.1%
pPE(p18:1/20:3) 0.3% 0.0% 0.3% 0.0% 0.0%
pPE(p18:1/21:1) 0.4% 0.0% 0.0% 0.0% 0.0%
pPE(p18:1/22:1) 1.0% 0.4% 0.4% 0.2% 0.1%
pPE(p18:1/22:3) 1.7% 0.2% 0.1% 0.0% 0.0%
pPE(p18:1/24:1) 0.1% 0.0% 0.0% 0.0% 0.0%
pPE(p18:1/24:3) 0.4% 0.1% 0.0% 0.0% 0.0%
pPE(p18:1/24:4) 0.2% 0.0% 0.0% 0.0% 0.0%
pPE(p18:1/DHA) 2.2% 0.1% 0.1% 0.0% 0.0%
pPE(p18:1-O0H/18:1) 1.6% 7.7% 9.7% 9.3% 0.0%
pPE(p16-O0H/18:1) 1.2% 4.9% 6.2% 6.4% 0.0%
pPE(p16-O0H/20:1) 1.0% 5.7% 7.4% 7.7% 0.0%
pPE(p16-O0H/22:3) 0.1% 1.0% 1.3% 1.4% 0.0%
pPE(p16-O0H/22:4) 0.5% 2.2% 2.8% 2.7% 0.0%
pPE(p16-OOH/DHA) 0.3% 1.8% 2.2% 2.0% 0.0%
pPE(p17-O0H/18:1) 0.5% 0.1% 0.1% 0.1% 0.0%
pPE(p18:1-O0H/18:1-O0H) 0.0% 0.4% 0.9% 1.8% 0.0%
pPE(p18:1-O0H/20:1) 0.3% 2.3% 3.0% 2.9% 0.0%
pPE(p18:1-O0H/20:2) 0.0% 0.3% 0.4% 0.4% 0.0%
pPE(p18:1-O0H/21:1) 0.0% 0.1% 0.2% 0.2% 0.0%
pPE(p18:1-O0H/22:1) 0.0% 0.4% 0.5% 0.5% 0.0%
pPE(p18:1-O0H/22:2) 0.0% 0.2% 0.3% 0.2% 0.0%
pPE(p18:1-O0H/22:3) 0.1% 0.6% 0.8% 0.8% 0.0%
pPE(p18:1-O0H/22:4-O0H) 0.0% 0.0% 0.1% 0.2% 0.0%
pPE(p18:1-O0OH/ARA) 0.2% 2.0% 2.8% 2.3% 0.0%
pPE(p18:1-O0OH/DHA) 1.2% 4.1% 5.3% 5.0% 0.0%
pPE(p18-O0H/18:1) 1.0% 5.7% 7.4% 7.7% 0.0%
pPE(p18-O0H/20:1) 0.1% 2.0% 2.6% 2.9% 0.0%
pPE(p18-O0H/22:1) 0.0% 0.1% 0.1% 0.2% 0.0%
pPE(p18-O0H/22:3) 0.1% 0.8% 1.1% 1.2% 0.0%
pPE(p18-O0H/22:4) 0.6% 3.4% 4.3% 3.9% 0.0%
pPE(p18-O0H/22:4-O0H) 0.0% 0.0% 0.1% 0.3% 0.0%
pPE(p18-O0OH/ARA) 0.3% 1.6% 2.1% 2.1% 0.0%
pPE(p18-OOH/DHA) 1.2% 4.1% 5.3% 5.0% 0.0%
pPE(p18-O0OH/DPA) 0.0% 0.1% 0.2% 0.2% 0.0%
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Highlights
e 21% of HaCat keratinocyte membrane lipids are PE plasmalogen.
e PE plasmalogen were the most reactive lipids by photosensitization.

¢ Plasmalogen hydroperoxides are much more reactive compared to diacyl
phospholipid hydroperoxides.

¢ Plasmalogen hydroperoxides when reduced produces lyso phospholipids that
leads to membrane leakage.

e Glutathione is able to reduce plasmalogen hydroperoxides.
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Abbreviations:

ARA, Arachidonic acid

CF, Carboxyfluorescein

DMMB, Dimethylene blue

DHA, Docosahexaenoic acid

DHPN, N,N'-di(2,3-dihydroxypropyl)-3,3'-(1,4-naphthydylene)dipropanamide
DHPO2, DHPN endoperoxides

EPA, Eicosapentaenoic acid

GPC, Glycerophosphocholine

GPE, Glycerophosphatidylethanolamine

GSH, Glutathione

LPC, Lysophosphatidylcholine

LPE, Lysophosphatidylethanolamine

MB, Methylene blue

MUFAs, Monounsaturated fatty acids

oPE, Pasmanyl phosphatidylethanolamine
oPC, Plasmanyl phosphatidylcholine

PC, Phosphatidylcholine

PDT, Photodynamic therapy

PE, Phosphatidylethanolamine

PG, Phosphatidylglycerol

Pl, Phosphatidylinositol

POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
pPC, Phosphatidylcholine plasmalogens

pPE, Phosphatidylethanolamine plasmalogens
pPI, Phosphatidylinositol plasmalogens

PS, Phosphatidylserine
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PS’, Excited photosensitizer

PUFAs, Polyunsaturated fatty acids

ROS, Reactive oxygen species

SAPC, 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphocholine
SP, Sphingolipids

SM, sphingomyelin

UHPLC, ultra-high-performance liquid chromatography

TPP, triphenyl phosphine
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Abstract

Plasmalogens are a type of phospholipids that are found in cell membranes, particularly
in the brain, heart, and nervous system. They are unique because they have a vinyl ether
bond at the sn-1 position of the glycerol backbone. Photodynamic therapy (PDT) is a
medical treatment that uses a photosensitizing agent, a specific wavelength of light, and
oxygen to destroy abnormal cells or tissue. Singlet oxygen plays a crucial role in this
therapy. The photosensitizer is then activated by exposure to a specific wavelength of
light, which causes the production of reactive oxygen species (ROS) including singlet
oxygen. Singlet oxygen is a highly reactive to vinyl ether bond at the sn-1 position of the
glycerol backbone from plasmalogens. The reaction of singlet oxygen with plasmalogen
produces vinyl ether hydroperoxides and dioxetanes. Dioxetanes are unstable and
degrade to formyl phospholipids and fatty aldehydes, however vinyl ether
hydroperoxides appear to be more reactive and when degraded or reduced, produce
lysophospholipids and fatty aldehydes. Then, both plasmalogen photooxidation
pathways produce species that make the membrane more unstable that generate
membrane leakage. Thus, membrane disruption can be facilitated by the presence of
plasmalogen. In this work we show that plasmalogens are more reactive lipids by
photooxidation reaction and produce hydroperoxide that degrade faster. We also studied
how the presence of plasmalogen can facilitate membrane leakage using liposomes

encapsulated with carboxyfluorescein.
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Introduction

Photodynamic therapy (PDT) involves administration photosensitizer followed irradiation
with visible light, this process eliminates unwanted cells and has been successfully used
for the treatment of various diseases, including cancer, bacterial and fungal infections,
and age-related macular degeneration [1]—[3].

PDT is a process that involves the activation of a photosensitizer through exposure to
light of a specific wavelength, which subsequently triggers either a type | or type |
photochemical reaction[4]. In type | reactions, the photosensitizer accepts an electron
from a nearby molecule, resulting in the formation of a radical cation. This radical cation
can then react with molecular oxygen to produce superoxide and other reactive oxygen
species (ROS)[1], [4]. On the other hand, in type Il reactions, the photosensitizer
transfers energy to molecular oxygen, leading to the formation of singlet molecular
oxygen (*O2)[4], [5]. This highly reactive molecule can cause oxidative damage to nearby

biomolecules[5], [6].

Damage caused by ROS to the lipid membrane can trigger lipid peroxidation[7], which
can be initiated by both type | and type Il reactions, leading to the development of lipid
hydroperoxides (LOOH) [8]. The process of lipid peroxidation occurs when oxidizing
species react by abstracting protons (hydrogen) from unsaturated lipids, inducing a
series of radical reactions that culminate in the formation of LOOH as primary products.
LOOHs are relatively unstable and may participate in secondary reactions that result in
the formation of peroxyl and/or alkoxyl radicals[9], [10]. These radicals (peroxyl/alkoxyl)
can either propagate the oxidation process by generating new lipid radicals or undergo
intramolecular cyclization reactions or acyl chain breakage, producing cyclic compounds
similar to prostaglandins (e.g., isoprostanes, neuroprostanes) and a vast array of
reactive aldehydes[11], [12]. Consequently, lipid peroxidation induces alterations in the
permeability and fluidity of cell membranes, significantly affecting cell integrity and

function [2], [8].
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Polyunsaturated fatty acids (PUFAS) are highly susceptible to reactive oxygen species
(ROS) due to the presence of bis-allylic hydrogen, which facilitates proton abstraction by
radicals[10]. PUFAs are primarily esterified into phosphatidylcholine (PC) and
phosphatidylethanolamine (PE), the two most prevalent classes of phospholipids in
biological membranes. In skin fibroblasts, PUFAs constitute approximately 50% of PE
and 85% of plasmalogens containing PE [13]. The enrichment of PUFAS in plasmalogens
was confirmed through lipidomic analysis conducted in this study using HaCat
keratinocyte cells. Plasmalogens contain a vinyl ether bond at the sn-1 position, which
is vulnerable to attack by ROS and other oxidants[14]-[16]. Plasmalogens react with 1O,
to produce two primary oxidation products: a hydroperoxyl and an unstable dioxetane.
Plasmalogen hydroperoxides are highly reactive and can produce LPE, which has been
shown to destabilize the membrane and cause leakage. Both oxidation products of pPE
can cause membrane leakage[17].

This work, we investigate how pPE can facilitate membrane leakage by photooxidizing
lipids extracted from HaCat keratinocytes, which are known for their high susceptibility
to oxidation. The pPE hydroperoxide was found to be more unstable compared to other
lipid hydroperoxides. Liposome models containing pPE were also examined, and it was
discovered that pPE can induce leakage with only O, but this only occurs in the

presence of reductants.

MATERIALS AND METHODS

MATERIALS

Trypan blue, monobasic sodium phosphate, dibasic sodium phosphate, ammonium
acetate and ammonium formate, sodium chloride (NaCl), were purchased from Sigma
Aldrich (St. Louis, MO). 1,2-diheptadecanoyl-sn-glycero-3-phosphoethanolamine (PE
17:0/17:0), 1,2-diheptadecanoyl-sn-glycero-3-phosphocholine (PC 17:/17:0), 1,2-
diheptadecanoyl-sn-glycero-3-phospho-L-serine (PS 17:0/17:0), 1,2-diheptadecanoyl-

sn-glycero-3-phospho-(1’-rac-glycerol) (PG 17:0/17:0), 1-heptadecanoyl-2-hydroxi-sn-
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glycero-3-phosphocholine (LPC 17:0/17:0), 1°,3’-bis[1,2-dimyristoyl-sn-glycerol-3-
phospho]-sn-glycerol (CL 14:0/14:0/14:0/14:0), N-heptadecanoyl-D-erythro-
sphingosylphosphorylcholine (SM d18:1/17:0) e N-decanoyl-D-erythro-spingosine (Cer
d18:1/10:0) were acquired from Avanti Polar Lipids (Alabaster, AL). Acetonitrile,
isopropanol, chloroform, ethyl acetate and methanol were purchased from J.T.Beker
(Center Valley, PA). All aqueous solutions were prepared with ultrapure water purified
through the Direct-Q3 System treated with Chelex 100 resin and filtered with 0.22 ym
filters (Merck Milipore, Germany). Dulbecco MEM cell culture media (DMEM), fetal
bovine serum (FBS), trypsin solution, antibiotic and antimycotic solution containing
penicillin (10 .U./mL), streptomycin (10 mg/mL) and amphotericin B ( 1 g/mL) were
purchased from Vitrocell.

HaCat cell plating

Cells were resuspended using trypsin and subsequently counted using a Neubauer
chamber and an optical microscope with the aid of Trypan blue dye. After counting,
7x104 cells were distributed in cell culture plates of 21 mm2 and 2.8x105 cells in cell
culture bottles of 75cm2 and were kept in an incubator at 37°C and 5% CO2 for one
week until 80% of confluency, the supplemented DMEM medium with FBS at 10% (v/v)
was changed every 2 days.

Photosensitizers stock solution

The methylene blue (MB) stock solution was prepared in HPLC-grade ethanol and had
the concentration determined from the Lambert-Beer Law using molar absorptivity
coefficient 2(emax), 9.6x104 L.mol-1.cm. From the MB stock solution, DMEM media
containing MB with concentrations of 10 ymol.L-1, 5 pmol.L-1 and 2 pmol.L-1 were
prepared.

Lipid extraction from HaCat cells

Lipids were extracted according to Yoshida et. al. Briefly, a 100 uL aliquot of the
homogenate (20 mg of tissue) was added to 400 pL of 20 mM PBS (pH 7.4) with 0.1 mM

deferoxamine, 400 uL of methanol and 100 L of internal standard in methanol. The
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mixture was homogenized for 30 s on a vortex, and after the addition of 2 mL of
chloroform: ethyl acetate (4:1, v/v) it was again homogenized for 30 s on a vortex. The
mixture was centrifuged at 1500xg for 3 min at 4°C, the lower organic phase was
collected and transferred to a vial and dried under N2 flow. The dry lipid extract was
reconstituted with 100 pL of isopropanol.

