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resumo

A relevância biológica da fosfatidiletanolamina (PE) e fosfatidilserina (PS)
bioquimicamente modificadas, geralmente denominadas aminofosfolipídios
(APL), tem sido reconhecida de forma crescente nas duas últimas décadas.
APL oxidados, glicosilados e carbonilados foram detectados em contextos
fisiológicos e patológicos, e é reconhecido que desempenham importantes
papéis biológicos relacionados com morte celular, inflamação e coagulação do
sangue, entre outros. No entanto, a caracterização bioanalítica dos APL
modificados continua sendo um campo emergente que ainda não foi
profundamente explorado. A presente teses pretendia avançar e aprofundar o
conhecimento atual sobre a interação entre os APL e o estresse bioquímico.
Para tanto, objetivou-se obter uma caracterização estrutural dos APL oxidados
e glico-oxidados, e revelar o efeito modulador dos APL oxidados em subgrupos
de células imunes. Em paralelo, avaliou como os estresses oxidativo, glicativo
e lipoxidativo moderaram a biossíntese dos APL e doutras classes de
fosfolipídios nas células endoteliais. A caracterização estrutural dos APL
oxidados e glico-oxidados, baseada em modelos biomiméticos in vitro, foi
realizada por oxidação eletroquímica acoplada a MS (EC-MS) ou por
cromatografia líquida acoplada à espectrometria de massas (LC-MS/MS). Num
primeiro estudo, 3 padrões de PE foram oxidados por oxidação eletroquímica
usando um sistema de fluxo através duma célula, e os produtos de oxidação
foram identificados on-line por ionização por electrospray (ESI-)MS/MS. Ambos
os produtos de oxidação de cadeias longas e cadeias curtas de PE foram
identificados em minutos. A plataforma EC-ESI-MS foi destacada como um
método inovador capaz de mimetizar rapidamente a peroxidação de PE
mediada por espécies de oxigênio parcialmente reduzidas (ROS).
Adicionalmente, misturas complexas de APL oxidados e glico-oxidados foram
analisadas por LC de fase reversa C30 (RPLC), MS de alta resolução e
MS/MS. O LC de fase reversa C30 alcançou a separação dos isomeros
funcionais e posicionais dos produtos de oxidação de cadeia curta e longa, e
dos APL glico-oxidados portadores de modificações oxidativas na glucose e
nas cadeias de acidos gordos. Os espectros HCD MS/MS forneceram
fragmentações peculiares e caracterização estrutural inequívoca dos derivados
modificados. Esta elucidação das fragmentações de MS/MS dos APL
modificados, conseguida por EC-ESI-MS e C30 RPLC-MS/MS, pode ser
traduzida em métodos para a detecção de APL modificados em amostras
biológicas e clínicas. Paralelamente, o projeto desta tese teve como objetivo o
esclarecimento da correlação putativa entre os APL oxidados e a modulação
do sistema imune. A citometria de fluxo foi utilizada para avaliar as actividades
modulatórias do arachidonoil-PE oxidado (OxPAPE) e do arachidonoil-PS
oxidado (OxPAPS) relativamente ao fenótipo inflamatório de subconjuntos de
monócitos e células dendríticas mielóides, no sangue periférico humano. No
geral, o OxPAPE promoveu a resposta inflamatória nas células imunes do
sangue periférico, enquanto o OxPAPS mitigou a inflamação nas mesmas
células ativadas por lipopolissacarídeo. Estes resultados mostraram a
importância do OxPAPE e do OxPAPS como moduladores da resposta
inflamatória e demonstraram a sua possível contribuição para o surgimento e a
resolução de doenças humanas relacionadas ao estresse oxidativo e à
inflamação. Numa abordagem complementar, um método de lipidômica
baseado em cromatografia líquida de interação hidrofílica acoplada à
espectrometria de massas (HILIC-LC-MS/MS) foi aplicado para quantificar APL
e outras classes de fosfolipídios em células endoteliais tratadas com H2O2, alta
glucose e HNE. O H2O2 induziu uma adaptação mais aguda do perfil dos
fosfolipídios do que a glucose ou o HNE, e os fosfolipídios insaturados foram
regulados positivamente após 24 h de incubação com H2O2, enquanto uma
tendência oposta foi observada nas células tratadas com glucose e HNE. Os
resultados revelaram que variações específicas do perfil fosfolipídico podem
ser observadas em células endoteliais em resposta a tipos característicos de
estresse. No geral, os estudos apresentados nesta tese efetuaram uma
profunda caracterização estrutural dos APL modificados através de
abordagens inovadoras baseadas em métodos biomiméticos e tecnologias LCMS/MS de avanguarda, contribuíram para entender melhor a relevância
biológica dos APL oxidados na imunidade e na saúde/doença, e demonstraram
como o perfil celular dos APL é significativamente responsivo ao estresse
oxidativo e à glicolipotoxicidade. Este novo conhecimento bioanalítico contribui
para revelar as implicações dos APL modificados em doenças inflamatórias e
abre novas linhas de investigação focadas na identificação de biomarcadores
de patologias altamente debilitantes como os tumores, a diabete, as doenças
cardiovasculares e a aterosclerose.
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abstract

The biological relevance of biochemically modified phosphatidylethanolamines
(PE) and phosphatidylserines (PS), generally named aminophospholipids
(APL) has been increasingly acknowledged over the last two decades.
Oxidized, glycated and carbonylated APL were detected in physiological and
pathological contexts and it is recognized that they play important biological
roles in cell death, inflammation and blood coagulation, among others.
However, the bioanalytical characterization of modified APL remains an
emerging field that has not been deeply explored yet. The present Thesis had
as main objective to advance and deepen the current knowledge on the
interplay between APL and biochemical stress. To do so, it aimed to achieve a
deep structural characterization of oxidized and glyco-oxidized APL, and to
unravel the modulatory effect of oxidized APL on subsets of immune cells. In
parallel, it evaluated how oxidative, glycative, and lipoxidative stress affected
the biosynthesis of APL and other phospholipid classes in endothelial cells. The
structural characterization of oxidized and glyco-oxidized APL, based on in vitro
biomimetic models, was performed either by electrochemical oxidation coupled
to MS (EC-MS) or using liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis. In a first study, 3 PE standards were oxidized by EC
oxidation using a flow‐through cell system, and the oxidation products were
identified online by electrospray ionization (ESI-)MS/MS. Both long chain and
short chain oxidation products of PE were identified within minutes. The
EC‐ESI‐MS/MS platform was highlighted as an innovative method able to
rapidly mimic the peroxidation of PE mediated by partially reduced oxygen
species (ROS). Additionally, complex mixtures of oxidized and glyco-oxidized
APL were analysed by C30 reversed phase LC (RPLC) and high-resolution MS
and MS/MS. The C30 reversed phase LC allowed functional and positional
isomers of short and long chain oxidation products to be separated, along with
glyco-oxidized APL bearing oxidative modifications on the glucose moiety and
on the fatty acyl chains. HCD MS/MS spectra provided specific MS/MS
fingerprinting and unequivocal structural characterization of the modified APL
derivatives. This elucidation of MS/MS fingerprints of structural isomers of
modified APL, achieved by EC-ESI-MS/MS and C30 RPLC-MS/MS, can
ultimately be translated into targeted methods for the detection of modified APL
in biological and clinical samples. In parallel, the project of this Thesis meant to
shed light on the putative correlation between oxidized APL and the modulation
of the immune system. Flow cytometry was used to evaluate the ability of
oxidized arachidonoyl-PE (OxPAPE) and PS (OxPAPS) to modulate the
inflammatory phenotype of monocytes subsets and myeloid dendritic cells in
human peripheral blood. Overall, OxPAPE promoted the inflammatory
response in blood immune cells, whereas OxPAPS was found to mitigate
inflammation in lipopolysaccharide-activated cells. These results showed the
importance of OxPAPE and OxPAPS as modulators of the inflammatory
response and demonstrated their possible contribution to the onset and
resolution of human diseases related to oxidative stress and inflammation. In a
complementary approach, a lipidomic method based on hydrophilic interaction
LC-tandem MS (HILIC-LC-MS/MS) was applied to quantify APL and other
classes of phospholipids in endothelial cells treated with H2O2, high glucose
and HNE. H2O2 induced a more acute adaptation of the phospholipid profile
than glucose or HNE, and unsaturated phospholipid molecular species were
up-regulated after 24 h incubation with H 2O2, while an opposite trend was
generally observed in glucose- and HNE-treated cells. The results unveiled
specific phospholipid signatures occurring in endothelial cells in response to
characteristic types of stress. Overall, the studies presented in this Thesis
reported a deep structural characterization of modified APL through innovative
approaches based on biomimetic methods and cutting-edge LC-MS/MS
technologies, contributed to further understand the biological relevance of
oxidized APL in immunity, health and disease, and showed that the cellular
APL profile is significantly responsive to oxidative stress and glucolipotoxicity.
This new bioanalytical knowledge contributes to revealing the implications of
modified APL in inflammatory diseases and opens new avenues of research
focused on the identification of biomarkers of noncommunicable and highlydebilitating pathologies as cancer, diabetes, cardiovascular diseases and
atherosclerosis.
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CHAPTER 1. INTRODUCTION