Time-dependent photooxidation of extracted lipids

Photooxidation was performed following the method by Miyamoto et. al adapted. Briefly,
the lipids extracted from 2x106 cells were solubilized in 2 mL of CHCI3 and 1 pL of MB
50 mmol.L-1 in methanol was added. The reaction was conducted in a 4 mL transparent
vial irradiated by a 500 W tungsten lamp at 10 cm distance at different reaction times.
After the reaction, the solvent was removed by N2 flow and resuspended in 100 uL of
isopropanol for UPLC-MS/MS analysis.

Photooxidation was also performed with light emitting diodes (LEDs), at a maximum
emission wavelength of 657 nm and 20 mW/cm? of irradiance for 5 and 10 minutes. After
the reaction, the solvent was removed by N2 flow and resuspended in 100 pL of
isopropanol. Half of the resuspended product was reduced with triphenylphosphine
(TPP), initially the solvent was removed by N2 flow and then 50 yL of TPP 10 mg.L* was
added. Then, UPLC-MS/MS analysis of the oxidized and reduced products was
performed.

Lipid analysis by UPLC-MS/MS

Extracted or photooxidized lipids were analyzed by UPLC (Nexera, Shimadzu, Kyoto,
Japan) coupled to a TripleTOF 6600 mass spectrometer (Sciex, Framingham, MA). The
lipids were separated on a UPLC Cortecs® C18 column (2.1 x 100 mm; 1.6 pm particle
size; Waters) maintained at 35°C with a flow of 0.2 mL/min in positive mode (ESI+ ) and
negative (ESI-). The mobile phase used was (A) water:acetonitrile (60:40%) and (B)
isopropanol:acetronitrile:water (88:10:2) containing 10 mM ammonium acetate (ESI-) or

ammonium formate (ESI+ ).
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The gradient during the run was: 40-100% B at 10 min, 100%B at 10-12 min, 100-40%B
at 12-13 min, and 40% B at 13-20 min. The applied spray voltage was 4500 (ESI-) and
5500 (ESI+). The applied cone voltage was (+/-) 80 V. Information-dependent acquisition
(IDA) was used for MS/MS analysis with collision energy of 10 eV. CUR was set to 25

psi, GS1 and GS2 to 45 psi, and the temperature to 450°C.

Data processing

Detected lipids were manually identified by MS/MS spectrum using PeakView®. Areas
of identified lipids were obtained using MultiQuant® (version 3.0.2). For semi-
quantification, the R-3.5.0 software was used. Briefly, the area of each identified lipid
was divided by the area of its respective internal standard (Table 1), multiplied by the
amount of internal standard added at the beginning of lipid extraction and, finally,
corrected by the correction factor obtained from calibration curves. Data processing the
MS/MS data was analyzed with PeakView®, and lipid molecular species were identified

by an in-house manufactured

Table 1: Lipid classes normalized by the respective internal standards.

Lipid Class PC PE PS PG PI CL AEG Cer
Internal PC PE PC PG PC CL (4x14:0) PC Cer
Standard (17:0/17:0) (17:0/17:0) (17:0/17:0) (17:0/17:0) (17:0/17:0) (17:0/17:0) (d18:1/17:0)
Lipid Class SM CE Cholesterol Q10 DAG TAG DAE

Internal SM TAG TAG TAG TAG TAG TAG

Standard (d18:1/17:0) (3x17:0) (3x17:0) (3x17:0) (3x17:0) (3x17:0) (3x17:0)

Carboxyfluorescein (CF) encapsulated liposomes and membrane leak assay
Liposomes containing different mass percentages of POPC and pPE or SAPE were

prepared as described in Bacellar et al[2]. Briefly, lipid films were prepared in glass tubes
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containing lipid solution in CHCL3, the solvent was removed by N2 flow, thus leaving a
15 mg lipid film on the tube wall. The films were hydrated with 0.5 mL of CF 50 mM in
Tris buffer 10 mM (pH = 8), for complete removal of lipids, the tube was sonicated in an
ultrasonic bath (Branson 1200 ultrasonic) and vortexed. The resulting suspension was
extruded through a polycarbonate membrane (pore diameter 100 nm, Whatman-
Maidstone, England) using an Avanti Polar Lipids mini-extruder. The extruded
suspension was eluted through a Sephadex G-50 exclusion column equilibrated with a
solution of 300 mM sodium chloride in 10 mM Tris buffer (pH = 8) to remove
unencapsulated Carboxyfluorescein (CF). At this pH, CF is anionic and does not cross
the membrane; consequently, the resulting liposome suspension contains only CF in the
internal compartment of the liposomes.

Samples were prepared in 96-well plates, with each well containing 15 L of liposome
suspension, 15 uM of photosensitizer (MB or DMMB, except for controls without
photosensitizer) and sufficient amount of sodium chloride solution 300 mmol.L-1 in 10
mM Tris buffer (pH = 8) to reach a final volume of 300 pL. The plate was irradiated with
an array of LEDs with maximum emission at 631 nm and irradiance was 72 £ 1 W m-2
at a distance of 20 cm from the light source, the irradiance was 72 £ 1 W m-2. CF
fluorescence was monitored using a Synergy H1 microplate reader (BioTek Instruments,
Winooski, VT), exciting at 480 nm and detecting at 517 nm. The same equipment was
used to measure the absorbance of PS (657 nm) and CF (480nm) under the same
conditions. At the end point, 10 pL of 100x Triton (10% in water) was added to disrupt
the remaining liposomes. CF increase values were calculated by dividing the
fluorescence intensity at any time by the final and initial difference fluorescence intensity
of the same sample, or most intense point, as described in Bacellar et.al[18].
Aldehydes analysis by ESI-QTOF MS/MS

Photooxidized 1 mM pPE (p18/18:1) liposome was made and then incubated with 1 mM
TPP or 1 mM GSH in 10 mM PBS pH 7.4 for 1 hr at RT, 10 uL of liposome solution was

used for aldehyde analysis. The aldehydes derivatized with CHH were analyzed by ESI-
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QTOF (Triple TOF® 6600, Sciex, Concord, US) interfaced with an ultra-high
performance liquid chromatography (UHPLC Nexera, Shimadzu, Kyoto, Japan). The
chromatographic conditions were the same as for the fluorescence analysis. Excess
CHH can damage the mass spectrometer, for this reason the first 5 min are discarded,
but all aldehydes are identified, the conditions of the mass spectrometer were the same
as for lipid analysis in positive mode. The final derivation conditions were: 50 uM
aldehydes or 50 uM pPE, 1 mM CH in IPA with 0.1% formic acid.

Results and discussion

Reactivity of lipids from HaCat Keratinocyte Cells

Keratinocytes make up about 95% of epidermal cells[19] and immortalized
human keratinocytes known as HaCat cells are commonly studied in skin biology and
pathophysiology [20]. Lipids are essential constituents of the cellular membrane and
play diverse roles in cellular processes[21]. HaCat cells exhibit a lipid profile that is
comparable to that of typical human fibroblasts[22], [23]. We analyzed the lipid
composition of HaCat cells and found that glycerophospholipids, especially
phosphoethanolamine and phosphatidylcholine, were the most abundant (63%).
Sphingolipids, mainly sphingomyelin, accounted for 37% of the lipids, and plasmalogens
were the most abundant lipid ethers. Plasmalogens represented slightly over half of the
total GPE and less than half of all GPC (Figure 1A).

Among the glycerolipids, GPE are made up of more PUFA while GPC are more
saturated (Figure 1B). Plasmalogens are more enriched in PUFAs and in HaCat more
than half of pPE is esterified with PUFA, being responsible for retaining more than 60%
of all PUFAs found in HaCat (Figure 1C).

Plasmalogens are a type of phospholipids that contain a vinyl ether bond at the
sn-1 position of the glycerol backbone instead of a fatty acid residue. Plasmalogens are
enriched in polyunsaturated fatty acids (PUFAs) at sn-2 position, which are highly

susceptible to lipid peroxidation (Figure 1D).
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Figure 1: (A) Lipid composition of HaCat cells; (B) composition in relation to saturated
fatty acids (SFA), monounsaturated (MUFA) and polyunsaturated (PUFA) of the GPC
and GPE classes; (C) Availability of polyunsaturated acids (PUFA) in HaCat lipids; (D)
Structures of the most abundant classes and subclasses in HaCat cells: Sphygomyelin
saturated with chain of unsaturated (SM (d18:1/20:1)) and saturated (SM (d18:1/20:0))
fatty acids; Structures of glycerophospholipids containing only saturated chains (SFA),
with at least one monounsaturated chain (MUFA) and with at least one polyunsaturated
chain (PUFA) and Comparison between the structures of the subclasses of
glycerophosphatidylethanolamine GPE, diacyl PE (PE) and PE plasmalogen (pPE); and

subclasses of glycerophosphatidylcholine (GPC), diacyl (PC) and PC plasmanyl (oPC).

Lipids are responsible for maintaining the integrity of cellular membranes.
Extensive lipid peroxidation can alter the assembly, composition, structure, and
dynamics of membranes[24], [25]. To determine which lipids are more susceptible to
oxidation, we subjected lipids extracted from HaCat to photooxidation in the presence of

MB and monitored the reaction for 4 hours (Figure 2A). Among the main classes, GPE
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was the most consumed, and there was rapid consumption within the first 30 minutes of
the reaction, likely due to the presence of pPE (Figure 2B). Although pPE is more
enriched in PUFA than diacylphosphatidylethanolamine (PE), there is no difference in
the consumption of pPE bound to PUFA and MUFA. However, PUFA-bound PE is
consumed more rapidly (Figure 2C). In this way, plasmalogens (pPEs) are the most

commonly consumed lipids due to the presence of a vinyl ether bond.

Therefore, it is important to know which lipids are more susceptible to oxidation
and to understand the stability of the resulting oxidized product. During lipidomics
analysis, we identified 219 non-oxidized lipids manually by analyzing their fragmetaition
patterns. Next, we explored the various potential oxidation products, such as
hydroperoxides, ketones, hydroxides, and chain break products [2]. However, we only
detected hydroperoxides and identified 84 oxidized lipids across all lipid classes (as
shown in the fragmentation pattern, Figure S1-S6). Among the most abundant lipids,
GPC and GPE exhibit the greatest variety, including both oxidized forms (Oxylipids) and
non-oxidized (lipids) (Figure 2D). Nevertheless, the identified Oxylipid precursors
accounted for 61% of all non-oxidized initial lipids, with GPE constituting 93% (Figure
2E). By employing this approach, we achieved a comprehensive coverage of the
oxidized products, which facilitated a more precise kinetic analysis of the production of

oxidized lipids.

The kinetics of Oxylipid production were examined for the most abundant
classes, and it was observed that GPC and GPE exhibited similar production rates during
the initial 60 minutes. However, the production of GPE hydroperoxides decreased as the
reaction continued (Figure 2F). This phenomenon can be attributed to the rapid
production of hydroperoxides of pPE (pPE-OOH), which subsequently decreased
(Figure 2G). The rapid decrease in pPE-OOH levels could be associated with a Type |
reaction that involves a photosensitizer (methylene blue, MB), which generates an

alkoxyl radical (pPE-O®). This radical then abstracts a proton and produces a hemiacetal.
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As demonstrated in Chapter 2, hemiacetals are unstable and decompose into fatty
aldehydes and LPE (Figure 2H). This decomposition leads to a significant increase in

LPE levels, while LPC levels remain constant (Figure 2I).
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Figure 2: (A) Consumption of the main lipid classes present in HaCat cells by the
photooxidation reaction over 240 min, normalizing the initial amount as 100%; (B)
Consumption of the main GPE subclasses by the photooxidation reaction over 240 min,
normalizing the initial amount as 100%; (C) Comparison between plasmalogen
consumption of PE and diacyl PE analogue, esterified to MUFA (18:1) and PUFA (20:4);
(D) Number of the identified non-lipid and oxydased lipids molecular species per lipid
subclasses; (E) Proportion between the initial non-oxidized equivalent by the initial total
of the main classes, with 100% the total per class; (F) Kinetics of formation of oxidized
lipids by class, having as 100% the sum of the initial non-oxidized equivalents; (G);
Kinetics of formation of oxidized lipids by subclass, of GPE having as 100% the sum of

initial non-oxidized equivalents; (K) Oxidation mechanism of PE plasmalogens (pPE),
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producing pPE hydroperoxide (pPE-OOH), which, when reacting with a Type |
photosensitizer, produces an alkoxyl radical (pPE-Oe) and, when abstracting a proton,
produces a hemiacetal (pPE-OH) which then degrades to lyso PE (LPE); (I) Kinetics of
formation of lyso phospholipids from PE (LPE) and PC (LPC), by fold change.
Abbreviation:  SP, sphingomyelin; GPE, glycerophosphatidylethanolamine;
diacylphosphatylethanolamine, PE; PE plasmalogen, pPE; GPC,
glycerophosphatidylcholine; diacylphosphatylcholine, PC; plasmalogen PC, pPC,
pasmanyl PC, oPC; SP hydroperoxide, SP-OOH, GPE hydroperoxide, GPE-OOH; GPC
hydroperoxide, GPC-OOH; monounsaturated fatty acid (MUFA); polyunsaturated fatty
acid (PUFA).

Taken together, we observed that GPE exhibits a higher level of reactivity
compared to GPC (Figure 3), which can be attributed to the greater prevalence and
number of plasmalogens. While other lipids may also possess reactive properties
(Figure S7), they cannot match the ability of plasmalogens to generate unstable
hydroperoxides. As such, PPEs are abundant lipids present in HaCat keratinocyte cells.
Upon undergoing photooxidation, pPE rapidly produces pPE-OOH, which has been
identified as the most unstable hydroperoxide. The degradation product of LPE was also

observed. Therefore, pPE may play a crucial role in maintaining membrane stability.
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Figure 3: Heatmap representing lipid changes of lipids extracted from HaCat cells and
photooxidized over 240 min (4hr), consumption of lipids not in shades of green,
considering 100% the initial value, and formation of oxidized lipids in shades of red,

considering the highest value as 100%.
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PE plasmalogens facilitate membrane leakage

The mechanism proposed by Bacellar et al. [2] for membrane leakage describes
how lipid hydroperoxides react with excited photosensitizer (PS") to form truncated
species, such as aldehydes, that destabilize the membrane. These hydroperoxides are

present in the fatty acid chain that is esterified to a phospholipid.

Plasmalogens, when oxidized by singlet oxygen (*O.), produce dioxetanes that
decompose into aldehydes and formyl PE, which is a truncated species. However, as
described earlier, only 2% of plasmalogens follow this pathway. The primary pathway for
the oxidation of plasmalogens involves the formation of hydroperoxides, which are highly
reactive and break down into aldehydes and LPE (as explained in the chapter 2). Both
pathways produce species that can cause membrane leakage as a result. (PE formyl

and LPE [17], as shown in Figure 4).
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Figure 4. Mechanisms of phospholipid oxidation that generate truncated species and
smooth phospholipids.

Plasmalogen stand out due to the high reactivity and degradation of
hydroperoxides, in addition, they act on the membrane in order to change the fluidity and

thickness [13]. However, it still unknown how the oxidation of plasmalogens could act on
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the stability of the membrane.

In order to study how plasmalogen transmission influences membrane leakage,
a study was carried out on liposomes encapsulated with carboxyfluorescein and
photooxidized in the presence of two types of photosensitizers: MB (methylene blue) and
DMMB. (dimethyl methylene blue, Figure 5 A). DMMB, because it is more lipophilic,
causes more damage via radical pathway because it reacts more easily with lipid
hydroperoxides [2], [18].

Initially, three types of liposomes were used: the first composed entirely of POPC
(PC (16:0/18:1)); second composed of 50% by mass of purified ox brain pPE and 50%
POPC,; third 50% by mass of SAPE (PE (18:0/20:4)) and 50% POPC. The plasmalogen
used was purified from beef brain and therefore has polyunsaturated fatty acids (PUFAS)
in the sn2 chain of glycerol. PUFAs can influence membrane leakage, as these fatty
acids are more susceptible to oxidation, mainly via radicals.[10]. To study the influence
of PUFAs on membrane leakage, leakage assays were performed with liposomes
containing SAPE, which has a fatty acid with 4 unsaturation, and compared with
liposomes containing purified pPE.

In presence of MB, the SAPE-containing liposome ruptured faster (Figure 5 B),
indicating an antioxidant action of pPE that reduces lipid peroxidation [26]. However, with
DMMB, the liposome containing pPE ruptured faster, indicating that DMMB may be
reacting with the pPE-OOH hydroperoxide and causing effective disruption. (Figure 5
C). In conditions without PS, there is no leakage (Figure 5 D). When analyzing the
consumption of PS throughout the reaction, only the POPC liposome with DMMB had a

lower consumption (Figure 5 E e F).
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Figure 5: (A) Structures of the photosensitizers used; Membrane leakage comparing
liposomes with pPE (POPC 50% and purified pPE 50%, mass/mass) and SAPE (POPC
50% and SAPE 50%, mass/mass) and photooxidized with (B) methylene blue (MB), (C)
dimethyl methylene blue (DMMB), (C) no PS; PS consumption throughout the reaction

(E) with MB and (F) with DMMB.

Under the oxidative conditions that cause membrane leakage of pPE-containing
liposomes, photosensitizers appear to act as reductants. Knowing that in a biological
environment there would be reduction of hydroperoxide to hydroxide by the action of
antioxidants[27], [28]. But with the reduction of hydroperoxides to hydroxides in
plasmalogen, it can influence the leakage of the membrane, as a hemiacetal group is
formed that hydrolyses forming lysophospholipids that cause leakage [29] (Figure 6 A).

Aiming to study the influence of reductants on liposomes photooxidized with MB,
a membrane leakage test was performed with a triphenyl phosphine (TPP) reductant, as
it is a lipophilic reductant and has already proved to be efficient before. So it was
observed that the addition of TPP increases leakage and without MB there is no leakage
(Figure 6 B). Although MB is less lipophilic, there is still a Type | reaction that can cause
membrane leakage.

However, the DHPNO2 endoperoxide generates O, when heated to 37°C and

without causing radical reactions (Figure 6 C). When the membrane leak assay was
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performed using liposomes containing purified pPE and SAPE, only DHPNO: did not
cause leakage (Figure 6 D), but in the presence of TPP, only liposomes containing pPE

leaked (Figure 6 E). Thus, we describe a means of only 1O, causing membrane leakage.
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Figure 6: (A) Mechanism of reduction of plasmalogen hydroperoxides to hemiacetal,
which is degraded into lysophospholipid and aldehyde; (B) Leakage of liposome
membrane containing purified pPE and POPC with reducing triphenylphosphine (TPP)
with MB or with TPP and without MB (200uM -MB); (C) singlet oxygen (102) formation
mechanism by DHPNOZ2 degradation; (D) Membrane leak of liposomes containing SAPE
or 50% purified pPE and POPC mass with 8 mM DHPNO2 and heated to 37°C without
TPP reductant, (E) with 200 uM TPP.)

Despite the good results with DHPNOZ2, the plasmalogen used was purified and because
it is a lipid mixture, there are many types of pPE and among them there are many with
PUFAs that add unwanted effects, such as lipid peroxidation.

Then, two new liposomes were used: the first composed of 50% by mass of pPE
(p18/18:1) and 50% POPC; according to 50% by mass PE (18:1/18:1) and 50% POPC.
Then subjected to the same tests as before. The same results were obtained, but less
expressive (Figure 7), this may be due to the lower fluidity of the membrane, which

makes it less susceptible to leakage [30].
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Figure 7: pPE (pl18/18:1) and PE (18:1/18:1) structures used in liposomes; (A)

Membrane leakage comparing liposomes with pPE (50% POPC and 50% purified pPE,

mass/mass) and PE (POPC 50% and PE 50%, mass/mass) and photooxidized with MB,

(B) with 200 uM TPP, (C) Pouring with 8 mM DHPNO?2 and heated to 37°C without TPP

reducer (E) with 200uM TPP.

Even though TPP is very efficient in reducing plasmalogen hydroperoxides, it is

not an endogenous reductant. In order to find an endogenous reductant, phosphoxidized

pPE liposomes were made and then reduced with 1 mM reduced glutathione (GSH) and

compared with TPP. There was a reduction of hydroperoxides with GSH, but much

smaller compared to TPP (Figure 8).
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Figure 8: (A) Scheme of formation of aldehydes by oxidation followed by reduction of
pPE (p18/18:1); (B) UHPLC fluorescence analysis of aldehydes from liposomes
containing 100% photooxidized pPE; (C) Aldaldehyde 18:1 increase after GSH and TPP

reduction.

Conclusion

Although plasmalogens are considered antioxidants due to their high reactivity
with ROS, it is not known how plasmalogen oxidation can interfere with membrane
stability. In this study, we showed that plasmalogens are very abundant in Hacat
keratinocytes and are the lipids that are consumed more quickly and produce
hydroperoxides that are degraded more quickly. We also showed that the degradation
of hydroperoxides makes the membrane more susceptible to leakage. Either by reaction
with photosensitizer or reducing agent.
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Supplementary Figures:

-

@ Spectrum from HaCat_NEG_AM_Irradiado_240min_1.wiff (sample 1) - HaCat_NEG_AM _k

do_240min_1: Expesiment 4, -TOF MS"2 (50 - 2000) from 8.374 min

Precursor: 903.7 Da

@ Spectrum from HaCat_NEG_AM_Controle_Oh_1.wiff (sample 1) - HaCat_NEG_AM_Controle_Oh_1: Experiment 9, -TOF MS"2 (50 - 2000) from 10.543 min

Precursor: 871.7 Da
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Figure S1: Fragmentation spectrum of sphingomyelin (SM(d18:1/24:1)) and comparing

with hydroperoxide analogue (SM(d18:1/24:1-O0H)).
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@ Spectrum from HaCat_NEG_AM_Irradiado_060min_1.wiff (sample 1) - HaCat_NEG_AM_lrradiado_060min_1. Experi 2.-TOF MS"2 (50 - 2000) from 6.258 min
Precursor: 7945 Da

@ Spectrum from HaCat_NEG_AM_lrradiado_060min_1.wiff (sample 1) - HaCat_NEG_AM_lrradiado_060min_1. Experiment 5. -TOF MS"2 (50 - 2000) from 8.517 min
Precursor: 762.5 Da
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Figure S2: Fragmentation spectrum of phosphatidylcholine (PC(14:0/16:1)) and
comparing with hydroperoxide analogue (PC(14:0/16:1-O0H)).
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@ Spectrum from HaCat_NEG_AM_Irradiado_030min_1.wiff (sample 1) - HaCat_NEG_AM_lrradiado_030min_1. Expen 5. -TOF MS"2 (50 - 2000) from 7.439 min

Precursor: 7685
@ Spectrum from HaCat_NEG_AM_|rradiado_030min_1.wiff (sample 1) - HaCat_NEG_AM_lrradiado_030min_1, Experiment 5, -TOF MS"2 (50 - 2000) from 9.120 min
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Figure S3: Fragmentation spectrum of phosphatidylethanolamine (PE(16:1/20:4)) and
comparing with hydroperoxide analogue (PE(16:1/20:4-O0H)).
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Non-oxidized ceramide (Cer) fragmentation pattern
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Figure S4: Ceramide (Cer(d18:1/24:1)) fragmentation pattern (top) and
Cer(d18:1/24:1) fragmentation spectrum (bottom)
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Oxidized ceramide (Cer-OOH) fragmentation pattern
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Figure S5: Ceramide hydroperoxide (Cer(d18:1/24:1-O0H)) fragmentation pattern
(top) and Cer(d18:1/24:1-O0H) fragmentation spectrum (bottom).
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Figure S6: Heatmap representing lipid changes of lipids extracted from HaCat cells and
photooxidized over 240 min (4hr), consumption of lipids not in shades of green,
considering 100% the initial value, and formation of oxidized lipids in shades of red,
considering the highest value as 100%.
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Determination of changes in plasma free fatty acids in a high-

fat diet in amyotrophic lateral sclerosis by UHPLC-Florescence
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Highlights
e A sensitive method for analysis of free fatty acids

e Derivatization method uses reducers that participate in the derivatization and
prevent lipid peroxidation

e The method uses the same derivatization probe for aldehyde analysis

¢ Analysis of blood plasma from mouse models of ALS shows a very similar
profile between analysis by UHPLC-Florescence and UHPL-ESI-QTOF-MS/MS

¢ Rats supplemented with a diet rich in fish oil had a reduction in arachidonic acid
and an increase in w3 fatty acids (DHA and EPA)
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Abbreviations:

ACN, acetonitrile

ALS, amyotrophic lateral sclerosis
ARA, arachidonic acid

Cer, ceramide

CHH, 7-(Diethylamino)coumarin-3-carbohydrazide
DAG, diacylglycerols

DAGE, 1-O-alkyl diacylglycerol ethers
DHA, docosahexaenoic acid

DPDS, 2,2'-Dipyridyldisulfide

EPA, eicosapentaenoic acid

FFA, Free fatty acid

PC, phosphatidylcholine

PE, phosphatidylethanolamine

PG, phosphatidylglycerol

Pl, phosphatidylinositol

PS, phosphatidylserine

Q10, ubiquinone-10

SM, sphingomyelin

SOD1, superoxide dismutase type 1
TAG, triacylglycerols

TPP, triphenyl phosphine

UHPLC, ultra-high-performance liquid chromatography
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Graphical abstract
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Abstract

Fatty acids are structural components of membrane phospholipids and also act as
precursors for lipid mediators and an energy source. Lipid mediators from omega-6
arachidonic acid (FA 20:4; ARA) have pro-inflammatory actions. On the other hand,
mediators from omega-3 Eicosapentaenoic acid (FA 20:5; EPA) and
Docosahexaenoic acid (FA 22:6; DHA) have anti-inflammatory action. Dietary intake
rich in omega-3 fatty acids has a variety of anti-inflammatory and immune-modulating
effects that may reduce neuroinflammation in neurodegenerative diseases, such as
amyotrophic lateral sclerosis (ALS). In order to verify how an omega-3 diet can
increase the availability of DHA and EPA in animal models of ALS. We analyzed FFA
from the blood plasma of human SOD1 (G93A) transgenic ALS rats and wild types
supplemented with three types of diets: rich in fish oil, lard, and standard rodent diet.
We observed a significant increase in EPA and DHA, followed by a significant
decrease in ARA, in ALS and WT rats supplemented with a diet rich in fish oil. Thus,
the disease does not interfere with the absorption of omega-3 fatty acids. For FFA
analysis, we developed a novel reverse-phase ultra-high-performance liquid

chromatography (UHPLC) coupled with a fluorescence detector. In this work, we used
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FFAs derivatized with 7-(Diethylamino)coumarin-3-carbohydrazide (CHH). This
reaction does not involve transesterification, thus enabling the quantification of FFAs
in the presence of glycerolipids with limits of FFA detection in the range of 0.2-100
pmol. For comparison, we analyze the samples without derivatization using UHPLC
coupled with a tandem ESI-QTOF high-resolution mass spectrometric detector

(HRMS) for the full characterization and quantitation of the different FFA.