1

1.1 The biological relevance of native and modified aminophospholipids
1.1.1 Functions of phosphatidylethanolamine and phosphatidylserine in mammalians
Phosphatidylethanolamine (PE) and phosphatidylserine (PS) are the two classes of
glycerophospholipids usually referred to as aminophospholipids (APL) since both their polar head
groups include a primary amine. In mammalian organisms, APL are mainly found in the inner
leaflet of cell membranes and in lipoproteins, where PE is the second most abundant phospholipid
class after phosphatidylcholine (PC) and contributes to 20% of the whole phospholipidome, while
PS is generally less abundant and accounts for 2-10% of the phospholipid pool (1). Importantly, the
relative amounts of PE and PS within the phospholipidome, along with their fatty acyl chains
composition, vary among different tissues and cells. For example, retina and brain are preferentially
enriched in PE and PS (2–4), with high percentages of docosahexaenoic acid (DHA) esterified in
the phospholipid pool (5). Other tissues showing relatively high contents of PE and PS are cardiac
tissue, blood vessels endothelium, platelets, liver, and testes (6). Localization and abundance of
APL are related with the spectrum of activities that these biomolecules can mediate in mammalian
organisms, spanning from biophysical and structural functions to biological signalling within and
among cells (6).
Biological functions of APL are considerably dependent upon their location in the outer or
in the inner leaflet on the membrane. PE and PS usually are shuttled to the cytosolic face as a result
of the catalysis mediated by ATP-dependent flippases (7–11). Conversely, floppases catalyze the
translocation of PS from the inner to the outer leaflet (12). A third group of phospholipid
translocation enzymes, named calcium-dependent scramblases, catalyzes the bidirectional exposure
of PE and PS in the cell membrane, inducing the collapse of membrane phospholipid asymmetry
within minutes (13,14). The balance between the different activities of these enzymes controls
maintenance and loss of membrane asymmetry, which is the condicio sine qua non for APL
intracellular and extracellular functions. When confined to the inner leaflet of the cell membrane,
PS exploits its negative charge to interact with proteins at the endofacial surface and mediates
several modulatory functions. Two decades ago, PS was already known to establish ionic
interactions with intracellular Ca2+ to bind and modulate protein kinase C (15). Other studies have
subsequently reported that PS controls the cytosolic localization and function of other intracellular
proteins. In nerve terminals, dephosphorylated Dynamin I interacts with PS during synaptic vesicles
retrieval, and PKC phosphorylation of Ser-795 blocks this association (16). The ionic interaction
between PS and the polybasic motifs of the Rho GTPase Rac1 was found to promote the
translocation of the protein the from cytosolic compartments towards the inner leaflet of the
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membrane, resulting in cellular GTP loading, membrane ruffling and switch of the cell cycle (17).
Other types of globular protein domains that were highlighted as binders of negatively charged PS
were summarized in a review from the last decade (18).
The externalization of PS on the surface of the plasma membrane is a biologically crucial
event that has been correlated with several pathological conditions, including uremia, diabetes,
neoplasia and cystic fibrosis (reviewed in reference (19)). Exposed PS is a known activator of the
blood-clotting cascade. Through its negative charge, PS recruits blood proteins involved in the
coagulation system such as blood-clotting factors V, VIII, X, which consequently increase the
production of thrombin, finally inducing platelet secretion, platelet aggregation, and fibrinogen
conversion into insoluble fibrin clots (7,8,10–12,20). PS exposure also represents a typical event of
cells facing apoptosis (19,21,22). During the initial stages of this process, caspases both activate
scramblase Xkr8 activity and inactivate flippase activity (Atp11C), resulting in externalization and
exposure of PS on the outer leaflet of the membrane (23). The interaction of the externalized PS
with macrophages determines the engulfment of the apoptotic cells (21,22,24), and errors in PS
recognition during or prior to the engulfment of apoptotic cells were shown to cause severe necrotic
tissue damage, which might lead autoimmune diseases and chronic inflammatory states (25).
Indeed, PS is known to mediate anti-inflammatory effects through its interaction with activated
macrophages, by inducing the release of interleukin 10 (IL-10) and transforming growth factor β
(TGF-β), and downregulating the production of other pro-inflammatory factors (26–30). More
recently, PS was also shown to synergize the anti-inflammatory effect of curcumin in cultured
RAW 264.7 macrophages (31), to mitigate the release of vascular endothelial growth factor,
prostaglandin E2, IL-6 and IL-8 in synoviocytes from rheumatoid arthritis patients (32), and to
alleviate arthritis in animal models (32).
Differently from what has been reported for PS, the spectrum of functions of PE includes a
variety of biophysical roles which are presumably due to its relatively higher abundance and to its
cone-shaped disposition within the phospholipid bilayer. The phosphoethanolamine headgroup of
PE is less sterically hindered compared to the head group of PS (phosphoserine) which results in a
cone-shaped disposition conferring to PE important structural functions, including control of
membrane fluidity (33,34), modulation of the cell membrane curvature (33,35), regulation of
contractile ring disassembly during cytokinesis of mammalian cells (36), and mediation of Golgi
membrane fusion in early-divided mitotic cells (37). PE also mediates essential signalling functions
based on its interaction with cellular proteins. This APL class has long been known as the donor of
the ethanolamine moiety that anchors cytosolic proteins to the internal leaflet of the cell membrane
(38). More recently it was also implied in the post-translational modification of the Eukaryotic

3

Elongation Factor 1A (eEF1A) (39). Over the last decade, PE has started to be related with cellular
processes controlling autophagy, cell survival and lifespan. Some authors found that the biogenesis
of new autophagosomes, occurring upon starvation in mammalian cells, requires the translocation
of PE from the mitochondrial pool to the membrane phospholipid pool of the newly formed
autophagosome (40). In another study, the knock-out of PS decarboxylases (PSD), an enzyme
directly involved in the biosynthesis of PE, was found to induce strong oxidative stress and cell
death in yeast; conversely, the increase of PE levels obtained through overexpression of PSD and
provision of ethanolamine resulted in increased autophagic flux, and consequently extended
lifespan in yeast and mammalian cell cultures (41). Differently from PS, externalization of PE on
the surface of mammalian membranes is a less reported phenomenon, and extracellular functions of
PE have not been widely studied until now. Referring again to the above mentioned biophysical
importance of PE in the cell membrane, it was shown that PE exposure correlates with the structural
disruption of the sarcolemma in rat myocytes exposed to ischemia/reperfusion damage (42). PE
exposure on the luminal face was also found to occur in the vascular endothelium of mice affected
by breast carcinoma and adenocarcinoma (43).

1.1.2 Functions of modified aminophospholipids in mammalians
PE and PS are reactive molecules that can undergo chemical modifications on several of
their moieties (reviewed in references (44) and (45)). APL are prone to being oxidized, like other
unsaturated lipid classes. Partially reduced oxygen species (ROS) such as hydroxyl radical (•OH)
and enzymes such as lipoxygenase (LOX) mediate radical and enzymatic oxidation of APL,
respectively, which result in the formation of a wide chemical array of oxidized PE and PS
derivatives. On the other hand, the free amine group present in the polar heads of PE and PS can
react with electrophilic carbonyl moieties present in molecules like glucose (glycation), aldehydes
and ketones (carbonylation). Glycated APL, generated by adduction with glucose, can additionally
undergo glyco-oxidation and form advanced glycation end products (AGE). The interest in
modified APL (oxidized, carbonylated and glyco-oxidized) is motivated by the proven impact that
these molecules have on pathophysiology. Whereas the occurrence of chemical modifications in
APL might result in a loss of function, modified APL usually acquire new biological activities, that
partially or entirely deviate from the ones mediated by the unmodified precursor. The present
paragraph is therefore meant to point out the enormous biological relevance of each group of
modified APL, which will finally justify the analytical effort aimed to characterize their chemical
complexity and detect their occurrence in biological and clinical samples.
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The spectrum of biological functions ascribed to oxidized PS is principally related with cell
death and immunity, since already two decades ago it was reported that oxidatively modified PS is
externalized on the surface of apoptotic cells as an eat-me marker for activated macrophages (46–
48). After that, other studies focused on the molecular nature of the oxidized PS species acting as
markers of apoptosis. Greenberg and colleagues (49) showed that externalized PS bearing
oxidatively cleaved fatty acyl chains, but not native or oxidized PS with intact fatty acyl chains,
were the molecular moieties of apoptotic cells recognized by activated macrophages via CD36
receptor. On the other hand, a latterly published study highlighted mono- and di-oxygenated PS as
the externalized species recognized by the macrophage-expressed receptors BAI-1 and GAS-6
during intrinsic apoptosis (50). Besides interacting with macrophages upon apoptosis, oxidized PS
modulates several other types of immune cells, including lymphocytes, neutrophils, monocytes and
myeloid dendritic cells (mDC), where it principally mediates actions that lead to an antiinflammatory outcome or tends to control and mitigate the development of the inflammatory
process. Oxidized 1-palmitoyl-2-arachidonoyl-sn-3-glycerophosphoserine (OxPAPS) was found to
inhibit the production of ROS in neutrophils undergoing oxidative burst, thus acting as a sensor of
oxidative stress that negatively regulates the damage that might occur to the host tissue when such
process goes uncontrolled (51). OxPAPS added to human T lymphocytes activated with antiCD3/CD28 and anti-CD3/CD63 antibodies were found to induce a hypo-proliferative status on
these cells, which produced and released markedly lower amounts of IL-2 and IFN-γ, lost most of
their cytotoxic activity, failed to synthesize de novo activation markers as class II MHC, and
became unresponsive to newly induced stimulation with monoclonal antibodies (52). Some
evidence has highlighted that in monocytes expressing toll-like receptor 4 (TLR4), but also in
endothelial cells, OxPAPS and OxPAPC seem to be factors antagonizing the action of the bacterial
lipopolysaccharide (LPS) (53,54). When incubated with human plasma, OxPAPS establishes a
noncovalent interaction with CD14, a co-receptor of TLR-4, acting as an antagonist on the TLR4CD14 complex and finally hindering the binding between LPS and TLR-4 (54). Coherently with
this evidence, OxPAPS added to endothelial cells hyper-permeabilized with LPS was shown to
completely reverse the status of endothelial dysfunction induced by the bacterial endotoxin (53).
When intravenously injected in mice treated with LPS, OxPAPS showed the same endotheliumprotective effect, mediated through the downregulation of protein content, cell content and
myeloperoxidase activity measured in bronchoalveolar lavage fluid (53).
The extracellular functions of oxidized PE are mainly related to blood coagulation. Upon
oxidation, PE is markedly more exposed on the surface of atherogenic low-density lipoproteins
(LDL), where it mediates a strong interaction with the platelets prothrombinase complex and
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activates the conversion of prothrombin into active thrombin (55). Oxidized PE formed by LOX is
also known to translocate on the membrane surface in ionophore- or collagen-activated platelets
from healthy donors, but not in platelets from Scott’s coagulation syndrome, which provides
another piece of evidence of the role of externalized oxidized PE in promoting thrombin formation
(56). Another group of biological functions of oxidized PE is related to the modulation of the
immune system and the inflammatory response. In one study, the strong co-localization of LOX and
PE-binding protein 1 (PRBP1), observed in cells from asthmatic patients, suggested a mechanism in
which enzymatically oxidized PE interacts with PEBP1 and activates a downstream MAPK kinase
pathway resulting in enhanced inflammation and asthma pathogenesis (57). The same enzymatically
oxidized PE products were found to be activators of the transcriptional activity of PPARγ in murine
macrophages; unmodified PE did not activate the receptor, proving that the oxidative modification
was necessary for the acquisition of the biological activity (58). Besides its roles in blood
coagulation and inflammation, oxidized PE has lately been correlated with ferroptosis. Recent work
showed that LOX selectively generates di- and tri-oxygenated derivatives of AA-PE and adrenoylPE (AdA-PE) in endoplasmic-reticulum-associated compartments, which are highlighted as
candidates for the mediation of the ferroptotic process; it was shown that the blockage of the
esterification of arachidonic and adrenic acid into PE or the inhibition of acyl-CoA synthase
suppressed ferroptosis, finally highlighting the oxidized PE derivatives as proximate executioners of
this cell death mechanism (59).
Glycated and carbonylated APL have been less studied than oxidized PE and PS. However,
a restricted group of biological functions has already been unveiled for glycated and glyco-oxidized
PE and highlights its potential contribution in key physio-pathological scenarios including oxidative
stress, inflammation and metabolic regulation. Glycated PE was detected initially in diabetic
subjects more than two decades ago (60) and its ability to enhance ROS production and promote a
status of oxidative stress was revealed immediately after (61,62). One proposed mechanism for the
enhanced ROS production by glycated PE was supported by the conversion of its enediol form into
an alkoxyl radical and the reaction of the radical derivative with molecular oxygen, which would
finally generate superoxide radical (O2-•), as it had already been observed by that time for glycated
proteins (63). A following study reported a clear correlation between the occurrence of glycated PE
and the increased appearance of PC hydroperoxides in the plasma of diabetic subjects, shedding
further light on the interplay between lipid glycation and oxidative stress (64). In parallel, glycated
PE was firstly related with the development of atherosclerosis when it was found to induce
angiogenesis in cultured human umbilical endothelial cells (HUVEC) via increased cellular
proliferation, migration, tube formation and secretion of matrix metalloproteinase 2 (65). This
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evidence started to point to glycated PE as a bioactive molecule that, once formed in hyperglycemic
states like diabetes, would eventually contribute to the onset of diabetes-related pathologies and
comorbid conditions. More recent studies have addressed the effect of glyco-oxidized PE in the
modulation of the inflammatory phenotype of peripheral blood immune cells. In two studies
published by Simões et al (66,67), both glycated and glyco-oxidized PE were shown to positively
regulate the frequencies of blood monocytes and mDC producing cytokines involved in chemotaxis
(MIP-1b) and angiogenic differentiation (IL-1β), along with other cytokines including TNF-a, IL-6
and IL-8, which overall suggested their impact in maintaining the low-grade inflammation required
for the onset of type-2 diabetes mellitus and related complications. Coherently with these
observations, Annibal et al (68) showed that 30 min incubation of glycated PE in rat
cardiomyocytes resulted in an activation of the rapid-acting transcriptional factor NF-κB, whereas
16 h incubation led to a 50% increase in the oxidation and carbonylation of cellular proteins. The
same study showed that rat cardiomyocytes treated with glycated PE and glyco-oxidized PE
underwent significant metabolic dysregulation, via downregulation of enzymes involved with
aerobic metabolism (tricarboxylic cycle, fatty acid β-oxidation, amino acid catabolism and
mitochondrial electron transport chain), and the upregulation of glycolytic enzymes mediating
anaerobic metabolism (68). As for glycated and glyco-oxidized PE, other modified PE species with
a covalent carbonyl modification on the polar head have been studied for their potential role in
inflammation. N-palmitoyl-PE was initially highlighted for its mitigatory effect towards
inflammation, mediated through the inhibition of the phagocytic action in macrophages from mouse
blood (J774A.1) and peritoneum (69). On the other hand, cyclic adducts of PE containing a 5membered lactam ring that could be formed during LDL peroxidation (lactam-PE) were reported to
increase the viability of peritoneal mouse macrophages, which suggested a possible contribution of
carbonylated PE in the pro-atherogenic phenotype induced by oxidized LDL (70). PE modified by
γ-keto aldehydes (γKA-PE) is also known to have pro-atherogenic functions, despite different from
the ones of lactam-PE. It was observed that γKA-PE incubated with HUVEC promoted the
expression of adhesion molecules in these cells, consequently increasing their interaction with cocultured monocyte lines (71). Fluorescent labelling of γKA-PE allowed researchers to understand
that the adduct reached the endoplasmic reticulum (ER), where it induced a status of ER stress as
indicated by the increased expression of CHOP homologous protein and p38-mitogen-activated
protein kinase (MAPK) (71).
One of the most characterized losses of function resulting from PE modifications (oxidation
glycation and carbonylation) is the change in the biophysical properties of cell membranes such as
fluidity and curvature. Membranes containing oxidized PE were found to undergo drastic changes
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in their phase behaviour, caused by the higher intrinsic curvature of the oxidized derivatives
compared with unmodified PE (72). Biophysical experiments in which glycated and glyco-oxidized
PE were added to vesicles of native PE similarly showed how the modified species reduced the
transition energy necessary for the vesicles to be converted into a disordered liquid-like, nonhomogeneous lipid bilayer (68). For what concerns other carbonylated derivatives, pyrrol-PE added
to model membranes of native PE was found to localize at the interface between the lipids and the
aqueous phase, which induced the disruption of the typical structure of the bilayer, increased
membrane lateral pressure and negative curvature, and resulted in a significant decrease of the
hexagonal phase transition temperature (71).
This knowledge on the biological functions of modified APL has been built in parallel with
extensive evidence, mainly published over the last two decades, that suggested their occurrence in
vivo and their role as potential biomarkers of disease or indicators of an on-going homeostatic
process, depending on the physiopathological context. To this end, some studies have focused their
efforts on developing analytical methods aimed to detect these biomolecules in biological and
clinical samples. Modified PE and PS have been analysed in cells including apoptotic cortical
neurons (73), reticulocytes (62) and macrophages (74), as well as in tissues like retina (75), brain
(76), lung (77) and plasma (64), among others. A comprehensive view of the studies that detected
modified APL in cells and tissues from physiological or pathological conditions is reported in Table
1.
Table 1. The occurrence of oxidized, glycated, glyco-oxidized and carbonylated APL in
biological and clinical samples.
Oxidized phosphatidylserine
Derivative
Hydroxy-PS
Hydroperoxy-PS