Keywords: Free fatty acids analysis, amyotrophic lateral sclerosis (ALS), carboxyl
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148



Introduction

Inflammation is the immune system's response to harmful stimuli, such as
pathogens or damaged cells, and acts as a vital defense mechanism for health [1].
Although inflammation is a normal response, when it occurs in an uncontrolled or
inappropriate manner due to the persistence of an inflammatory stimulus or a failure of
normal resolution mechanisms, it can cause excessive damage to host tissues and
disease [2], [3]. Chronic inflammation is associated with many neurodegenerative
diseases, including Alzheimer's disease, Parkinson's disease, multiple sclerosis, and

amyotrophic lateral sclerosis (ALS) [4]—[6].

ALS is an aggressive and rapidly progressing disease that causes death within 5
years of diagnosis, and only 10% of cases have a family history [4]. ALS tissue is
characterized by neuroinflammatory changes, and these changes are seen in both
sporadic and familial ALS, as well as in transgenic SOD1 mouse/rat models of ALS [7].
Inflammation is not causative, although it can greatly influence pathogenesis. In such

cases, there may be potential for anti-inflammatory therapy [5].

The omega-6 arachidonic fatty acid (ARA; FA 20:4) gives rise to lipid mediators
that act in inflammatory processes. The metabolism of ARA is a well-recognized target
in anti-inflammatory therapies, since many of the ARA derivatives are pro-inflammatory
[8]. On the other hand, the omega-3 eicosapentaenoic acid (EPA, FA 20:5) and
docosahexaenoic acid (DHA, FA 22:6) derived lipid mediators called resolvins have anti-
inflammatory properties. Studies show that a diet high in fish oil can cause an increase
in DHA and EPA and a decrease in ARA [8], [9]. Then, a diet rich in fish oil can be
beneficial for the survival of patients with ALS, as this disease causes neuroinflammation

in pathologically affected tissue.
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In this work, we analyzed free fatty acids (FFA) from the plasma of SOD1 G93A
and wild-type transgenic rats supplemented with three types of diets: fish oil, lard, and a
standard rodent laboratory diet. The FFA profile of animals supplemented with a fish oll
diet was very different from animals supplemented with lard and standard rodent diets.
However, we did not observe major differences in the FFA profile between ALS and WT
animals, regardless of diet. Animals supplemented with a fish oil diet showed a significant
increase in DHA and EPA and a significant decrease in ARA, both for WT and ALS
animals. Thus, a diet richer in omega-3 from fish oil may be beneficial in reducing the

effects of neuroinflammation.

FFAs are detected by HPLC through UV absorbance at 205 nm[10]. However,
the molar absorbance of FA changes depending on the nhumber of unsaturations, and
saturated FFAs are barely detected[11]. Hence, different HPLC-based FFA analysis
methods derivatize the carboxylic acid group of the FFA with fluorescent probes to

measure all FFAs according to molar concentration, regardless of FFA unsaturation[10].

For FFA analysis, we developed a novel reverse-phase ultra-high-performance
liquid chromatography (UHPLC) coupled with a fluorescence detector, within a relatively
short chromatographic run (40 min). In this work, we optimized the derivatization reaction
for free fatty acids with a fluorescence probe, 7-(Diethylamino)coumarin-3-
carbohydrazide (CHH), through a thioester intermediate produced in the presence of
2,2'-Dipyridyldisulfide (DPDS) and the antioxidant triphenylphosphine (TPP) in a one-pot
reaction. This is a low-cost approach that avoids lipid oxidation. This reaction does not
involve transesterification, thus enabling the FFAs to be successfully quantified in the
presence of glycerolipids, with limits of FFA detection in the linear range of 0.2—100 pmol
(signal-to-noise ratio above 20 [12]). For comparison we analyze the samples without
derivatization using UHPLC coupled with an electrospray source and a tandem
quadrupole-time-of-flight (ESI-QTOF) high-resolution mass spectrometric detector

(HRMS) for the full characterization and quantitation of the different classes of fatty acids.
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Both methods (fluorescence and HRMS) appreciate the FFA in a similar order of

magnitude and proportions.

MATERIALS AND METHODS

Reagents

2,2'-Dipyridyldisulfide (DPDS), triphenyl phosphine (TPP), 7-(Diethylamino)coumarin-3-
carbohydrazide (CHH),1,2-diheptadecanoyl-sn-glycero-3-phosphoethanolamine (PE
17:0/17:0), 1,2-diheptadecanoyl-sn-glycero-3-phosphocholine (PC 17:/17:0), 1,2-
diheptadecanoyl-sn-glycero-3-phospho-L-serine (PS 17:0/17:0), 1,2-diheptadecanoyl-
sn-glycero-3-phospho-(1’-rac-glycerol) (PG 17:0/17:0), 1-heptadecanoyl-2-hydroxi-sn-
glycero-3-phosphocholine (LPC 17:0/17:0), 1°,3’-bis[1,2-dimyristoyl-sn-glycerol-3-
phospho]-sn-glycerol (CL 14:0/14:0/14:0/14:0), N-heptadecanoyl-D-erythro-
sphingosylphosphorylcholine (SM d18:1/17:0) e N-decanoyl-D-erythro-spingosine (Cer
d18:1/10:0) were acquired from Avanti Polar Lipids (Alabaster, AL).. Methyl tert-butyl
ether (MTBE), ammonium formate and ammonium acetate were purchased from Sigma-
Aldrich (St Louis, MO, USA). All HPLC grade organic solvents were obtained from
Sigma-Aldrich (St Louis, MO, USA). Ultra-pure water was supplied by a Millipore system

(Millipore, Billerica, MA, USA).

Animals

Male Sprague Dawley rats overexpressing mutant human SOD1G93A
(hSODG93A), obtained from Taconics, were maintained in our animal facility at
room temperature with a 12-hour light/dark cycle. Genotyping was performed to
detect the exogenous hSOD1G93A transgene by amplifying ear DNA at 20 days
of age [13]. At 52 days of age, animals were placed on either a lard or fish oil diet
(caloric composition: fat 60%, carbohydrate 20%, protein 20%) or a standard

rodent laboratory diet (fat 10%, carbohydrate 70%, protein 20%). At 73+4 days
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of age, rats were without any signs of motor impairment. At 122+6 days of age
(referred to as the symptomatic group), rats showed partial paralysis in at least
one limb, and, importantly, experienced a loss of body weight. Age- and litter-
matched wild-type (WT) males served as controls, referred to as WT at 70 days
of age. Rats were fasted for 4 hours and anesthetized with isoflurane inhalation
at a dose of 4% for induction and 2% for maintenance. All groups had n=5. Blood
was collected by cardiac puncture into a tube containing heparin (BD, Franklin
Lakes, NJ, USA). Plasma was obtained after centrifugation at 2,000 x g for 10
minutes at 4°C and stored at -80°C until further processing. All procedures were
performed in accordance with the National Institute of Health Guidelines for the
Humane Treatment of Animals and approved by the local Animal Care and Use

Committee of Sao Paulo University (CEUA number 41/2016).

Lipid extraction and Fatty acids derivatization

Lipids were extracted from plasma using the MTBE method[14]. Briefly, 80 L of
plasma was mixed with 80 pL of MeOH containing FA 13:0 at 4 uM as an internal
standard, and 220 uL of ice-cold MeOH. After thoroughly vortexing for 10
seconds, 1 mL of MTBE was added to the mixture, which was stirred for 1 hour
at 20°C. Next, 300 ul of water was added to the mixture, followed by vortexing for
10 seconds and resting in an ice bath for 10 minutes. After centrifugation at
10,000 x g for 10 minutes at 4°C, the supernatant containing the lipid extract was
transferred to a vial and dried under N2 gas. The extracted lipids were re-
dissolved in 80 pl of isopropanol for the UHLC-Q-TOF-MS/MS analysis or re-
dissolved in 80 pl of ANC with 120 uyM of TPP, DPDS, and CHH for UHPLC-

Fluorescence analysis, and incubated at 20°C overnight. The data were
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processed with Post-run Analysis software (Labsolutions version 5.98,
Shimadzu). For lipidomics analysis of each diet, the lipids were extracted from
the rations of each diet. Using 200 mg/mL homogenate was prepared in PBS pH
7.4 containing 10 mM of deferoxamine mesylate. Then, the same extraction

method was used with MTBE on 80 uL of homogenate.

For the analysis with the objective of verifying if there is transesterification by the
derivatization reaction, we performed the derivatization of PC (16:0/18:1) at a
concentration of 10 ug/mL in ANC and we derivatized it with 120 uM of TPP,
DPDS, and CHH and incubated it at 20°C overnight. For the positive control, we
hydrolyzed 1 mL of a solution containing 1 ug/mL of PC (16:0/18:1) in MeOH. We
then added 1 mL of 0.4 M NaOH, which had been previously bubbled with
nitrogen. This mixture was subjected to vortexing (15 s) and incubated at 37°C
for 30 min in the dark. After this step, the samples were cooled in an ice bath for
10 minutes and then neutralized with 1.2 mL of 2 M HCI. After that, the samples
were subjected to a new extraction, this time with 2 mL of hexane. The samples
were vortexed for 1 minute and centrifuged at 15009 for 2 minutes at 4°C. The
upper organic phase was collected, and the extraction process was repeated with
the addition of another 2 mL of hexane. Finally, the organic phases were
combined, evaporated under nitrogen flow, and then resuspended in 100 uL of
ANC with 120 uM of TPP, DPDS, and CHH. The mixture was incubated at 20°C

overnight.

Free fatty analysis by UHPLC-Fluorescence

The analysis was performed using UHPLC-fluorescence (Nexera, Shimadzu, Kyoto,

Japan) on a reversed-phase BEH® C18 column (2.1 x 100 mm; 1.6 um particle size;
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Waters) maintained at 40°C with a flow rate of 0.3 mL/min, in a gradient of (A) water with
0.1% formic acid and (B) ACN with 0.1% formic acid. The gradient during the run was:
70-100% B at 30 min, 100% B at 30-35 min, 100-70% B at 35-36 min, and 70% B at 36-

40 min.

Lipid analysis by UPLC-MS/MS (HRMS)

The underivatized extracted lipids were analyzed by UPLC (Nexera, Shimadzu, Kyoto,
Japan) coupled to a TripleTOF 6600 mass spectrometer (Sciex, Framingham, MA). The
lipids were separated on a UPLC Cortecs® C18 column (2.1 x 100 mm; 1.6 um particle
size; Waters) maintained at 35°C with a flow rate of 0.2 mL/min, in positive mode (ESI+)
and negative mode (ESI-). The mobile phase used was (A) water:acetonitrile (60:40%)
and (B) isopropanol:acetonitrile:water (88:10:2) containing 10 mM ammonium acetate

(ESI-) or ammonium formate (ESI+).

The gradient during the run was: 40-100% B at 10 min, 100% B at 10-12 min, 100-40%
B at 12-13 min, and 40% B at 13-20 min. The applied spray voltage was 4500 (ESI-) and
5500 (ESI+). The applied cone voltage was (+/-) 80 V. Information-dependent acquisition
(IDA) was used for MS/MS analysis with a collision energy of 10 eV. CUR was set to 25

psi, GS1 and GS2 were set to 45 psi, and the temperature was set to 450°C.

HRMS data processing

Lipidomic analysis was performed using the MS-MDIAL (version 5.1) [15]
software set to default conditions for identification. Each identified lipid was
checked manually, following the fragmentation patterns[16], [17]. Areas of
identified lipids were obtained using MultiQuant® (Version 3.0.2). The area of
each identified lipid was divided by the area of its respective internal standard,

multiplied by the amount of internal standard added at the beginning of lipid
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extraction, and finally corrected by the correction factor obtained from calibration

curves.

Results

Derivatization of fatty acids with CHH

Various fluorescent derivatization reagents have been utilized to quantify
carboxylic acids, including fatty acids and prostaglandins, through high-performance
liquid chromatography (HPLC) [10]. Alkyl halide compounds have been extensively
studied [10], [18]. However, the derivatization reaction only occurs at elevated
temperatures in the presence of basic catalysts [10]. This can result in lipid peroxidation
and de-esterification of fatty acids. Other diazo probes, such as PDAM and ADAM, can
derivatize FFA under mild conditions at room temperature without the need for an
activating reagent [10], [18]. However, these probes are unstable and must be
synthesized before use, which means they may contain impurities and decomposition

products [10].