Biological sample

Reference

Apoptotic cortical neurons (rat)

(73)

Post-mortem brains (Alzheimer disease, human)

(76)

Lung exposed to oxidative stress (mouse)

(77)

Apoptotic Jurkat cells

(50)

Keratinocytes exposed to AAPH (human)

(78)

Hydroxy-PS
Hydroperoxy-PS
Hydroxy-hydroperoxy-PS
Hydroperoxy-PS
Hydroxy-PS
Hydroperoxy-PS
Polar head modified PS

Oxidized phosphatidylethanolamine
Derivative
Oxovaleroyl-PE
Oxononanoyl-PE

Biological sample
Retina (rat)

Reference
(75)
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Hydroxy-PE

Activated platelets and monocytes (human)

(79)

Hydroxy-PE

Peritoneal macrophages (mouse)

(74)

Keto-PE

Bronchial alveolar lavage fluid (cystic fibrosis, human)

(58)

Kidney (Gpx4 KO, mouse)

(59)

Hydroperoxy-PE
Hydroxy-hydroperoxy-PE

Glycated and glyco-oxidized phosphatidylserine
Derivative

Biological sample

Carboxymethylated PS

Red blood cells (human)

Reference
(80)

Glycated and glyco-oxidized phosphatidylethanolamine
Derivative

Biological sample

Glycated PE

Carboxymethylated PE
Carboxymethylated PE
Carboxyethylated PE

Reference

Red blood cells and plasma (diabetes, human)

(60)

Red blood cells and plasma (human)

(81)

Red blood cells (diabetes, human)

(80)

Atherosclerotic plaques (diabetes, human)

(82)

Red blood cells (diabetes, human)

(62)

Plasma (diabetes, human)

(64)

Plasma, red blood cells, liver, kidney, pancreas, cerebrum,
cerebellum (diabetes, rat)

(83)

Red blood cells (diabetes, human)

(84)

Red blood cells and plasma (diabetes, human)

(85)

Carbonylated phosphatidylserine
Derivative

Biological sample

N-hexanoyl-PS

Red blood cells (CCl4-treated rats)

Reference
(86)

Carbonylated phosphatidylethanolamine
Derivative

Biological sample

Reference

PE-malondialdehyde

Lenses (cataract, human)

(87)

PE-parahydroxyphenylacetaldehyde

Tunica intima (atherosclerosis, human)

(88)

PE-hydroxynonenal

Retina (diabetes, rat)

(89)

PE-hydroxylactam

Retina (macular degenaration, human)

(90)

N-hexanoyl-PE

Red blood cells (CCl4-treated rats)

(86)

Modified APL are expected to be formed in vivo with very low abundance, which requires a
sensitive methodology for their detection. Moreover, the variety of chemical modifications that can
be introduced on PE and PS generates a complex combination of derivatives which might be further
distinguished in their functional and positional isomers (45,91,92). The biological studies focused
on LOX-generated positional isomers of oxidized PE (56,58,59) pointed out that each isomer of
modified APL might be the mediator of a specific biological function - that would not be facilitated
by another isomer - thus highlighting the importance of selectivity in analytical methods aimed to
detect modified APL in complex matrixes. So, it is not surprising that most of the studies reported
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in Table 1 used mass spectrometry (MS and MS/MS), often coupled with liquid chromatography
(LC-MS/MS), as the methodology of election to perform sensitive and selective analyses of
modified APL in biological samples. However, the continuous development of MS-based analytical
methods aimed at analysing modified APL in vivo requires an in-depth knowledge of the chemical
modifications that can occur in these molecules upon biochemical stress. This knowledge can only
be gained from a comprehensive analysis of modified APL, performed with biomimetic methods
mimicking the chemical modifications and LC-MS/MS platforms achieving identification and
structural characterization of the derivatives.

1. 2 Objectives
The overall objective of the present Thesis was to advance the current bioanalytical knowledge
on the relationship existing between APL and diverse types of biochemical damages, including
oxidative, glycative and lipoxidative stress.
Modifications of APL imply the formation of many derivatives characterized by a large
heterogeneity of structural features that are likely to occur in vitro and in vivo. A complete in vitro
characterization of APL modifications based on MS and MS/MS analyses still needs to be
integrated into libraries of structures and fragmentation pathways, that would consequently provide
the foundation of targeted MS/MS methods for the sensitive detection of modified APL in vivo. The
first objective of the present theses, addressed in Chapter II, was to provide a comprehensive review
of the literature published until now that has focused on modified PE and PS, bringing the attention
of the readers on their biological relevance and chemical reactivity, but most importantly
highlighting the fundamental role of MS as a bioanalytical tool for studying modified APL in
pathophysiology.
To comprehensively explore in vitro the randomness of the APL peroxidation process, an ideal
first step is to use pioneering biomimetic tools that mimic the radical peroxidation mechanisms
expected to occur in vivo within fast reaction times. The second objective of the present Thesis,
addressed in Chapter III, was to test an electrochemical cell coupled on-line with ESI-MS/MS (ECESI-MS/MS) as an innovative biomimetic tool for inducing radical oxidation of PE in vitro and
directly analyze a vast number of oxidized products, within minutes and without resorting to
protocols of lipid extraction prior to the analysis.
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Oxidation, glycation and glyco-oxidation of PE and PS are complex reactions forming
chemically composite mixtures of derivatives (68,93,94). Whether these processes occur within a
biological system, in the MS analysis of the respective crude lipid extract it is particularly
challenging to fish out ions of modified APL among ions of non-modified APL, the latter ones
being much more abundant and mediating a strong ion suppression over the former ones (92). Other
issues affecting shotgun MS analysis of modified APL are: (I) additional ion suppression that might
occur between different categories of derivatives; (II) inability to distinguish functional and
positional isomers of oxidized and glyco-oxidized APL, whereas each isomer potentially acts as
intermediator of a precise biological function. LC-MS/MS methodologies featuring C5 and C18
columns have been commonly used in the analysis of modified APL (44). However, none of these
LC columns has reached a deep level of separation, principally because of their incapacity to
separate positional isomers of modified APL. The third objective of the present Thesis, addressed in
Chapter IV, was to separate, identify and structurally characterize complex mixtures of modified PE
and PS down to the level of positional isomers by using a highly selective LC-MS/MS method
composed of C30 reversed-phase LC, high resolution MS identification and higher energy
collisional dissociation (HCD) MS/MS, which might hereafter be translated into targeted methods
intended to detect modified APL in biological samples.
Among the broad spectrum of biological roles acknowledged for oxidized phospholipids in
mammalian cells, many consist of a modulation of the immune system and in a consequent
arbitration of the inflammatory response, as highlighted by numerous works that considered the
effects

of

oxidized

1-palmitoyl-2-arachidonoyl-sn-3-glycerophosphocholine

(OxPAPC)

in

immunity (95,96). Fewer research efforts have been carried out for other phospholipid classes,
despite a few published studies having pointed out exciting roles in the modulation of the immune
response mediated by oxidized APL (51,54,97). The fourth objective of the present Thesis,
addressed in Chapter V, was to study the immunomodulatory effects of oxidized 1-palmitoyl-2arachidonoyl-sn-3-glycerophosphoserine (OxPAPE) and OxPAPS in human peripheral blood,
understanding how oxidized APL from different classes, presumably formed upon pathological
states related with oxidative stress and low-grade inflammation (58,76), might arbitrate the
promotion or the resolution of the inflammatory response facilitated by subsets of blood immune
cells.
An additional and broader view on the interplay between APL and biochemical stress can be
provided by phospholipidomics, that is the LC-MS/MS analysis of a whole phospholipid profile
extracted from a given biological system (98,99). The adaptation of a given biological system to a
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pathological state or biochemical stress can be read and interpreted through the comprehensive
examination of its phospholipids (100). Oxidative stress (ROS), glycative stress (hyperglycemia)
and lipoxidative stress (electrophilic aldehydes) are the three biochemical stressors known to induce
molecular damages into APL. The fifth objective of the present Thesis, addressed in Chapter VI,
was to obtain new molecular insights on the effects of oxidative, glycative and lipoxidative stress on
mammalian cells, by carrying out a phospholipidomic approach that searched for the modifications
of PE, PS and six more phospholipid classes in EC upon exposure to H2O2, high glucose and HNE.
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The biological functions of modified aminophospholipids (APL)
have become a topic of interest during the last two decades, and
distinct roles have been found for these biomolecules in both
physiological and pathological contexts. Modifications of APL
include oxidation, glycation, and adduction to electrophilic
aldehydes, altogether contributing to a high structural variability of modified APL. An outstanding technique used in this
challenging field is mass spectrometry (MS). MS has been widely
used to unveil modified APL of biological interest, mainly when
associated with soft ionization methods (electrospray and
matrix-assisted laser desorption ionization) and coupled with
separation techniques as liquid chromatography. This review
summarizes the biological roles and the chemical mechanisms
underlying APL modifications, and comprehensively reviews the
current MS-based knowledge that has been gathered until now
for their analysis. The interpretation of the MS data obtained by
in vitro-identification studies is explained in detail. The perspective of an analytical detection of modified APL in clinical
samples is explored, highlighting the fundamental role of MS in
unveiling APL modifications and their relevance in
pathophysiology.
Keywords: aminophospholipids; phosphatidylethanolamine;
phosphatidylserine; modification; mass spectrometry

I. INTRODUCTION
Phosphatidylethanolamine (PE) and phosphatidylserine (PS) are
the two classes of glycerophospholipids named aminophospholipids (APL), as they bear a free amine in the polar head group.
In mammalian cells, PE and PS are mainly confined to the inner
leaflet of the membrane (Schick et al., 1976; Higgins and Evans,
1978) where they are responsible for both structural and
signaling roles. They allow membranes to be fluid as well as
impermeable to water and solutes, mediate communication
among cells and provide a membrane anchor for signaling
macromolecules (Vance and Tasseva, 2013). PE is the second
most abundant phospholipid class in cell membranes of
mammalian organisms, making up 20% of the whole phospholipid profile, while PS is present in a minor amount, constituting
2–10% of all phospholipids (Vance, 2008). The biological
functions of APL are considerably dependent on their location
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in the outer or in the inner leaflet on the membrane. Upon
physiological conditions, PE and PS are mainly confined to the
inner leaflet, maintained by specific flippases, which show a
higher selectivity for PS (Daleke, 2003), and scramblases
(Bevers et al., 1983; Connor and Schroit, 1990; Schroit and
Zwaal, 1991; Connor et al., 1992; Daleke and Lyles, 2000). This
specific location is crucial for PS signaling events. Externalized
PS is a known activator of the blood-clotting cascade (Higgins
and Evans, 1978; Bevers et al., 1983; Connor and Schroit 1990;
Connor et al., 1992; Daleke and Lyles, 2000; Daleke, 2003) and
a hallmark of cells facing apoptosis (Fadok et al., 2001; Zwaal
et al., 2005; Balasubramanian et al., 2007; Segawa et al., 2014).
In mammalian cells, PE is involved in the modulation of the cell
membrane curvature (Cullis and De Kruijff 1978; Verkleij et al.,
1984). The presence of PE in the double layer was also
associated with the regulation of contractile ring disassembly
during cytokinesis of mammalian cells (Emoto and Umeda,
2000) and the arrangement of Golgi membrane fusion in earlydivided mitotic cells (Pecheur et al., 2002). Furthermore, PE can
modify several proteins in mammalian cells, acting as a donor of
ethanolamine moiety (Menon and Stevens 1992; Signorell et al.,
2008). Table 1 provides an overview of current knowledge on
the functions and roles of PE and PS in mammalian cells.
APL are prone to be modified by oxidation (Domingues
et al., 2009; Sim~oes et al., 2010; Maciel et al., 2011; Melo et al.,
2013a), glycation (Sim~oes et al., 2010; Maciel et al., 2013b;
Melo et al., 2013b; Annibal et al., 2016), and reactive molecules
such as electrophilic aldehydes (Bernoud-Hubac et al., 2004;
Bacot et al., 2007). These changes in native APL may occur
under physiological and pathological conditions through nonenzymatic reactions with reactive oxygen species (ROS),
glucose, and other carbonyl compounds, or through enzymecatalyzed reactions, generating a vast number of differently
modified derivatives which display several biological functions.
Oxidized PS (ox-PS) is externalized in cell membranes as an
important “eat me” marker of apoptosis, and several studies
highlighted it as a more potent signal for activated macrophages
when compared to native PS (Kagan et al., 2002; Koty et al.,
2002; Fabisiak et al., 2005; Greenberg et al., 2006). In addition
to its interaction with macrophages, ox-PS mediates other
biological functions that controversially relate it to the modulation of the immune system, from the inhibition of peripheral Tcells proliferation in human blood (Seyerl et al., 2008) to the
induction of cytokine production in monocytes and dendritic
cells (Silva et al., 2012). Also, PE oxidized by ROS (ox-PE) was
found to be an active component of oxidized low-density
lipoproteins (ox-LDL), that mediates the binding between
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TABLE 1. Main biological activities of phosphatidylserine (PS) and phosphatidylethanolamine (PE) in mammalian cells.
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platelets and annexin (Zieseniss et al., 2001). Furthermore,
several biological roles have been investigated for ox-PE
generated by lipoxygenase (LOX) in activated human or murine
blood cells (Thomas et al., 2010; Zhao et al., 2011; Hammond
et al., 2012). More recently, Kagan et al. (2016) reported the
central role of PE oxidation products with modifications in
arachidonic acid and adrenic acid chains in the mediation of
ferroptosis, a controlled cell death process. Moreover, PE and
PS can react with glucose or electrophilic aldehydes and form
adducts, which biological functions are far from being understood. The formation of glycated species and advanced glycation end products (AGE) of PE were reported in LDL incubated
with glucose (Ravandi et al., 2000). Glycated PE (gly-PE) was
also detected in red blood cells from both healthy and diabetic
subjects (Ravandi et al., 1996; Lertsiri et al., 1998; Fountain
et al., 1999; Nakagawa 2005). Interestingly, Sim~oes et al.
(2013a,b) reported that glycated PE species are inducers of a
pro-inflammatory phenotype in several populations of human
peripheral blood immune cells. Conversely, only one study
reported the occurrence of a PS AGE in red blood cells from
healthy subjects (Fountain et al., 1999). This study provided
evidence that glycation of PS is also likely to occur in vivo,
despite the authors could not detect an increase in the concentration of the same product in plasma samples from diabetic
subjects (Fountain et al., 1999). Aldehyde-modified APL (al-PE
and al-PS) were also highlighted as a family of bioactive
molecules. Al-PE pyrrole adducts present in LDL from normolipidemic volunteers were found to enhance the viability of
macrophages (Riazy et al., 2011). Guo et al. (2011) treated
human umbilical vein endothelial cells (HUVEC) with al-PE
and observed an increase in the expression of monocyte
adhesion molecules, leading to endothelial dysfunction and
inflammation. A comprehensive view of the biological activities
modified APL is reported in Table 2, which consists of a
summary of the functions that have been so far investigated for
each group of derivatives. Moreover, Table 2 merges the studies
reporting the occurrence of modified APL in models of
inflammatory diseases and clinical samples from inflammationrelated pathologies, including diabetes, atherosclerosis, Alzheimer’s disease (AD), and cystic fibrosis.
Even though the biological relevance of modified APL
is evident, a link between the structural changes in APL, the
biological function of the modified derivatives and their
occurrence as biomarkers of diseases has not been identified
yet. To this end, it is necessary to be able to predict and to
understand the type of modifications that can occur in vivo
upon pathophysiological conditions. In parallel, it is of
fundamental importance to develop analytical strategies
aimed to characterize the structural complexity of modified
APL and detect these biomolecules in biological samples. In
the following section, the chemistry of APL modifications
will be reviewed, sorting the chemical reactions that can
induce their modification. The remaining sections of this
review will comprehensively examine the information that
mass spectrometry (MS-)based approaches have provided for
the analysis of modified APL, in vitro and in biological
samples, over the last two decades. The description of the
structural modifications that can occur is accompanied by
detailed explanations of the MS and MS/MS data that have
been acquired for identification, structural characterization,
detection, and quantification of modified APL.
Mass Spectrometry Reviews DOI 10.1002/mas
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II. CHEMISTRY OF APL MODIFICATIONS
APL can undergo several modifications, which overall lead to a
variety of products of biological relevance. Figure 1 proposes a
schematic representation of the modifications that have been
described so far for APL. The chemical reactions leading to
modified APL can be categorized as follows:
Oxidation of the fatty acyl chains (Khaselev and Murphy,
1999; Gugiu et al., 2006; Maskrey et al., 2007; Tyurin et al.,
2008; Tyurina et al., 2008; Domingues et al., 2009; Tyurin et al.,
2009; Sim~oes et al., 2010; Thomas et al., 2010; Tyurina et al.,
2010; Morgan et al., 2010b; Tyurina et al., 2011b; Tyurina et al.,
2011a; Clark et al., 2011; Hammond et al., 2012; Melo et al.,
2013a,b; Maciel et al., 2013a; Sim~oes et al., 2013a);
Oxidation of the polar head (Carr et al., 1998; Richter et al.,
€
2008; Sim~oes et al., 2010; Ullen
et al., 2010; Maciel et al., 2011;
Melo et al., 2013a; Maciel et al., 2014);
Adduction of glucose to the polar head with or without
further oxidation of the adduct (glycation and glyco-oxidation)
(Ravandi et al., 1995; Ravandi et al., 1996; Requena et al., 1997;
Lertsiri et al., 1998; Pamplona et al., 1998; Fountain et al., 1999;
Breitling-Utzmann et al., 2001; Nakagawa, 2005; Shoji et al.,
2010; Sim~oes et al., 2010; Sookwong et al., 2011; Maciel et al.,
2013a,b; Annibal et al., 2016);
Adduction of aldehydes to the polar head (Bhuyan et al.,
1986; Guichardant et al., 1998; Bacot 2003; Amarnath et al.,
2004; Tsuji et al., 2003; Zamora and Hidalgo 2003; BernoudHubac et al., 2004; Stadelmann-Ingrand et al., 2004; Hisaka
et al., 2010; Bacot et al., 2007).