To prevent these complications, in this work, we used an unusual approach to
derivatize FFA. We conducted a two-step reaction, but in a one-pot reaction. The first
derivatization step is to produce an intermediate thiolester by reacting FFA in the
presence of 2,2'-Dipyridyldisulfide (DPDS) and triphenylphosphine (TPP) [19]. Then, the
thiolester reacts with the hydrazide group of the fluorescent probe 7-
(Diethylamino)coumarin-3-carbohydrazide (CHH) through an addition-elimination

reaction(Figure 1).
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Figure 1: Derivatization of carboxyl from free fatty acids mechanism in two stages: 1st
formation of thioester by reaction of fatty acid with DPDS and TPP; 2nd Addition followed

by elimination by the primary amine of the hydrazide group of CHH.

This derivatization method does not require catalysis that involves altering the pH
of the medium, either through acidification or alkalization. Consequently, the hydrolysis
of glycerolipids and transesterification do not occur. In order to verify if the derivatization
of FFA does not involve transesterification or fatty acid hydrolysis, we conducted an
analysis of POPC (PC (16:0/18:1)). For a positive control, we hydrolyzed POPC under
basic conditions. The concentration of phospholipid at the end of the experiment was 20
pg/mL. The fluorescence signal was observed only in the hydrolyzed sample (Figure
2A). The optimization of the chromatography method aimed to enable the simultaneous
analysis of up to 12 fatty acids, utilizing two potential internal standards (FA 13:0 and FA
17:0) and 10 fatty acids that are frequently present in humans. These include the
polyunsaturated fatty acids (PUFA) of interest in this study, arachidonic acid (FA 20:4,
ARA), eicosapentaenoic acid (FA 20:5, EPA), and docosahexaenoic acid (FA 22:6, DHA)

Figure 2B.
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Figure 2: Chromatographic separation of free fatty acids that have been derivatized with
CHH wusing UHPLC-Fluorescence: (A) A comparison between the commercial
phospholipid PC(16:0/18:1) and PC(16:0/18:1) hydrolyzed with 400 mM NaOH at 37°C
for 30 minutes. Only in hydrolyzed sample contain FFA, mainly FA 16:0 and FA 18:1. (B)
A mixture of 12 commercially available standard fatty acids, each at a concentration of

approximately 10 pg/mL.

The optimization of the FFA derivatization method involved minimizing the excess
of reagents, controlling the temperature, and regulating the reaction time, as illustrated

in Figure S1 A.

In order to verify the occurrence of lipid peroxidation, an analysis was conducted
using docosahexaenoic acid (DHA), which contains 6 unsaturations. Initially, DHA and
FA 13:0 were derivatized under identical conditions for a duration of 48 hours, resulting
in an identical profile (Figure S2 A). The FA 13:0 molecule is saturated and, therefore,
does not undergo lipid peroxidation. This suggests that DHA did not undergo oxidation.
We conducted a comparison between the addition of BHT antioxidant as a positive
control, and the results showed no significant difference. The data presented in this study
suggest a lack of lipid peroxidation in the derived samples, which may be attributed to

an excess of TPP (Figure S2B).

157



To verify the sensitivity of the method, we analyzed FA 13:0 within a range of 0.2
pmol to 100 pmol. We observed a linear increase in all data points with a signal-to-noise
ratio greater than 20 [12] (Figure S3 A). Next, we constructed a dose-response curve
by utilizing a fixed quantity of 13:0 at 20 pmol as an internal standard and increasing
amounts of DHA from 5 to 80 pmol. This resulted in a straight line with an angular
coefficient close to 1. The same procedure was performed for other fatty acids, including
oleic acid (FA 18:1), linoleic acid (FA 18:2), and ARA. The results showed excellent
linearity (Figure S3 B to E). The method has been proven to be sensitive and produces
stable products within a relatively short chromatography time of 40 minutes. The
response curves indicate that FA 13:0 can serve as an internal standard due to its good

linearity within the analyzed concentration range.

FFA analysis by LC-Fluorescence and LC-high resolution mass spectrometry

Many cases of familial ALS are associated with mutations in the Superoxide
Dismutase 1 (SOD1) gene. We used the SOD1-G93A transgenic rat model for ALS [20].
This animal model has a mutation in SOD1 that increases the production of harmful
reactive oxygen species (ROS). The rat model demonstrates a loss of motor neurons,
accompanied by gliosis, and the presence of numerous ubiquitinated Lewy-like bodies
and axonal swelling. The pathology observed in the spinal cord of these mice more

closely resembles that of human ALS [21].

We analyzed the blood plasma of five ALS rats and five wild types (WT) rats using
UHPLC-fluorescence and compared the results with those obtained using UHPLC-High
Resolution Mass Spectrometry (HRMS). We used asymptomatic rats (70 days old) for
this analysis to prevent other factors, such as aging[22] and atrophy[23], from interfering
with the physical activity profile in mice with ALS. The disease was the main factor that

altered blood plasma FFA (Figure S4).
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The analysis of FFA in plasma samples from WT and ALS rats using both
UHPLC-Fluorescence and UHPLC-high-resolution mass spectrometry (HRMS)
techniques was highly comparable. For all FFA, the exhibit comparable magnitudes and
distributions in both techniques, and the FFA levels are coherent as described in the

literature (Figure 3) [19], [24].
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Figure 3: Concentration of free fatty acids (FFA) in the plasma of asymptomatic wild-
type and ALS rats (70 days old) was analyzed using UHPLC-Fluorescence and UHPLC-
HRMS. Error bars show mean + SD. Differences between means are color-coded: blue
for WT-Fluorescence vs. WT-HRMS, red for WT-Fluorescence vs. WT-HRMS, and black
for WT-Fluorescence vs. ALS-Fluorescence. (*p < 0.05, **p < 0.01, and ***p < 0.001;

two-tailed paired t-tests)

We observed an increase in palmitic acid (FA 16:0), oleic acid (FA 18:1), and
linoleic acid (FA 18:2) levels using both techniques. ALS induces hyperlipidemia, and it
can result in an increase in blood FFA levels [25]. However, only the fluorescence
technique provides a significant difference with a p-value < 0.05. This could be attributed
to the coefficient of variation (CV%) being lower for nearly all of the analyzed FFASs in

fluorescence analysis (Table 1).
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Table 1: The coefficient of variation expressed as a percentage (CV%) for the FFA

analysis in Figure 3.

CV% 16:0 16:1 17:0 180 18:1 182 20:4 20:5 22:1 22:6 241
WT Fluorescence 18% 40% 59% 48% 23% 19% 6% 33% 85% 50% 30%
WT HRMS 18% 41% 16% 20% 24% 24% 10% 68% 53% 27% 53%
ALS Fluorescence 13% 37% 10% 10% 19% 15% 19% 15% 27% 16% 28%
ALS HRMS 37% 57% 29% 19% 46% 50% 37% 57% 27% 33% 49%

Some FFA quantity variation may be due to unsuitable internal standard, FA 13:0,
for HRMS. The detection efficiency can be affected by FFA's unsaturation number and
chain length [26]. Isotopic standards are the gold standard for HRMS, providing more
precise quantification. However, it is necessary to use one internal standard for each FA,

which makes the analysis more costly [27].

The utilization of UHPLC-HRMS offers the benefit of accurately identifying FFAs
through the determination of their precise mass and retention time. Nonetheless, this
method is associated with high costs and generates data outcomes that necessitate the
use of isotopic standards to achieve more precise quantification. The HPLC-
Fluorescence analysis demonstrated superior cost-effectiveness and efficacy in

identifying the predominant FFA in plasma.
Lipidomic analysis of feeds used to supplement wild-type and ALS rats

Neuroinflammation has many cellular and biochemical characteristics and is one
of the symptoms of ALS. [5], [6]. The composition of cell membranes determines the type
of inflammatory mediators that will be produced during the inflammatory response|8],
[28]. Diets rich in fish oil increase the availability of EPA and DHA, which may reduce

neuroinflammation through the action of lipid mediators[8], [28].

To analyze the diet changes in plasma, we supplemented WT and ALS animals
with diets low in lipids (control), rich in saturated lipids (lard), or rich in unsaturated lipids

(fish oil, Table 2).
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Table 2: Composition of feed used to supplement ALS and wild-type (WT) rats.

Diet (kcal %)

Control Fish Oil Lard
Fat 10 60 60
Protein 20 20 20
Carbohydrates 70 20 20

Lipidomics analysis was conducted on three diets (fish oil, lard, and control) to
determine their lipid composition (supplementary worksheet). The lipid composition of
diets with fish oil and lard is mostly triacylglycerols (supplementary worksheet). The
esterified fatty acid profile differed significantly in PUFA content between fish oil and lard.

Fish oil had higher levels of EPA (20:5) and DHA (22:6) compared to lard (Figure 4).

Fish Oil Lard
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24% 20:5 -\
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Figure 4: The fatty acid composition of triglycerides in diets rich in fish oil and lard was

analyzed through lipidomic analysis to supplement ALS and WT rats.
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FFA analysis by HPLC-Fluorescence of blood plasma from ALS and WT rats

supplemented with different diets

We measured FFAs in the blood plasma of WT and ALS rats to examine the
effect of a diet rich in fish oil on the FFA profile in a rat model of ALS. The rats were
supplemented with three different diets: one rich in fish oil, one rich in lard, and a low-
lipid content diet (control). To evaluate the effects of various diets, we analyzed 120-
day-old rats and supplemented them with different diets for 70 days. Each group

consisted of 5 rats.

The analysis of the cluster heatmap reveals a cluster of rats supplemented with
a diet rich in fish oil. These rats showed an increase in DHA and EPA, a reduction in
ARA, and no distinction between ALS and WT. While the profiles of the lard and control
diets were more similar, there was a tendency to separate ALS. There were no

significant differences in profile or weight between WT and ALS (Figure 5 A).

We conducted a PCA analysis to compare the effects of different diets on both
WT and ALS mouse models. The results reveal a clear separation between animals
that were supplemented with fish oil, without any distinction between WT and ALS
animals (Figure 5 B). The loading plot indicates that DHA, EPA, and palmitoleic acid

(FA 16:1) are distinct from the other diet groups (Figure 5 C).
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Figure 5: (A) Hierarchical clustering heatmap analysis was performed on FFA levels in
plasma samples from WT and ALS rats supplemented with three different diets: fish oil,
lard, and control. (B) A PCA score plot was generated for PC1 vs PC2. A 95% confidence
limit was defined for each sample group by an ellipse with the same color as the

corresponding sample group cluster. (C) Loading plot corresponding to PCA analysis.

The concentration of FFA from different diets shows similar patterns as before,
with a slight increase in ALS rats for oleic acid (FA 18:1), linoleic acid (FA 18:2), and
palmitic acid (FA 16:0) in animals supplemented with the control diet. Animals that were
given fish oil had lower levels of these fatty acids, and there was no difference observed
between WT and ALS. Animals on a diet rich in lard exhibited similar patterns to the
control group, but with an increase in oleic acid and a decrease in linoleic acid. Fish oil

supplementation increases levels of EPA, DHA, and ARA compared to a control diet,
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regardless of WT or ALS status (Figure 6). Other FFAs did not have expressive level

changes. (Figure S5).
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Figure 6: Blood plasma from ALS rat models and wild type rats on varied diets were
analyzed using box plots. Significant differences were observed in black between the
WT and ALS groups that received the same diet, including control, fish oil. Blue color
coding indicates significant differences between the fish oil or lard diets and the control
diet in WT animals. Red color coding indicates significant differences between the fish
oil or lard diets and the control diet in ALS animals (* p<0.05, ** p<0.01, *** p<0.001; two-

tailed paired t-tests).

Discussion:

Changes in FFA levels in blood plasma are associated to several pathological
conditions like obesity[29], diabetes[30], inflammation[9], and neuroinflammation[28].

The omega-3 fatty acids DHA and DPA produces lipid mediators with anti-inflammatory
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actions[8], and another hand, the omega-6 fatty acid ARA produces lipid mediators with

pro-inflammatory actions[8].

The literature provides a clear description of the effects of fish oil
supplementation, which include an increase in DHA and EPA levels and a reduction in
ARA[8], [9], [28]. The present study provides evidence that amyotrophic lateral sclerosis
(ALS) does not significantly affect the FFA bloody plasma levels of ALS rat model
supplemented with a diet rich in fish oil. Even thought, we also observed significant FFA
changes in asymptomatic rats. Hence, the administration of fish oil supplements could
potentially confer benefits in mitigating the neuroinflammatory effects associated with

ALS.

FFAs are present in the bloodstream and are bound to albumin[31]. Therefore,
the initial stage of FFA analysis involves extracting lipids to separate FFAs from albumin.
In this study, we used MTBE solvent for lipid extraction, which has comparable efficiency
to traditional methods[14] and avoid phosphoric acid to precipitate proteins[32] and
minimizing acid hydrolysis of esterified fatty acids can reduce inaccurate positive results

in FFA analysis.

We developed a novel FFA analysis technique using UHPLC-Fluorescence and
validated through HRMS. We used an unusual carboxylic group derivatization method
that allows for the inclusion of antioxidants like TPP[19]. The reduced DPDS acts as an
antioxidant through its thiol group[33]. An important benefit of this approach is the easy
substitution of the fluorescent probe. This method only needs a probe with a primary

amine or hydrazine/hydrazide group to create a stable derivatized compound.