A. Oxidation of the Fatty Acyl Chains
Oxidation of the fatty acyl chains esterified to APL has been
correlated with radical-mediated or enzyme-catalyzed oxidation
reactions. Radical-mediated oxidation of fatty acyl chains
usually relies on ROS as initial effectors of the modification
pathway. ROS are generated in vivo by different sources, such as
the mitochondrial electron-transport chain and NAD(P)H oxidases, and participate in the physiological metabolism of
mammalian cells (Dr€oge, 2002; Murphy, 2009). Under oxidative
stress, the equilibrium between cellular detoxification and
generation of ROS is lost in favor of an excess of oxidants
species. Thus, high concentrations of ROS mediate a randomly
extensive oxidative damage to biomolecules, including lipids
(reviewed by Dr€oge) (Dr€oge, 2002). Oxidative stress can also be
induced in vitro or ex vivo through a set of chemical, physical,
and enzymatic systems able to mimic the biological occurrence
of the oxidation reaction. These biomimetic systems are used for
the characterization of the oxidized APL in vitro and ex vivo,
which is necessary for structure-biological activity studies and
facilitates the development of targeted methods for the detection
and the quantification of these molecules in vivo. A list of
biomimetic systems that have been used so far for APL
oxidation is reported in Table 3. The most common biomimetic
systems are reported in Figure 2 and include Fenton reaction,
2,20 -Azobis(2-amidinopropane) dihydrochloride (AAPH),
photosensitization, and lipoxygenases (LOX).
Except for myeloperoxidase (MPO), which catalyzes the
formation of a non-radical ROS (HOCl), most of the biomimetic methods grouped in Table 3 lead to the production of
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TABLE 2. Occurrences of modified PS and PE in biological samples and their main biological activities in mammalian cells.
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TABLE 2. Continued
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FIGURE 1. Schematic diagram of the chemistry involved in the oxidative and glyco-oxidative modifications of
APL. The shaded green boxes depict the main modified products.

1
partially-reduced oxygen species (•OH, O•
2 , O2) and other
•
free radicals (e.g., R–O–O from AAPH). Free radicals mediate
the hydrogen abstraction and the subsequent generation of a
carbon-centered radical which promptly reacts with O2, leading
to the formation of one or more hydroperoxyl derivatives.
These radicals are particularly unstable and easily get stabilized
by abstracting further (bis-)allylic hydrogen atoms from
surrounding lipid molecules, leading to the formation of nonradical fatty acyl hydroperoxides (R–O–O–H). Consequently,
metal cations such as Fe2þ (in the case of Fenton reaction) or
Cu2þ, catalyze the decomposition of hydroperoxides into
alkoxyl radicals (RO•). These radicals may abstract carboncentered hydrogen from an adjacent lipid molecule and
generate hydroxides (R–O–H), or further degrade into other
chain-propagation radicals as alkyls (R•), hydroxyl-alkyls
(HOR•), epoxy-alkyls (OR•), and epoxy-peroxyls (OROO•)
(Reis and Spickett, 2012). Esterified APL hydroperoxides can
also cyclize and form a 5-membered ring that cleaves, forming
a subclass of products named isoketals (isoLGs) (Salomon,
2005; Li et al., 2009).
Lipid oxidation derivatives that are named long chain
oxidation products contain one or several oxygen atoms
inserted on the fatty acyl chains, as in the case of
hydroperoxy or hydroxy, keto, and epoxy-derivatives. However, radical intermediates as alkoxyl radicals can further
degrade through a b-cleavage of the C–C bond between the
oxygenated carbon atom and the unsaturation in vinylic
position. This cleavage leads to the formation of esterified
aldehydes, keto-aldehydes, hydroxy-aldehydes, carboxylic
acids, keto-carboxylic acids, and hydroxy-carboxylic acids,
named short chain oxidation products (Fig. 1) (Gugiu et al.,

2006; Domingues et al., 2009; Maciel et al., 2013a). When
radical-radical reactions occur, in some cases due to antioxidant molecules, the radical-based oxidation process reaches
the termination phase (Wefers and Sies, 1988; Tadolini
et al., 2000).

B. Oxidation of the Polar Heads
Among the ROS summarized in Table 3, the ones inducing oneelectron oxidation on unsaturated fatty acyl chains have also
been found to mediate radical-mediated oxidation of the polar
head for both PE (Melo et al., 2013a) and PS (Maciel et al.,
2011, 2014). The serine center in the polar head of PS has
hydrogen linked to the a-carbon, which is easily abstracted
under radical attack, leading to an a-alkoxyl derivative (Maciel
et al., 2011). The oxidation of the a-alkoxyl further proceeds to
polar head derivatives modified as terminal acetic acid, terminal
acetamide, terminal hydroxy acetaldehyde, and terminal hydroperoxy acetaldehyde (Maciel et al., 2011). These modifications
were observed for the first time in a study in which oxidation of
PS was carried out in vitro through the Fenton reaction (Maciel
et al., 2011). Later on, the oxidation of PS polar head to terminal
acetic acid was found to occur in human keratinocytes treated
with AAPH (Maciel et al., 2014). Similarly, in vitro irradiation
of PE standards with white light in the presence of cationic
porphyrins as photosensitizers (photo-oxidation) led to oxidative deamination of the ethanolamine group, with the generation
of the polar head modified as terminal acetaldehyde (Fig. 1)
(Melo et al., 2013a).
Hypohalous acids as HOCl can also modify the polar
head of PE via two-electron oxidation mechanism on the
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free amino group. This reaction runs by the initial
formation of a chloroamine and, upon HOCl excess,
continues with the formation of a dichloramine, which
eventually loses two moles of HCl and leads to a terminal
nitrile derivative (Carr et al., 1998; Richter et al., 2008;
€
Ullen
et al., 2010).

&

C. Adduction of Glucose to the Polar Head (Glycation
and Glyco-Oxidation)
The amino group present in the polar head of APL is reactive
toward electrophilic moieties as carbonyl groups. In fact, several
published works mentioned the reactivity of the amino groups of

TABLE 3. Chemical, physical and enzymatic biomimetic methods that have been used for studying APL oxidation and that were coupled
with mass spectrometry analysis for the identification and structural characterization of oxidized APL.
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TABLE 3. Continued

PE and PS towards glucose and the consequent formation of
glycated APL (Ravandi et al., 1995; Ravandi et al., 1996;
Lertsiri et al., 1998; Oak et al., 2000; Nakagawa, 2005; Sim~oes
et al., 2010; Sookwong et al., 2011; Maciel et al., 2013a,b; Melo
et al., 2013b; Annibal et al., 2016). APL glycation occurs via
reaction between the amino group of the APL polar heads and
the carbonyl moiety of glucose, initially leading to a Schiff-base
derivative which promptly establishes an equilibrium with the
Amadori ketoamine (Sim~oes et al., 2010; Annibal et al., 2016).
Glycated APL can be further modified if radical driven oxidation
occurs during or after the glycation. Both the Schiff-base and the
Amadori derivatives were found to undergo oxidation on the
fatty acyl chains and the glycated polar heads when ROS were
present, in a process that is identified as glyco-oxidation, and
leads to the production of AGE of APL (Sim~oes et al., 2010;

Melo et al., 2013b; Maciel et al., 2013a,b; Sim~oes et al., 2013a;
Annibal et al., 2016). When the radical mechanism involves the
polar head glycated as Schiff base, the hydrogen atom on the
methylene adjacent to the imine bond is abstracted, leading to
peroxyl and alkoxyl radicals. These are often stabilized through
reduction to the carbonyl. However, if the radical reaction occurs
on the Amadori derivative, the oxidation mainly affects the
sugar moiety through sequential backbone cleavages (Sim~oes
et al., 2010; Maciel et al., 2013b; Annibal et al., 2016) (Fig. 1).

D. Adduction of aldehydes to the polar head
The oxidative degradation of lipids generates a variety of lowmolecular-weight aldehydes including hydroxy-alkenals, ketoalkenals, g-keto-aldehydes (Frankel et al., 1977; Benedetti

FIGURE 2. Diagram reporting the main biomimetic methods used in the study of APL oxidation (Fenton
reaction, electrochemical oxidation, AAPH reaction, photosensitization, LOX) and the radical chemical reactions
induced or catalyzed by each method.
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et al., 1980; Lee and Blair, 2000) and isoLGs (Salomon, 2005)
(reviewed by Reis and Spickett) (Reis and Spickett, 2012).
These lipid-derived aldehydes contain several electrophilic
centers, which can form covalent adducts with the free amino
groups in the polar heads of APL. It has been reported for isoLG
a reaction rate with PE that was 4.4-fold faster than the reaction
between isoLG and lysine (Amarnath et al., 2004). BernoudHubac et al. studied the mechanism of adduction between isoLG
and PE, showing that the reaction runs with an initial formation
of a Schiff base, that quickly forms a stable pyrrole through a
cyclization (Bernoud-Hubac et al., 2004). On the other hand, the
reaction between APL and hydroxy-alkenals was found to occur
mainly by Michael addition (Guichardant et al., 1998; Bacot
et al., 2007), even though adducts formed by the Schiff basepyrrole pathway were also reported for the reaction of PE with
4,5(E)-epoxy-2(E)-heptenal (Zamora and Hidalgo 2003).
More recently, Vazdar et al. employed 1H nuclear magnetic
resonance spectroscopy, Fourier-transform infrared spectroscopy and MS to study the reactivity of PE toward 4-hydroxy-2nonenal (HNE) and 4-oxo-2-nonenal (ONE) (Vazdar et al.,
2017). This study highlighted that PE-HNE adducts, both
Michael and Schiff base, preferentially cyclized toward hemiacetal and pyrrole derivatives, in contrast with PE-ONE adducts
that did not tend to form cyclic derivatives.
The characterization and the detection of modified APL
currently rely on platforms capable of performing specific and
sensitive analyzes. Gas chromatography (GC) coupled to MS
(GC-MS) has been widely used to analyze oxidized fatty acyl
chains of phospholipids in their non-esterified form, as well as
modified polar heads from APL, but it is not suitable for direct
analysis of intact modified APL (Spickett et al., 2010). Presently,
tandem MS using soft ionization methods is the most used
platform in the analysis of the complex network of PE and PS
modified structures, both in vitro and in biological samples. The
next section reviews and describes all the MS strategies that
have so far been used in the analysis of modified APL.