We conducted experiments using alternative probes, namely 1-pyrenobutanoic
acid hydrazide (PBH) and dansyl hydrazine (Dz), to derivatize fatty acids (Data not

shown). Even though these probes have derivatized FFA, the separation of PBH via
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chromatography proved to be challenging, which is a similar issue encountered when
using 1-Pyrenyldiazomethane (PDAM) due to their closely related structures[10]. While,

Dz exhibits weak fluorescence.

On the other hand, the probe 7-(diethylamino)-coumarin-3-carbohydrazide
(CHH) proved to be highly efficient in chromatographically separating 12 types of FFAs
derivatized and with a relatively short analysis time (40 minutes) and strong
fluorescence, making it an excellent choice for FFA analysis. Furthermore, CHH is
widely used for the analysis of lipid aldehydes through mass spectrometry and
microscopy. Therefore, this method not only proves to be efficient for FFA analysis but
also extends the scope of applications to a set of probes typically employed for

aldehyde analysis.
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Figure S1: Optimization of conditions for free fatty acid derivatization: (A) Reaction of 10
uM FA 13:0 with 10-, 20-, 30-, 40-, and 50-fold excess of DPDS, TPP, CHH resulted in
the CHH, maximum when a with 30-fold excess of reagents was used; (B) The kinetics
of the derivatization process of 10 yM FA 13:0 with a 30-fold excess (or 300 uM) of
DPDS, TPP, and CHH, each at 20°C; (C) Kinetics of the derivatization of 10 uM FA 13:0
with a 30-fold excess (or 300 uM) of DPDS, TPP, and CHH at various temperatures.
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Figure S2: Analysis of the Stability of Polyunsaturated Fatty Acids: (A) Comparison of

20 pmol of FA 13 and 20 pmol of FA 22:6 (DHA) after 48 hours of derivatization reaction

at room temperature; (B) Comparison of 20 pmol of FA 22:6 (DHA) with and without 1

mM of the antioxidant BHT after 48 hours of the derivatization reaction at room

temperature.
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Figure S3: Linearity test of FFA analysis using CHH derivatization: (A) Signal intensities
of FA 13:0 at 100 pmol (100 yM) were measured with serial dilution down to 0.2 pmol
(200 nM) with n=3; Calibration curve with internal standard FA 13:0 maintained at 20
pmol (4 uM) responses, ranging from 80 pmol to 5 pmol of: (B) FA 22:6 (DHA), (C) FA

20:4 (ARA), (D) FA 18:2 and (E) FA 18:1.
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Figure S4: Male Sprague Dawley rats, including both wild type (WT) and transgenic rats

overexpressing mutant human SOD1G93A (ALS), were used in this study. The rats were

either asymptomatic at 70 days old and asymptomatic, or 140 days old and symptomatic.
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Figure S5: Blood plasma from ALS rat models and wild type rats on varied diets were
analyzed using box plots. Significant differences were observed in black between the
WT and ALS groups that received the same diet, including control, fish oil. Blue color
coding indicates significant differences between the fish oil or lard diets and the control
diet in WT animals. Red color coding indicates significant differences between the fish
oil or lard diets and the control diet in ALS animals (* p<0.05, ** p<0.01, *** p<0.001; two-
tailed paired t-tests).
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Supplementary tables

Supplementary table 1: Composition of rations in duplicates:

Lipid FishQOil 1 FishQil 2 Lard 1 Lard 2 Control 1 Control 2

CE 22:6 0.7 0.8 0.0 0.0 0.0 0.0
DG 14:0/16:0 1.1 1.1 0.1 0.1 0.6 9.1
DG 16:0/16:0 1.1 11 0.4 0.4 42.8 731.3
DG 16:0/18:1 8.3 8.1 4.6 5.4 703.0 12153.1
DG 16:0/18:2 51 5.1 3.9 4.6 2281.1 36740.4
DG 17:1/18:1 0.3 0.3 0.1 0.1 11.9 184.8
DG 18:0/18:1 1.7 1.6 1.3 15 129.3 2247.9
DG 18:0/22:6 2.8 2.8 0.0 0.0 0.1 1.3
DG 18:1/18:1 3.5 3.4 3.9 4.5 1774.4 32046.4
DG 18:1/18:2 2.3 2.3 3.8 4.6 4520.6 75027.2
DG 18:2/18:2 3.6 35 2.8 35 5498.1 105920.3
DG 18:2/20:2 0.2 0.2 0.1 0.1 6.0 123.0
DG 20:1/18:2 0.2 0.2 0.1 0.2 35.5 643.5
DG 22:0/18:1 0.1 0.1 0.0 0.0 6.9 118.8
DG 24:0/18:2 0.1 0.1 0.0 0.0 9.7 154.5
DG 0-17:1/13:1 0.2 0.2 0.0 0.0 0.0 0.4
DG 0-19:1/15:1 0.4 0.3 0.0 0.0 4.1 56.4
DG 0-19:2/15:1 0.3 0.3 0.0 0.0 17.5 265.8
DG 0-19:2/17:2 0.0 0.1 0.0 0.0 32.7 544.8
DG 0-19:2/17:3 0.1 0.0 0.0 0.0 75.2 1218.1
DG 0-21:1/15:1 0.1 0.1 0.0 0.0 0.9 12.6
DGDG 16:0/18:2 0.0 0.0 0.0 0.0 50.7 680.4
DGDG 18:1/18:1 0.0 0.0 0.0 0.0 6.6 94.4
DGDG 18:1/18:2 0.0 0.0 0.0 0.0 16.0 220.5
DGDG 18:2/18:2 0.0 0.0 0.0 0.0 95.8 1286.2
DGDG 18:2/18:3 0.0 0.0 0.0 0.0 14.8 220.8
DGDG 18:3/18:3 0.0 0.0 0.0 0.0 6.1 88.9
LPC 16:0 0.4 0.4 0.4 0.4 0.8 0.5
LPC 18:0 0.0 0.0 0.0 0.0 0.0 0.0
LPC 18:1 0.0 0.0 0.0 0.0 0.0 0.0
LPC 18:2 0.0 0.0 0.0 0.0 2.8 1.8
LPC 18:3 0.0 0.0 0.0 0.0 0.1 0.0
MGDG 16:0/18:2 0.0 0.0 0.0 0.0 7.7 112.2
MGDG 18:2/18:2 0.0 0.0 0.0 0.0 22.8 295.2
PC 16:0/18:1 0.0 0.0 0.0 0.0 1.0 11
PC 16:0/18:2 0.0 0.0 0.0 0.0 3.0 3.0
PC 16:0/18:3 0.0 0.0 0.0 0.0 0.2 0.1
PC 18:1/18:1 0.0 0.0 0.0 0.0 1.1 1.1
PC 18:1/18:2 0.0 0.0 0.0 0.0 2.1 2.2
PC 18:2/18:2 0.0 0.0 0.0 0.0 3.8 3.7
PC 18:2/18:3 0.0 0.0 0.0 0.0 0.6 0.5
PE 16:0/18:1 0.3 0.2 0.0 0.1 0.4 0.6
PE 16:0/18:2 0.2 0.1 0.0 0.0 1.5 2.2
PE 17:2/19:2 0.0 0.0 0.0 0.0 1.1 1.6
PE 18:1/18:2 0.1 0.0 0.0 0.0 0.4 0.7
PG 16:0/18:2 0.0 0.0 0.0 0.0 1.0 0.9
PG 18:2/18:2 0.0 0.0 0.0 0.0 0.3 0.3
SE 28:1/18:2 0.0 0.0 0.0 0.0 43.1 665.2
SE 29:1/18:2 0.1 0.1 0.1 0.1 302.2 4672.1
TG 10:0/16:0/18:1 0.1 0.1 5.6 0.4 0.2 8.6
TG 10:0/16:0/18:2 1.3 1.2 5.5 6.6 2.4 41.0
TG 10:0/16:1/18:1 0.1 0.1 55 0.1 0.4 3.9
TG 10:0/16:1/18:2 0.2 0.2 2.0 2.4 2.1 30.4
TG 10:0/17:1/18:1 0.5 0.5 0.3 0.4 2.2 32.5
TG 10:0/18:1/18:2 7.1 6.8 10.8 0.3 0.4 4.2
TG 10:0/18:1/18:3 0.6 0.6 3.2 3.9 1.2 20.7