III. MS-BASED STRATEGIES FOR THE ANALYSIS
OF APL MODIFICATIONS
The development of soft ionization methods, such as electrospray ionization (ESI) (Yamashita & Fenn 1984) and matrixassisted laser desorption ionization (MALDI) (Tanaka et al.,
1988; Karas and Hillenkamp 1988), made the MS analysis of
intact biomolecules possible, opening a new world of MS-based
approaches that has strongly grown through the last 20 years.
The introduction of high-resolution MS analyzers in the last
decade led to several advantages in the field of lipidomics,
including reduced overlap of species in the mass spectrum (due
to discrimination at 1–3 ppm or even sub-ppm level) and
reduced analysis time (reviewed by Ghaste, Mistrik and
Shulaev) (Ghaste et al., 2016). The following sections will
review the current state of understanding of the information that
MS-based analytical strategies have provided for all the known
APL modifications

A. Applications of GC-MS in the Analysis of
Modified APL
Since APL are non-volatile compounds, their analysis by GCMS can only be carried out after the first step of hydrolysis of the
Mass Spectrometry Reviews DOI 10.1002/mas
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ester bonds linking the fatty acids and the polar head to the
glycerol backbone. In a subsequent step, the fatty acids and the
polar head released by the hydrolytic treatment are derivatized
with organic acids to produce volatile esters as, for example,
trifluoroacetyl, acetyl and methyl esters (van Kuijk et al., 1985;
Requena et al., 1997; Fountain et al., 1999). GC-MS typically
uses electron ionization (EI) as ionization technique, which is
characterized by a high in-source fragmentation that frequently
causes the loss of structure of the molecular ion, hindering its
observation. However, even though in EI-MS the molecular ion
can be absent after the ionization process, information about its
structure can be provided by the comparison of its in-source
fragmentation pattern with the in-source fragmentation pattern
of standards, or by direct interpretation of the fragmentation
patterns.
GC-MS has been used to detect AGE of APL bearing
glyco-oxidative modifications on the ethanolamine or serine
polar heads. The AGE of PE known as carboxymethyl-PE (CMPE) is a product of PE glyco-oxidation which has been
quantified in vivo through GC-MS analysis of its hydrolysis
product, carboxymethyl-ethanolamine (CM-Etn) (Requena
et al., 1997; Pamplona et al., 1998). The experimental approach
was based on acid hydrolysis of CM-PE that produced the free
carboxymethylated polar head (CM-Etn). Subsequently, CMEtn was derivatized as a trifluoroacetyl-methyl ester (TFAME)
and quantified through GC-MS in single ion monitoring (SIM)
mode (Requena et al., 1997; Pamplona et al., 1998). This
methodology allowed the quantitative assessment of CM-Etn in
mitochondrial membranes of several mammals (Pamplona et al.,
1998) as well as in lipid extracts of red blood cell membranes of
healthy and diabetic subjects (Requena et al., 1997). In another
study, two glycation and glyco-oxidation products of APL,
namely N-(Glucitol)PE and carboxymethyl-PS (CM-PS), were
similarly detected and quantified by GC-MS. N-(Glucitol)PE
and CM-PS were hydrolyzed in acidic conditions as described
above, with the production of the free, modified polar heads N(Glucitol)ethanolamine (GE) and carboxymethyl-serine (CMSer), respectively. The modified polar heads were derivatized as
N,O-acetyl methyl esters and finally analyzed by GC-MS in
SIM mode (Fountain et al., 1999). In this study, the derivatized
polar heads were quantified in the lipid extracts of human red
blood cells from healthy and diabetic patients, showing an
increased content of GE, but not CM-Ser, in the samples of the
diabetic patients when compared to nondiabetic.
GC-MS has also been used to assess the reactivity of
PE polar head with fatty aldehydes generated by lipid
peroxidation. Bacot (Bacot, 2003) studied the in vitro
reactivity of the ethanolamine group of PE with 4-hydroxy2-hexenal (HHE), HNE and 4-hydroxydodeca-(2,6)-dienal
(HDDE). Adducted PE were hydrolyzed, and the resulting
ethanolamine-hydroxyalkenal adducts were derivatized as
pentafluorobenzyloximes trimethylsilyl esters before GC-MS
analysis (Bacot, 2003). In subsequent work, the same author
and coworkers detected PE-hydroxyalkenals Michael adducts
in human blood platelets and retinas of streptozocin-induced
diabetic rats (Bacot et al., 2007). In this study, Michaeladducted PE were subjected to basic hydrolysis, and the
resulting ethanolamine-alkenals moieties were derivatized as
trifluoroacetyl esters before the GC-MS analysis. In another
study, aldehyde-carbonylation products of PE with longchain fatty aldehydes (e.g., pentadecanal, heptadecanal,
9
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fatty acyl chain-shortening oxidative degradations (e.g.
HHE, HNE, acrolein, malonaldehyde, hexanoic acid). Ions
of these adducts usually show higher m/z values than the
native APL;
4. Short chain oxidation products region, characterized by
ions that result from the oxidative cleavages of the
unsaturated fatty acyl chains and therefore can be observed
as ions with lower m/z values than the native APL.
Shortened APL usually bear carbonyl species on the sn2
position such as aldehydes, keto-aldehydes, hydroxyaldehydes, as well as carboxylic acids, keto-carboxylic
acids, hydroxycarboxylic acids. Oxygen insertions on the
fatty acyl chains, as well as products from adduction of
sugars and carbonyl species, can also occur on chainshortened oxidation products leading to other ions with m/z
values lower than the native APL, although these types of
oxidative modifications have been scarcely reported.
5. Lyso-APL region, characterized by ions that result from
the hydrolysis of the ester linkage between the glycerol
backbone and a fatty acyl chain.

heptadecenal) were observed through GC-MS analysis (Stadelmann-Ingrand et al., 2004). These carbonylation products
were observed in rat cortex homogenates that were submitted to UV light or Fe2þ-induced oxidation, after basic
methanolysis and derivatization of the modified ethanolamine as trimethylsilyl ether (Stadelmann-Ingrand et al.,
2004). All these works show that GC-MS has undoubtedly
been one of the most important analytical techniques in the
analysis of lipid modification, and still plays a crucial role
in classical lipidomic studies (Li et al., 2011). However, due
to several disadvantages such elaborate sample preparation,
fragmentation of the molecular ions in the EI source and
risk of degradation for thermolabile molecules, the relevance
of this method in the study of APL modification is
diminishing. As consequence of these drawbacks, MS
analysis of modified APL has started to be performed
mainly using soft ionization methodologies (ESI, MALDI)
that preserve the structure of the analyte and, in the case of
ESI, can be easily coupled with liquid chromatographic
separations.

B. Applications of ESI-MS and MALDI-MS in the
Analysis of Modified APL

1. Identification of Long-Chain and Short-Chain
Oxidation Products

Under ESI-MS and MALDI-MS analysis, APL can ionize in
both negative and positive ions modes, with the formation of
predominant [MH] ions and [M þ H]þ ions, respectively
(Pulfer and Murphy 2003). Despite PS can also be analyzed in
positive ions mode as [M þ H]þ ions, the identification and
characterization of PS by MS is preferentially made in negative
ions mode, probably due to the presence of the carboxylic acid
group in the polar head (Koivusalo et al., 2001; Pulfer and
Murphy 2003).
When aiming to unveil APL modifications, the analysis of
mass spectra generated by direct infusion MS or by liquid
chromatography (LC-)MS runs of mixtures of native and
modified APL is technically simple, interpretation of results is
straightforward, and the first level of information regarding the
formation of new molecular structures is provided. When the
ESI-MS spectra of modified APL are compared with an ESI-MS
spectrum acquired in control conditions, the new ions correspondent to modified APL appearing in the former spectrum and
the mass shifts can be classified into the following regions
(Domingues et al., 2008):

The first step when identifying long-chain oxidation products of
APL is the observation in the mass spectra of new peaks with
different mass shifts. These shifts include ions with þ16 Da in
the case of hydroxyl derivatives, þ32 Da in the case of
hydroperoxy (or di-hydroxy) derivatives, and þ14 Da in the case
of keto or epoxy derivatives (16–2 Da). In Figure 3 we exemplify
the presence of these ions for oxidized 1-palmitoyl-2-linoleoylsn-3-glycerophosphoethanolamine (ox-PLPE) and in Figure 4
(Panel C) for oxidized 1-palmitoyl-2-linoleoyl-sn-3-glycerophosphoserine (ox-PLPS). Long chain oxidation products with
multiple oxidation motifs are detected by identifying mass
increments corresponding to combinations of 16 Da and 14 Da.
This approach allows proposing several oxidative modifications
as hydroxy, di- or poly-hydroxy, hydroperoxy, as well as
hydroxy-peroxy, keto and epoxy combined with hydroxy or
hydroperoxy (Tyurina et al., 2008; Tyurin et al., 2008; Tyurin
et al., 2009; Domingues et al., 2009; Tyurina et al., 2010;
Tyurina et al., 2011b; Tyurina et al., 2011a; Maciel et al., 2011;
Maciel et al., 2013a; Melo et al., 2013b; Melo et al., 2013a; Ni
et al., 2015). Figure 3B shows a full ESI-MS spectrum ox-PLPE
acquired in positive ion mode, which allowed to identify long
chain oxidation products bearing 1 oxygen atom, 2, 3 and 4
oxygen atoms (Domingues et al., 2009). Figure 4C shows a full
ESI-MS spectrum of ox-PLPS acquired in negative ion mode,
reporting long chain oxidation products bearing 1, 2, and 3
oxygen atoms (Maciel et al., 2011).
Short chain oxidation products esterified to an oxidatively
truncated carbon chain on the sn-2 position are detected at lower
m/z values than the unmodified APL. These species can bear
either a terminal aldehydic or carboxylic group, as reported by
several authors (Gugiu et al., 2006; Domingues et al., 2009;
Sim~oes et al., 2010; Maciel et al., 2011, 2013a). These products
can be further oxidized in the shortened carbon chain with
additional keto/epoxy, hydroxy and hydroperoxy moieties
(Maciel et al., 2011, 2013a). As for long-chain derivatives, short
chain oxidation products can be analyzed by MS either in