174




TG 10:0/18:2/18:3 9.9 0.1 0.4 0.5 0.8 13.3
TG 12:0/16:0/18:0 0.0 0.0 0.0 0.0 0.0 0.4
TG 12:0/16:0/18:1 20.1 21.3 6.1 1.8 14 14.7
TG 12:0/18:2/18:3 55.6 53.4 0.4 0.4 15 21.6
TG 14:0/14:0/16:1 5.2 5.5 5.6 7.0 1.4 20.1
TG 14:0/14:0/18:1 20.1 21.3 6.1 6.8 1.4 14.7
TG 14:0/15:0/18:1 5.1 5.3 0.3 0.5 0.2 3.8
TG 14:0/15:0/20:5 7.0 6.5 0.2 0.1 0.5 1.3
TG 14:0/16:0/16:0 0.6 0.6 0.8 0.8 0.4 9.0
TG 14:0/16:0/16:4 13.3 12.6 0.0 3.9 0.1 20.7
TG 14:0/16:0/18:0 0.4 0.4 2.1 2.0 6.1 94.9
TG 14:0/16:0/18:1 46.8 49.9 15.6 17.8 3.3 50.5
TG 14:0/16:0/18:2 39.1 41.5 25.5 28.7 4.4 76.0
TG 14:0/16:0/20:4 48.3 50.0 0.2 48.6 24.6 385.6
TG 14:0/16:0/20:5 108.7 115.8 0.9 1.9 0.2 170.5
TG 14:0/16:1/16:1 11.8 12.5 16.7 20.4 1.7 33.6
TG 14:0/16:1/16:2 7.1 6.8 10.8 12.8 1.3 18.4
TG 14:0/16:1/16:4 9.9 9.8 0.4 0.5 0.8 1.0
TG 14:0/16:1/17:2 11 1.2 0.0 0.2 0.1 1.3
TG 14:0/16:1/18:3 325 32.2 4.0 4.9 2.2 37.3
TG 14:0/18:2/18:3 6.6 6.0 4.6 5.2 115 7.2
TG 15:0/15:0/17:1 5.1 5.3 0.3 0.5 0.2 3.8
TG 15:0/16:0/18:1 10.9 11.0 1.7 2.2 2.2 27.2
TG 15:0/16:0/18:2 8.4 9.0 2.2 3.0 4.1 66.9
TG 15:0/16:0/20:5 151 15.7 15 1.6 18.6 274.2
TG 15:0/16:1/16:1 2.6 2.8 0.4 0.5 0.2 4.4
TG 15:0/16:1/18:2 3.4 3.6 0.1 1.2 3.8 47.2
TG 15:0/16:1/20:5 13.4 13.0 0.6 0.3 4.7 68.1
TG 15:0/16:1/22:6 12.6 13.2 2.0 0.2 4.8 2284
TG 15:0/18:1/18:2 5.9 6.2 13.6 0.6 2.6 30.6
TG 15:0/18:1/22:6 18.2 19.3 0.2 0.5 0.7 4.5
TG 15:0/20:5/22:6 11.0 10.5 0.1 0.1 0.0 2.3
TG 15:1/18:1/18:2 5.2 5.5 5.7 0.2 2.1 37.0
TG 15:1/18:2/18:2 15.1 15.7 1.2 0.1 1.1 19.4
TG 15:1/20:5/22:6 1.6 0.8 0.0 0.0 0.1 0.5
TG 16:0/16:0/16:1 46.8 3.2 15.6 2.4 0.4 54
TG 16:0/16:0/17:0 0.2 0.2 0.2 0.2 0.3 3.7
TG 16:0/16:0/17:1 10.9 11.0 1.7 2.2 2.2 27.2
TG 16:0/16:0/18:0 0.4 0.3 4.1 3.7 27.0 381.3
TG 16:0/16:0/18:1 52.8 56.7 115.7 122.1 418.8 6321.9
TG 16:0/16:0/18:2 0.0 0.0 0.0 0.0 0.5 6.4
TG 16:0/16:0/20:5 141.9 79.3 129.1 149.7 984.1 14764.6
TG 16:0/16:1/16:2 20.2 21.3 13.8 16.4 1.3 19.0
TG 16:0/16:1/18:1 96.2 102.8 179.5 200.8 757.3 12308.6
TG 16:0/16:1/18:2 36.0 38.7 106.8 124.6 13.0 192.4
TG 16:0/16:4/16:4 7.4 7.1 0.0 0.1 0.1 2.1
TG 16:0/16:4/20:5 77.2 75.3 0.2 0.4 0.1 2.7
TG 16:0/17:0/18:0 0.0 0.0 0.0 0.0 0.0 0.2
TG 16:0/17:0/18:1 7.5 7.5 9.4 10.0 7.4 110.1
TG 16:0/17:0/18:2 0.5 0.5 191 1.6 15 22.0
TG 16:0/17:0/20:5 9.8 10.5 11 8.9 33.7 456.0
TG 16:0/17:1/18:1 15.1 15.4 19.1 21.2 15.5 259.6
TG 16:0/17:1/20:5 27.3 29.1 1.7 2.1 17.0 119.6
TG 16:0/17:1/24:1 3.0 29 0.6 0.7 36.8 575.1
TG 16:0/18:0/18:0 0.3 0.3 0.0 3.0 19.3 365.1
TG 16:0/18:0/18:1 30.2 30.7 270.9 301.2 555.3 8578.9
TG 16:0/18:0/20:0 0.0 0.0 0.0 0.0 0.0 0.1
TG 16:0/18:0/21:5 4.0 4.2 0.4 0.4 0.5 120.9
TG 16:0/18:0/22:4 0.0 0.0 0.0 0.0 0.0 0.7
TG 16:0/18:1/18:1 120.7 130.9 963.7 1057.7 2674.4 41028.7
TG 16:0/18:1/18:2 82.3 87.9 848.4 959.1 3729.5 58614.3
TG 16:0/18:1/19:1 8.1 8.3 26.4 30.4 23.1 329.4
TG 16:0/18:1/19:2 1.0 1.3 0.2 0.9 2.0 8.9
TG 16:0/18:1/20:1 51.0 52.1 324.7 384.4 1501.4 22465.4
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TG 16:0/18:1/20:5 175.3 189.4 0.2 422.1 9199.2 147260.5
TG 16:0/18:1/21:5 19.8 21.0 0.1 1.2 0.2 9.7
TG 16:0/18:1/22:1 27.6 28.4 25.0 29.3 467.8 7500.5
TG 16:0/18:1/23:1 3.0 2.9 0.6 0.7 36.8 575.1
TG 16:0/18:2/18:2 0.0 0.0 0.0 0.0 0.0 0.4
TG 16:0/20:0/18:1 11.7 11.8 57.6 65.2 251.0 4089.3
TG 16:0/20:1/22:1 15.5 15.1 3.4 4.2 358.5 5749.7
TG 16:0/20:5/21:5 115 11.3 0.1 0.1 0.0 14
TG 16:0/20:5/22:5 67.9 69.7 0.7 11 0.1 11
TG 16:0/20:5/22:6 124.5 126.5 0.6 1.4 0.2 3.1
TG 16:0/21:0/18:1 1.6 1.6 0.0 0.5 4.2 66.7
TG 16:0/21:0/18:2 4.9 4.9 3.0 3.5 15.7 235.9
TG 16:0/21:0/20:5 15 1.6 0.0 0.1 1.6 23.0
TG 16:0/21:5/22:6 8.7 8.9 0.0 0.1 0.1 0.7
TG 16:0/22:0/18:1 3.9 3.7 0.1 2.9 119.8 1914.2
TG 16:0/22:1/20:5 27.2 30.8 5.1 5.5 2.2 29.9
TG 16:0/22:1/21:5 4.9 3.8 0.0 0.1 0.2 5.5
TG 16:0/22:1/22:1 5.6 5.3 0.0 0.7 121.9 2078.7
TG 16:0/22:1/22:6 27.0 28.3 0.0 0.1 0.0 3.9
TG 16:0/22:5/22:6 32.4 254 0.1 0.3 0.0 3.3
TG 16:0/22:6/32:6 0.2 0.1 0.0 0.0 0.0 0.0
TG 16:0/23:0/18:1 0.5 0.5 0.0 0.1 5.1 116.7
TG 16:0/23:0/18:2 3.0 2.9 0.0 0.7 36.8 575.1
TG 16:0/23:0/20:5 0.8 0.8 0.0 0.2 7.3 89.8
TG 16:0/23:0/22:6 21 2.1 0.0 0.0 0.1 0.9
TG 16:0/24:0/18:1 1.1 1.0 0.0 0.5 71.5 1255.2
TG 16:0/24:1/20:5 14.9 15.2 0.0 0.4 15 19.7
TG 16:0/24:1/22:6 18.2 18.5 0.0 0.1 0.1 2.4
TG 16:0/24:3/22:6 3.5 3.6 0.0 0.0 0.1 4.2
TG 16:0/28:5/22:6 1.1 1.2 0.0 0.0 0.0 0.3
TG 16:1/16:1/16:3 55.6 53.4 0.0 0.8 15 21.6
TG 16:1/16:1/16:4 14.3 14.4 0.2 0.3 0.6 9.3
TG 16:1/16:1/17:2 3.3 3.3 0.1 0.4 0.6 12.3
TG 16:1/16:1/20:5 86.9 85.5 0.8 1.3 0.2 5.6
TG 16:1/16:1/22:6 53.8 67.6 0.0 14.5 819.7 14164.3
TG 16:1/16:2/20:5 57.1 56.7 0.2 0.3 0.6 2.0
TG 16:1/16:3/18:4 28.1 24.7 0.1 0.2 0.4 2.3
TG 16:1/16:4/16:4 2.7 2.7 0.0 0.0 0.2 1.1
TG 16:1/16:4/18:4 28.9 27.4 0.1 0.2 0.0 1.6
TG 16:1/16:4/20:5 35.1 32.6 0.1 0.2 0.2 4.9
TG 16:1/17:1/16:4 2.2 2.1 0.0 0.0 0.1 4.4
TG 16:1/18:1/16:4 89.9 87.6 0.7 1.3 2.4 35.7
TG 16:1/18:1/18:2 90.5 96.1 530.4 17.1 4972.9 75334.3
TG 16:1/18:1/20:5 120.1 130.8 0.1 136.6 72.8 1092.2
TG 16:1/18:1/22:6 52.4 56.3 0.0 7.2 0.1 30.8
TG 16:1/18:2/18:3 185.2 0.2 11.3 14.8 0.8 9.1
TG 16:1/20:1/22:1 9.3 9.5 5.8 6.9 39.6 642.2
TG 16:1/20:5/22:6 49.9 49.9 0.3 0.6 0.1 5.1
TG 16:2/16:4/20:5 6.2 5.8 0.0 0.0 0.0 2.8
TG 16:2/20:5/21:5 1.6 0.8 0.0 0.0 0.1 0.5
TG 16:2/20:5/22:6 141 13.4 0.0 0.3 0.5 14.7
TG 16:3/20:5/21:5 1.0 0.8 0.0 0.0 0.1 3.7
TG 16:4/20:5/21:5 1.3 1.2 0.0 0.0 0.3 5.2
TG 16:4/20:5/22:6 5.7 5.6 0.0 0.0 0.1 28.7
TG 16:4/22:6/22:6 0.8 0.7 0.0 0.0 0.0 0.2
TG 17:0/17:1/19:1 8.1 8.3 26.4 30.4 23.1 329.4
TG 17:0/18:0/18:1 3.8 3.7 6.0 6.6 5.2 83.9
TG 17:0/18:0/18:2 0.0 0.0 0.0 0.0 0.0 0.2
TG 17:0/18:0/22:6 9.0 9.5 0.1 0.4 0.0 1.2
TG 17:0/18:1/18:1 0.7 0.8 26.4 4.6 4.6 64.1
TG 17:0/18:1/18:2 5.2 5.5 1.3 35.8 30.7 519.0
TG 17:0/18:1/22:6 10.0 10.8 0.0 0.2 0.1 0.6
TG 17:0/18:2/18:2 4.9 51 0.7 26.5 38.7 569.7
TG 17:0/20:1/22:1 1.0 0.9 0.2 0.2 27.9 445.1




TG 17:0/20:1/22:6 4.6 4.7 0.0 0.0 0.1 3.2
TG 17:0/20:1/24:1 0.2 0.1 0.0 0.0 0.8 86.5
TG 17:0/22:1/22:6 3.0 3.1 0.0 0.0 0.1 0.6
TG 17:0/24:1/22:6 1.6 1.7 0.0 0.0 0.1 0.3
TG 17:1/18:1/18:2 4.9 51 22.0 11 3.4 48.1
TG 17:1/18:1/20:1 2.2 2.2 4.2 4.8 9.5 122.3
TG 17:1/18:1/22:1 1.6 15 0.6 0.7 211 366.7
TG 17:1/18:1/22:6 5.3 5.6 0.0 0.2 0.1 0.3
TG 17:1/18:1/24:1 0.9 0.9 0.3 0.4 34.2 528.1
TG 17:1/18:2/18:2 4.4 0.2 8.2 0.3 2.3 36.1
TG 17:1/18:2/18:3 0.1 29.1 1.6 0.0 1.0 18.5
TG 17:1/18:2/20:5 6.4 6.7 0.1 0.1 0.7 2.8
TG 17:1/18:2/22:6 2.7 3.0 0.1 0.1 0.5 15
TG 17:1/20:1/24:1 0.3 0.3 0.0 0.0 4.8 157.3
TG 17:1/20:5/22:6 5.9 54 0.0 0.1 0.0 1.7
TG 17:1/22:1/22:6 1.3 1.3 0.0 0.0 0.3 3.7
TG 17:1/22:6/22:6 1.4 14 0.0 0.0 0.1 0.4
TG 17:1/24:1/22:6 1.0 1.0 0.0 0.0 0.1 0.6
TG 18:0/18:0/18:1 11.7 11.8 57.6 65.2 185.1 2577.1
TG 18:0/18:1/18:1 51.0 52.1 324.7 384.4 1501.4 22465.4
TG 18:0/18:1/18:2 56.4 60.1 451.8 507.9 3811.9 55643.4
TG 18:0/18:1/19:1 4.9 4.9 3.0 1.9 10.5 144.2
TG 18:0/18:1/20:1 27.6 28.4 25.0 7.0 58.6 939.0
TG 18:0/18:1/20:2 0.6 0.7 37.3 3.7 25.1 318.2
TG 18:0/18:1/20:5 58.2 60.2 38.4 45.9 12.3 185.6
TG 18:0/18:1/22:4 11.6 14.4 4.2 4.0 26.1 375.9
TG 18:0/20:0/18:1 3.9 3.7 2.5 2.9 67.0 928.4
TG 18:0/21:5/22:6 2.5 2.6 0.0 0.0 0.2 1.2
TG 18:0/23:0/22:6 0.5 0.3 0.0 0.0 0.0 0.6
TG 18:0/24:0/18:1 0.1 0.1 0.0 0.0 0.2 1.7
TG 18:0/24:1/22:6 7.5 7.6 0.0 0.0 0.1 1.7
TG 18:1/17:2/18:2 4.4 4.4 1.1 8.9 33.7 456.0
TG 18:1/18:1/18:2 76.8 81.3 514.5 559.7 5135.4 81977.3
TG 18:1/18:1/20:5 1145 123.5 1.8 24.7 2.8 1.8
TG 18:1/18:1/22:4 27.2 30.8 5.1 1.0 15 26.7
TG 18:1/18:1/22:6 33.5 36.8 0.0 1.1 0.2 3.0
TG 18:1/18:2/18:2 10.6 10.5 501.0 72.3 1123.7 16102.0
TG 18:1/18:2/18:3 92.7 96.8 360.6 422.1 9199.2 147260.5
TG 18:1/18:2/22:4 0.4 0.4 5.5 0.6 0.6 7.1
TG 18:1/18:2/22:5 0.3 0.3 4.5 0.2 0.2 4.4
TG 18:1/18:2/22:6 25.8 26.6 0.0 0.9 0.1 2.4
TG 18:1/18:3/20:3 0.5 0.4 19.6 24.7 2.8 45.5
TG 18:1/19:1/18:2 0.3 0.2 3.7 1.6 4.1 44.0
TG 18:1/19:1/22:6 1.8 2.0 0.0 0.0 0.1 0.4
TG 18:1/20:1/18:2 10.4 10.8 21.2 37.8 20.6 96.5
TG 18:1/20:1/20:2 6.3 6.2 4.1 4.9 254.5 4006.0
TG 18:1/20:1/20:5 52.6 56.0 0.5 0.7 0.1 3.3
TG 18:1/20:1/22:1 4.1 4.0 1.1 1.3 24.6 370.1
TG 18:1/20:1/22:6 11.9 12.8 0.4 0.2 0.1 15
TG 18:1/20:1/24:1 1.3 1.2 0.1 0.0 1.2 6.5
TG 18:1/20:2/22:6 54 5.9 0.2 0.2 0.0 1.0
TG 18:1/20:5/22:6 36.7 355 0.0 0.4 0.1 1.9
TG 18:1/21:5/22:6 1.3 15 0.0 0.0 0.0 6.0
TG 18:1/22:1/22:6 8.1 8.4 0.0 0.0 0.1 1.8
TG 18:1/22:1/24:1 0.5 0.4 0.0 0.0 0.0 1.0
TG 18:1/22:6/24:6 2.3 2.4 0.0 0.0 0.0 1.7
TG 18:1/24:1/22:6 5.8 5.8 0.0 0.0 0.0 1.9
TG 18:1/25:1/22:6 0.3 0.3 0.0 0.0 0.0 0.5
TG 18:1/28:2/22:6 0.2 0.2 0.0 0.0 0.0 0.2
TG 18:2/18:2/18:2 3.9 3.6 360.6 18.8 577.1 8001.6
TG 18:2/18:2/18:3 36.0 34.9 102.6 2.1 110.9 1564.6
TG 18:2/18:2/19:2 19.8 21.0 0.3 1.2 4.4 61.7
TG 18:2/18:3/18:3 14.0 0.3 11.6 0.1 5.0 93.3
TG 18:2/18:3/20:3 52.4 56.3 5.7 7.2 0.2 30.8
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TG 18:2/20:2/18:3 114.5 123.5 1.8 24.7 2.8 45.5
TG 18:2/20:5/22:6 18.8 18.6 0.1 0.2 0.0 0.8
TG 18:4/20:5/21:5 1.3 1.1 0.0 0.0 0.1 2.8
TG 19:0/18:1/18:2 0.2 0.3 4.2 15 4.0 38.0
TG 19:0/22:6/22:6 0.3 0.4 0.0 0.0 0.0 0.3
TG 19:0/24:1/22:6 0.3 0.3 0.0 0.0 0.0 0.2
TG 19:1/18:2/18:2 34 35 0.4 2.3 7.1 120.9
TG 19:5/22:6/22:6 0.1 0.1 0.0 0.0 0.0 0.7
TG 20:0/18:1/18:1 27.6 28.4 0.0 29.3 467.8 7500.5
TG 20:0/18:1/18:2 13.9 14.0 37.3 43.7 419.4 6617.5
TG 20:0/24:1/22:6 0.7 0.7 0.0 0.0 0.0 1.0
TG 20:1/18:2/18:2 335 34.8 44.6 48.8 65.7 1104.9
TG 20:1/22:1/24:1 0.2 0.2 0.0 0.0 0.0 0.2
TG 20:1/24:1/18:2 0.6 0.6 0.1 0.1 0.6 6.8
TG 20:1/24:5/22:6 1.8 2.0 0.0 0.0 0.1 15
TG 20:2/20:5/22:6 17.4 17.4 0.0 0.2 0.1 0.8
TG 20:3/20:5/22:6 6.0 5.8 0.0 0.1 0.0 0.4
TG 20:4/20:5/22:6 13.4 12.8 0.0 0.1 0.1 0.5
TG 20:5/20:5/21:5 2.1 2.1 0.0 0.0 0.0 0.4
TG 20:5/20:5/22:6 26.4 27.0 0.1 0.2 0.0 0.2
TG 20:5/22:5/22:6 4.2 4.1 0.0 0.0 0.1 0.3
TG 20:5/22:6/22:6 9.9 9.9 0.0 0.1 0.0 0.3
TG 22:0/18:1/18:1 15.5 15.1 34 4.2 54.5 741.6
TG 22:0/18:1/18:2 9.3 9.5 5.8 0.4 39.6 642.2
TG 22:0/18:2/18:2 6.3 6.2 4.1 4.9 254.5 4006.0
TG 22:1/20:5/22:6 35 3.8 0.0 0.0 0.0 1.0
TG 22:1/22:1/22:6 2.7 2.8 0.0 0.0 0.0 0.3
TG 22:1/22:6/22:6 1.2 0.9 0.0 0.0 0.0 1.6
TG 22:1/24:1/22:6 0.6 0.6 0.0 0.0 0.0 0.0
TG 22:1/26:4/22:6 0.1 0.2 0.0 0.0 0.0 0.5
TG 22:1/28:5/22:6 0.1 0.1 0.0 0.0 0.0 0.4
TG 22:6/22:6/22:6 2.4 2.4 0.0 0.0 0.2 2.7
TG 23:0/18:1/18:1 1.0 0.9 0.0 0.2 27.9 445.1
TG 23:0/18:2/18:2 0.7 0.8 0.4 0.4 36.6 555.3
TG 24:0/18:1/18:1 5.6 5.3 0.5 0.0 25.8 352.5
TG 24:0/18:1/18:2 4.1 4.0 1.1 0.3 24.6 370.1
TG 24:0/18:2/18:2 2.7 2.6 1.3 0.1 13.0 42.8
TG 24:1/18:2/18:2 4.0 4.0 0.5 0.6 20.3 330.8
TG 24:1/18:2/22:6 1.3 1.4 0.0 0.0 0.0 0.5
TG 24:1/20:2/22:6 0.5 0.6 0.0 0.0 0.0 1.4
TG 24:1/22:6/22:6 0.6 0.8 0.0 0.0 0.1 0.2
TG 24:1/24:1/22:6 0.1 0.1 0.0 0.0 0.0 0.0
TG 24:2/22:6/22:6 0.4 0.4 0.0 0.0 0.0 0.0
TG 25:0/18:2/18:2 0.2 0.2 0.0 0.1 12.5 185.2
TG 26:0/18:1/18:1 0.0 0.0 0.0 0.0 10.2 87.9
TG 8:0/18:1/18:2 0.2 0.2 2.0 24 2.1 30.4
TG 8:0/18:2/18:2 0.0 0.0 0.4 0.5 1.9 27.0
TG 0-18:0/16:0/20:5 0.1 0.2 0.3 0.1 0.6 25
TG 0-19:3/18:2/18:3 0.4 0.3 3.9 1.9 13.1 239.3
Supplementary table 2: Composition of rations in duplicates by class:
Component FishOil FishQOil Lard 1 Lard 2 Control 1 | Control 2
1 2