1. Long chain oxidation products region, characterized by
ions that result from the insertion of one or more oxygen
atoms on the unsaturated fatty acyl chain and therefore
show higher m/z values than the native APL. These ions
are usually attributed to epoxy-, keto-, hydroxy-, hydroperoxy- and polyhydroxy-derivatives;
2. Polar head oxidation products region, characterized by
ions that result from deamination or decarboxylation
reactions occurring in the polar heads, and therefore show
lower m/z values than the native APL.
3. Adducts region, characterized by ions that result from the
reaction of the free nucleophilic amino group of APL with
carbonyl moieties of sugars (e.g. glycation/glyco-oxidation derivatives of PE and PS) and reactive aldehydes/
ketones/carboxylic acids generated in the late stages of the
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FIGURE 3. MS spectrum of a PLPE before and after the oxidation induced by •OH radical formed during the
Fenton reaction (A and B, respectively). The [MþH]þ molecular ion of PLPE is depicted at m/z 716.5; the
[M þ H]þ molecular ion at m/z 748.5 (Panel B) corresponds to the long-chain oxidation product of PLPE þ2O
(PLPE þ32 Da). PLPE þ2O can be assigned as dihydroxy-PLPE and as hydroperoxy-PLPE. The [M þ H]þ ion at
m/z 764.5 corresponds to the long-chain oxidation product of PLPE þ3O (PLPE þ48 Da) and can be identified
both as hydroxy-hydroperoxy-PLPE and trihydroxy-PLPE. The [M þ H]þ ion at m/z 608.4 is attributed to the
short chain product 1-(palmitoyl)-2-(9-oxo-nonanoyl)-PE, in which sn-2 position is esterified to a nonanoic acid
with a terminal aldehyde in C9. The [M þ H]þ ion at m/z 624.4 corresponds to 1-(palmitoyl)-2-(9-carboxynonanoyl)-PE, which is formed by the oxidation of the terminal aldehydic function of 1-(palmitoyl)-2-(9-oxononanoyl)-PE. Reprinted with permission from Domingues et al. (2009), copyright 2009 [John Wiley & Sons].

positive and negative ion mode. Oxidation products with
shortened sn-2 fatty acyl chains (9 carbon atoms) were observed
in the MS spectrum of ox-PLPE acquired in positive ion mode,
depicted in Figure 3B (Domingues et al., 2009). The MS
spectrum of ox-PLPS in negative ion mode, reported in
Figure 4C, allows identifying similar short chain oxidation
products described above for ox-PE, including esterified aldehydes and carboxylic acids with nine carbon atoms (Maciel
et al., 2011). The mass shifts characteristic for long and short
chain oxidation products of APL, that can be observed in full
MS spectra, are summarized in Table 4.

2. Identification of Polar Head Oxidation Products
APL bearing an oxidative modification in the polar heads are
easily detected in the MS spectra as peaks with lower m/z values
than the unoxidized species (Maciel et al., 2011; Melo et al.,
2013a). Using photosensitized oxidation and direct infusion
ESI-MS in negative ion mode, Melo et al. (2013a) identified a
series of long-chain oxidation products of PE bearing also an
oxidative modification in the ethanolamine (Etn) polar head,
which are summarized in Table 4. These PE modified in the
polar head arose from the oxidative deamination of the Etn
moiety of the polar head due to photo-oxidation. Hence they
appeared in the MS spectra at odd m/z values with a mass shift of
1 Da when compared to the respective PE. In the case of 1palmitoyl-2-oleoyl-sn-3-glycerophosphoethanolamine (POPE),
the authors identified the [MH] ion at m/z 731 as oxidized
POPE with one oxygen insertion on the oleyl chain in sn-2 and
the Etn polar head modified as terminal acetaldehyde (mass shift
from native POPE corresponding to 1 þ 16 Da) (Figure 5).
Maciel et al. (2011) identified several modifications in
the polar head of PS species, formed during biomimetic
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oxidation with the Fenton reaction (Figure 4A). The oxidation products of PS with modified polar heads were
fractionated by thin layer chromatography (TLC), exploiting
the difference of polarities induced by such modifications
(Figure 4B). After scraping and lipid extraction, the modified PS separated in each TLC spots were analyzed by ESIMS in negative ion mode (Figure 4C). The [MH] ions
characteristic for PE and PS modified in the polar head are
summarized in Table 4 (Maciel et al., 2011).

3. Identification of Glycation and Glyco-Oxidation
Products
Glycation of APL on the polar heads can be observed in the MS
spectra by observing peaks of the native APL with a mass shift
of þ162 Da (Sim~oes et al., 2010; Maciel et al., 2013a,b; Melo
et al., 2013b; Annibal et al., 2016). If oxidative conditions are
superimposed on glycated APL (glyco-oxidation), the radicalbased oxygenation can preferentially affect the fatty acyl chains
of the APL and leave the glycated polar head intact. In this case,
when the glyco-oxidation mixture is analyzed by ESI-MS the
following ions can be observed in the MS spectra (summarized
in Table 5):
1. Short chain oxidation products with a glucose moiety
adducted to the polar head: characterized by a negative
mass shift due to the chain-shortening b-cleavage, plus a
mass shift of þ162 Da due to the glycation (Sim~oes et al.,
2010; Maciel et al., 2013a; Annibal et al., 2016);
2. Long chain oxidation products with a glucose moiety
adducted to the polar head: characterized by mass shifts
of different combinations of 16 Da and 16–2 Da, due to
the oxygen insertions, plus a mass shift of þ162 Da due
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FIGURE 4. (A) Structures of oxidized PS derivatives with modifications in the polar head group obtained after the
oxidation induced by the •OH radical generated by Fenton reaction: terminal hydroperoxyacetaldehyde (13 Da),
terminal acetic acid (29 Da), and terminal acetamide (30 Da). (B) Thin Layer Chromatography (TLC) plate
under UV light of PS oxidation products with modifications in the polar head: lines 1, 2, and 3: oxPLPS; lines 4, 5
and 6: oxPOPS; lines 8, 9 and 10: oxidized 1,2-dipalmitoyl-sn-3-glycerophosphoserine (DPPS); line 7: PS and PE
standards. (C) ESI-MS spectra of PLPS acquired after and before oxidation induced by the •OH radical (right and
left panels, respectively). In Panel C, the ion at m/z 758.4 corresponds to the [MH] molecular ion of unoxidized
PLPS; The oxidized molecular [MH] ions were observed at: m/z 774, PSþO (hydroxy-PLPS) m/z 790.4, PLPS
þ2O, hydroperoxy-PS and/or di-hydroxy-PS (mass shift from native PLPS: M þ 32 Da); m/z 806.4, PLPS þ3O
hydroxy-hydroperoxy-PS and tri-hydroxy-PS (mass shift from native PLPS: M þ 48 Da); m/z 666.2, 1-(palmitoyl)2-(9-oxo-nonanoyl)-PS; m/z 682.2, 1-(palmitoyl)-2-(9-carboxy-nonanoyl)-PS; m/z 728.4; ox-PLPS with Ser polar
head modified to terminal acetamide (mass shift from native PLPS: M  30 Da), m/z 745.4, ox-PLPS with Ser polar
head modified to terminal hydoperoxy-acetaldehyde (mass shift from native PLPS: M  13 Da); m/z 729.4, oxPLPS with Ser polar head modified to terminal acetic acid (mass shift from native PLPS: M  29 Da). Reprinted
with permission from Maciel et al. (2011), copyright 2011 [Springer].

to the glycation (Sim~oes et al., 2010; Melo et al., 2013b;
Maciel et al., 2013a,b).
Figure 6B shows an ESI-MS spectrum of a gly-ox-PLPE
acquired in positive ion mode which shows the several short
chain and long chain oxidation products formed after oxidation
of the fatty acyl chain (Sim~oes et al., 2010).
If also the glycated polar head undergoes radical oxidation,
the MS spectrum of a glyco-oxidized mixture can include ions
characterized by peculiar mass shifts:
1. Mass increments higher than þ162 Da identify glycooxidized APL bearing a glucose moiety with oxygen
insertions (e.g. 162 Da þ 14 Da ¼ 176 Da) (Sim~oes et al.,
2010; Maciel et al., 2013b; Melo et al., 2013b; Annibal
et al., 2016);
2. Mass increments lower than þ162 Da identify glycooxidized APL bearing an end-product of glucose formed
through oxidative cleavage (AGE) (e.g. þ28 Da, þ58 Da,
þ72 Da) (Sim~oes et al., 2010; Maciel et al., 2013a,b;
Annibal et al., 2016).
As examples, the characteristic [MH] ions of POPS
AGE identified by ESI-MS are depicted in Figure 7 (Maciel
et al., 2013b).

4. Identification of Aldehyde-Adduction Products
ESI-MS has not been extensively used in the analysis of the
adducts between APL and electrophilic aldehydes, except
for few studies that focused on the characterization of PE
adducts with iso-LGs (Bernoud-Hubac et al., 2004), HNE
(Guichardant et al., 1998), and alkanals (Annibal et al.,
2014). There is currently a lack of studies aimed to
characterize the potential adduction of PS with aldehydes
and ketones. In what concern PE adducts, Guichardant et al.
(1998) identified the adducts formed by the incubation of
1,2-diheptadecanoyl-sn-3-glycerophosphoethanolamine
(DHPE) and HNE using ESI-MS in negative ion mode. The
MS spectrum of the reaction products are shown in Figure 8,
which clearly depicts the characteristic mass shifts of
120 Da, 138 Da, 156 Da, corresponding to cyclized Schiff
base (a), Schiff base (b), and Michael adduct (c), respectively. More recently, Annibal et al. (2014) employed highresolution Orbitrap MS analysis to identify modified derivatives of 1,2-dipalmitoyl-sn-3-glycerophosphoethanolamine
(DPPE) arising from its incubation with hexanal and other
alkanals. The MS spectrum of the products of the reaction
between DPPE and hexanal acquired in positive ion mode,
shown in Figure 9A, shows new ions that have mass shifts
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TABLE 4. Oxidative modifications of APL identified by mass spectrometry either in biomimetic systems and in vivo: mass shifts observed in
the MS spectra when compared with the respective non modified APL. Characteristic fragmentations (fatty acid carboxylate anions and
neutral losses) noticeable in the MS/MS spectra that allow confirming the structural features of the oxidized APL.

corresponding to the sequential adductions of up to three
hexanal molecules, resulting in a series of monomeric,
dimeric, and trimeric covalent adducts.
Nowadays, accurate mass analysis achievable by mass
spectrometers equipped with high-resolution analyzers allows
a precise identification of modified APL using data from an
MS scan. However, native and modified APL having the
same m/z (isobaric species) can be generated within a
reaction occurring in vitro or in vivo, and the structural
features of the modified products can easily include constitutional isomers that would not be distinguished by using direct
infusion MS data, and maybe even using LC separation in
the case of isomers of position. Therefore, LC separation and
MS/MS structural characterization are highly recommendable

Mass Spectrometry Reviews DOI 10.1002/mas

to confirm the identity of the modifications. The applications
of LC and MS/MS in the structural characterization of
modified APL will be addressed in detail in the next
paragraphs of the present review.

C. Applications of LC in the MS-Based Analysis of
Modified APL
The improvements that LC-ESI-MS methods have brought to
the field of lipidomics have already been acknowledged and
reviewed (Li et al., 2011; Hy€otyl€ainen and Oresic 2016; Sethi
and Brietzke 2017). In fact, LC-MS has also played a key role in
the analytical separation of modified APL, mainly for the
following reasons:
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FIGURE 5. Schematic representation of the oxidative modifications
reported for POPE on the unsaturated fatty acyl chains and on the polar head
group, along with their characteristic mass shifts.