13-Docosenamide 0.14% 0.39% 0.47% 0.39% 0.24% 0.61%

ASG 0.01% 0.01% 0.00% 0.00% 0.63% 0.62%

CE 0.02% 0.02% 0.00% 0.00% 0.00% 0.00%

Cer 0.00% 0.00% 0.00% 0.00% 0.13% 0.00%

DG 0.71% 0.72% 0.30% 0.36% 21.80% 24.53%

DGDG 0.00% 0.00% 0.00% 0.00% 0.27% 0.24%

HexCer 0.00% 0.00% 0.00% 0.00% 2.27% 0.05%

LPC 0.01% 0.01% 0.01% 0.01% 0.01% 0.00%



MGDG

0.00% 0.00%

0.00% 0.00%

0.04%

0.04%

PC

0.00% 0.00%

0.00% 0.00%

0.02%

0.00%

PE

0.01% 0.01%

0.00% 0.00%

0.00%

0.00%

PG

0.00% 0.00%

0.00% 0.00%

0.00%

0.00%

SE

0.00% 0.00%

0.00% 0.00%

0.50%

0.49%

TG

99.11% 98.84%

99.22% 99.23%

74.08%

73.43%

Supplementary table 3: Composition of rations in duplicates by fatty acid:

Fatty Acids FishOil FishOil Lard1l Lard2 Control Control
1 2 1 2
FA 10:0 0.16% 0.08% 0.18% 0.08% 0.01% 0.01%
FA 12:0 0.63% 0.65% 0.04% 0.01% 0.00% 0.00%
FA 13:1 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
FA 14:0 3.04% 3.29% 0.51% 0.84% 0.04% 0.04%
FA 15:0 1.03% 1.10% 0.13% 0.06% 0.03% 0.03%
FA 15:1 0.01% 0.01% 0.00% 0.00% 0.02% 0.02%
FA 15:1 0.18% 0.19% 0.04% 0.00% 0.00%  0.00%
FA 16:0 17.61% 17.06% 18.96% 22.72% 17.60% 17.59%
FA 16:1 12.32% 11.20% 4.96% 3.20% 4.73% 4.73%
FA 17:0 0.58% 0.63% 0.49% 0.65% 0.11% 0.11%
FA 17:1 0.92% 1.20% 0.47% 0.34% 0.12% 0.12%
FA 18:0 252% 2.73% 6.98% 7.33% 4.20%  3.96%
FA 18:1 21.06% 23.14% 42.36% 42.68% 44.17% 44.66%
FA 18:2 6.01% 4.76% 16.84% 10.32% 12.27% 11.84%
FA 18:3 5.12% 3.76% 2.94% 2.67% 5.90% 5.98%
FA 18:4 0.48% 0.46% 0.00% 0.00% 0.00% 0.00%
FA 19:0 0.01% 0.01% 0.02% 0.01% 0.00%  0.00%
FA 19:1 0.22% 0.24% 0.33% 0.35% 0.04% 0.04%
FA 19:2 0.17% 0.19% 0.00% 0.01% 0.00%  0.00%
FA 20:0 0.48% 0.51% 0.53% 0.74% 0.76% 0.76%
FA 20:1 0.00% 0.00% 0.00% 0.00% 0.03% 0.04%
FA 20:1 1.95% 2.09% 2.36% 2.61% 1.49% 1.44%
FA 20:2 1.21% 1.34% 0.24% 0.18% 0.18% 0.18%
FA 20:3 0.49% 0.54% 0.14% 0.17% 0.00%  0.00%
FA 20:4 (ARA)  051% 0.54% 0.00% 0.25% 0.02% 0.02%
FA 20:5 (EPA) 13.50% 13.89% 1.00% 4.21% 6.51% 6.57%
FA 21:0 0.07% 0.07% 0.02% 0.02% 0.01% 0.01%
FA 21:1 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
FA 22:0 0.29% 0.30% 0.07% 0.06% 0.30% 0.30%
FA 22:1 1.20% 1.29% 0.22% 0.26% 0.67% 0.69%
FA 22:4 0.33% 0.39% 0.08% 0.03% 0.02% 0.02%
FA 22:5 0.87% 0.86% 0.03% 0.01% 0.00% 0.00%
FA 22:6 (DHA) = 6.20% 6.64% 0.03% 0.16% 0.52%  0.58%
FA 23:0 0.07% 0.07% 0.00% 0.01% 0.07% 0.07%
FA 23:1 0.02% 0.03% 0.00% 0.00% 0.02% 0.02%
FA 24:0 0.11% 0.11% 0.02% 0.00% 0.09%  0.09%
FA 24:1 0.53% 0.56% 0.01% 0.01% 0.06% 0.07%
FA 24:2 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
FA 24:3 0.03% 0.03% 0.00% 0.00% 0.00% 0.00%
FA 24:5 0.01% 0.02% 0.00% 0.00% 0.00%  0.00%
FA 25:1 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
FA 26:0 0.00% 0.00% 0.00% 0.00% 0.01% 0.00%
FA 26:4 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
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FA 28:2

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

FA 28:5

0.01%

0.01%

0.00%

0.00%

0.00%

0.00%
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Final remarks

Plasmalogens are phospholipids characterized by the vinyl ether group at the snl
position of glycerol. This electron-rich group makes plasmalogen much more reactive
with reactive oxygen species (ROS). This work was focused on understanding the
reaction mechanisms of plasmalogens when oxidized by ROS, with photo in singlet
oxygen. For this, it was necessary to develop methods for purifying plasmalogen from

beef and pig brains (chapter 1).

Purified plasmalogens were used extensively to develop methods and pilot
experiments before commercial standards were used. With this, it was possible to
develop low temperature photooxidation methods (chapter 2) for analysis of fatty
aldehydes. In addition to being very important for membrane leakage studies that
require 15 mg of lipid for the preparation of liposomes (chapter 3), it is impracticable
for the use of commercial standards. The purification method proved to be very
reproducible for both brains used and during the process other value-added lipids
(cerebrosides and sulfatides) were simultaneously obtained. In addition, in the purified
fractions, a type of phosphatidylserine methyl ester plasmalogen was observed, but
little is known about this type of phospholipids, but this may be an opportunity to better

understand this lipid and understand why it exists in brains.

It is known that plasmalogens are very reactive with singlet oxygen, but there is still a
lack of studies focused on the characterization of the products. To fill this gap, we tried
to analyze the different products formed by photooxidation using different techniques
that show the different reactivity of each product (chapter 2). We show evidence of the
production of dioxetanes by chemiluminescence, which already has deleterious effects
for cells. Furthermore, we show that the production of plasmalogen dioxetanes
produces a new singlet oxygen that is able to propagate the oxidation. In this same

work, we characterized the hydroperoxide produced and performed some unpublished
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studies of this species and showed that this hydroperoxide produces a new singlet
oxygen in a different mechanism than dioxetane. Furthermore, we showed that
plasmalogen hydroperoxide can be easily reduced and produces alpha beta
unsaturated fatty aldehydes and plasmalogen hydroperoxide when oxidized by metals
produces diacyl phospholipids with alpha beta unsaturated carbonyls. We confirmed
alpha beta unsaturated groups of fatty aldehydes and diacyl phospholipids by reacting
with a fluorescent probe which reacts by Michael addition due to a thiol group. In this
way, we developed a simple method to detect alpha beta unsaturated groups and
showed that the formed species react easily with thiol group. Which has a great
biological relevance because these plasmalogen hydroperoxide products can modify

proteins and other biomolecules by thiol group reaction.

During chapter 3, we showed that phosphoethanolamine plasmalogens (pPE) are very
present in HaCat keratinocyte cells and pPE are the most reactive lipids by
photosensitivity reaction. Knowing the reactivity of pPE (chapter 2), we investigated
how pPE oxidation could facilitate membrane leakage. We have shown that
membranes made of plasmalogen rupture with only singlet oxygen, but only in the
presence of reductants. In this way, an antioxidant mechanism such as the reduction
of hydroperoxides can be harmful to the integrity of the membrane. Therefore, this

work shows another deleterious action of plasmalogens.

Throughout the analysis of fatty aldehydes produced by plasmalogen oxidation, we
used different probes and chromatographic methods. We then used this acquired
expertise and applied it to free fatty acid analysis (FFA, Chapter 4). The analysis
method was quickly optimized and applied to plasma samples from SOD1 G93A
transgenic mice supplemented with different diets. In this work, we showed that diet
interferes much more in the FFA profile than the ALS disease. Thus, this is a method

that can be applied in other contexts and be very important for future analyzes of our

group.
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