1. Oxidation, glycation and aldehyde-adduction reactions
generate several modified APL that might have very close
m/z, not resolved by low-resolution instruments. Also, in
more complex samples, native and modified species can be
isobaric. Thus, LC-MS approaches allow the separation of
these complex mixtures, based on the differences in the
polarities within native and modified species (e.g., separation of hydroperoxy-PE, hydroxy-PE, and native PE);
2. The ionization efficiency of the modified products can be
decreased through ion suppression mediated by the native
APL, which are often more abundant. In such case,
chromatographic separation of the analyzed mixture would
increase the sensitivity towards low-abundant species;
3. LC protocols allow the separation of constitutional isomers
of modified APL.
In most of the LC-MS protocols described in the literature
for the analysis of ox-PE, reversed phase high-performance LC
(RP-HPLC) was the preferred separation approach, allowing to
resolve phospholipids by species through the interaction of the
stationary phase with the fatty acyl chains. The insertion of
oxygen atoms on the fatty acyl chains increases the polarity of
the molecule and, consequently, in RP-HPLC oxidized APL
elute earlier than native APL. C18 microbore columns with an
internal diameter of 2 mm or 0.5 mm have been widely used in
the chromatographic separation of ox-PE (Gugiu et al., 2006;
Maskrey et al., 2007; Domingues et al., 2009; Thomas et al.,
2010; Zemski Berry et al., 2010; Morgan et al., 2010a; Clark
et al., 2011; Hammond et al., 2012). Microbore columns operate
at low flow rates (e.g., 200 mL/min), increasing the sensitivity of
the analysis. However, other LC-MS protocols for ox-PE have
relied on C18 standard analytical columns (Khaselev and Murphy
1999; Hammond et al., 2012). Ox-PS analysis by LC-MS is a
less explored field, yet Maciel et al. (2013a) performed a reverse
phase separation of a mixture of long chain, short chain and
polar head oxidation products of PS using a C5 microbore
column. There are also examples of oxidative phospholipidomics

studies in which the analysis of ox-PS species has been
performed by normal phase HPLC (NP-HPLC) using silica
microbore columns (Tyurina et al., 2010; Tyurina et al., 2011b).
The first LC-MS protocols for gly-PE and glycated PS (glyPS) were proposed in the nineties and relied on NP analytical
columns. Adduction of the polar head to a glucose moiety
increases the polarity of the molecule, hence in NP-HPLC
glycated APL elute after native APL. This approach succeeded
in the separation of native APL from their glycated derivatives,
both in vitro (Ravandi, Kuksis, and Myher 1995) and in plasma
of diabetic patients (Ravandi et al., 1996). RP-HPLC-MS has
also been carried out for the analysis of gly-PE. A C18 medium
bore column has been used to separate Schiff bases and Amadori
derivatives of PE in human erythrocytes (Breitling-Utzmann
et al., 2001). Also, C18 microbore columns were used in an LCMS/MS protocol aimed to quantify PE-AGE in human erythrocytes and blood plasma (CE-PE and CM-PE) (Shoji et al.,
2010). More recently, C5 microbore columns have been used in
LC-MS/MS protocols aimed to the in vitro characterization and
structural elucidation of glyco-oxidized PE (gly-ox-PE) (Sim~oes
et al., 2010) and PS (gly-ox-PS) (Maciel et al., 2013a,b). An
overview of the LC columns that have so far been coupled to MS
in the analysis of modified APL is reported in Table 6.

D. Applications of MS/MS in the Structural
Characterization of Modified APL
Modified APL can be identified in an MS analysis, preferably
using high accuracy measurements and interpretation of the
new ions appearing at characteristic mass shifts, as described
earlier. Besides this, the modifications identified in MS scans
should be confirmed by characterizing the new motifs of the
modified APL. Such structural characterization can be
achieved by MS/MS analysis, as we will describe in the
following paragraphs. The characteristic fingerprints and the
interpretation of the fragmentation patterns depend on the
nature of the modification. Hence, the MS/MS strategies
proposed until now for the characterization of modified APL
will be addressed, organized by type of modification.

1. Structural Characterization of Long-Chain and ShortChain Oxidation Products
Long and short chain oxidation products can be characterized by
the analysis of MS/MS spectra obtained either in positive or
negative ion modes. While for native and modified PE both
approaches have been used, in the case of PS the most suitable
approach is the analysis of the deprotonated molecular ions
[MH]. MS/MS analysis of long chain and short chain
oxidation products performed in the negative ion mode shows
two significant families of typical fragment ions:
1. Carboxylate anions of the fatty acids esterified to sn-1
(R1COO) and sn-2 (R2COO) positions;
2. Ions arising from the neutral losses of unmodified saturated
sn-1 acyl chains (R1 ¼ C ¼ O, ketene, and R1COOH,
carboxylic acid) and modified unsaturated sn-2 acyl chains
(R20 ¼ C ¼ O, ketene, and R20 COOH, carboxylic acid).
MS/MS spectra of PE acquired in negative ion mode are
usually characterized by a higher relative abundance (RA) of
Mass Spectrometry Reviews DOI 10.1002/mas
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R1COO anions compared to R2COO anions. The opposite
behavior (RA R2COO > RA R1COO) is commonly observed
for negative ion mode MS/MS spectra of PS (Pulfer and Murphy
2003). However, this behavior depends on the mass

&

spectrometer and should always be confirmed using well-known
standards. The MS/MS spectra of the [MH] molecular ion of
oxidized APL allows the observation of the carboxylate anions
of modified unsaturated FA, which are usually characterized by

TABLE 5. Glycative and glyco-oxidative modifications of APL: Characteristic product ions observed in the MS spectra and corresponding
neutral losses.  This neutral loss was used for the targeted MS detection of modified APL in biological samples.
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TABLE 5. Continued

the mass increments due to the insertion of n oxygen atoms
(n  16 Da, n  16–2 Da). Complementarily, the observation of
the lyso-APL product ions (due to the neutral loss of the fatty
acids as RCOOH or R ¼ C ¼ O) can be used to corroborate
the oxidative modification (Tyurin et al., 2008; Tyurina et al.,
2008; Tyurin et al., 2009; Tyurina et al., 2010; Maciel et al.,
2011; Maciel et al., 2013a,b; Melo et al., 2013a,b; Melo et al.,
2013a). Figure 10 shows the MS/MS spectra of a long chain
oxidation product of PAPE (PAPE þ 4O), acquired in the
negative ion mode using an Orbitrap-higher energy collisioninduced dissociation (HCD) (PAPE þ 4O, m/z 802.488); the
characteristic fragments corresponding to the carboxylate
anions can be seen, along with the characteristic neutral loss of
modified saturated sn-2 as ketene (R20 ¼ C ¼ O). Figure 11
exemplifies the tandem MS of a short chain oxidation product of
PE, namely 1-(palmitoyl)-2-(5-oxovaleroyl)-PE, also acquired
upon HCD activation in the negative ion mode; both the native
and the shortened fatty acid carboxylate anions, corresponding
to the sn-1 and the sn-2 fatty acyl chains, respectively, are
shown.
Besides the characteristic product ions described above for
all the oxidized APL, the MS/MS analysis of the PS class in
negative ion mode always shows a product ion formed due to the

neutral loss of aziridine-2-carboxylic acid from the Ser moiety
(identified as neutral loss of 87 Da, Figure 12). This abundant
neutral loss is typically observed in the negative ion mode MS/
MS spectra of native and ox-PS molecular ions (Pulfer and
Murphy, 2003; Domingues et al., 2008; Maciel et al., 2011;
Maciel et al., 2013a). Hence, it can be used to further confirm
the identity of a long chain or short chain oxidation product of
PS, but it is absent in PS modified in the polar head group. PE
tandem mass spectra do not display a typical neutral loss in
negative ion mode. The identity of long chain and short chain
oxidation products of PE can be further verified by MS/MS
analysis in positive ion mode through the characteristic neutral
loss the polar head (loss of phosphoethanolamine, 141 Da)
(Pulfer and Murphy 2003; Domingues et al., 2008, 2009; Sim~oes
et al., 2010). This neutral loss is a common feature of the tandem
mass spectra of native and ox-PE [M þ H]þ ions, as it can be
observed in Figures 13B and 13C. However, this typical neutral
loss is also absent in the case of modifications in the polar head
group in PE.
Our group has published results from several ESI-MS/MS
structural characterizations of oxidized APL, either in negative
ion mode (Maciel et al., 2011; Maciel et al., 2013a) or in the
positive ion mode (Domingues et al., 2009; Sim~oes et al., 2010,
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FIGURE 6. ESI-MS spectrum of gly-PLPE acquired before and after oxidation induced by the •OH radical
(Panels A and B, respectively). In Panel A, the ion at m/z 878.5 corresponds to the [M þ H]þ molecular ion of
glycated PE. In Panel B, the glyco-oxidized [M þ H]þ molecular ions were observed at: m/z 894.6, gly-PLPE
bearing 1 oxygen insertion on the sn-2 linoleoyl chain (mass shift from gly-PLPE: M þ 16 Da); m/z 908.6, glyPLPE bearing 2 oxygen insertions on the sn-2 linoleoyl chain (mass shift from gly-PLPE: M þ 32 Da); m/z 926.6,
gly-PLPE bearing 3 oxygen insertions on the sn-2 linoleoyl chain (mass shift from gly-PLPE: M þ 48 Da); m/z
786.4, glycated 1-(palmitoyl)-2-(9-carboxy-nonanoyl)-PE, a short chain product of glycated PE. Reprinted with
permission from Sim~oes et al. (2010), copyright 2010 [Springer].

2013a). Long chain and short chain oxidation products of PE
can be characterized by positive ion mode MS/MS. The
complete interpretation of the fragmentation patterns should
include the observation and interpretation of the following
product ions (Domingues et al., 2009; Sim~oes et al., 2010):
1. Ions arising from the neutral losses of the polar head
(141 Da);
2. Ions arising from the neutral losses of unmodified saturated
sn-1 acyl chains (R1 ¼ C ¼ O, ketene, and R1COOH,
carboxylic acid) and modified unsaturated sn-2 acyl chains
(R20 ¼ C ¼ O, ketene, and R20 COOH, carboxylic acid);
3. Ions arising from the neutral losses of the fatty acyl chains
plus the polar head;
4. Ions arising from the neutral loss of the polar head, plus the
fragmentation of the C–C bond between a carbon atom
bearing an oxygen insertion and the unsaturation in vinylic
position.
These typical product ions observed in MS/MS spectra in
positive ion mode of ox-PE are exemplified in Figures 13B and
13C. These figures compare the positive LC-MS/MS spectra of
two ox-PE isomers (PLPE þ 3O) (Domingues et al., 2009); ions
labelled as A, B and C were formed by the fragmentation
occurring between the carbon atom bearing the hydroxyl or
hydroperoxyl functional group and the adjacent double bond,
thus were used to indicate which carbon atom was modified by
the oxygenated moieties (Figures 13B and 13C). Domingues
et al. (2009) also correlated the neutral loss of H2O2 (34 Da),
that was observed for the ox-PLPE isomer in
Figure 13C through the fragment ion at m/z 730.6, with the
presence of a hydroperoxy moiety on the sn-2 fatty acyl chain.
Mass Spectrometry Reviews DOI 10.1002/mas

The neutral loss of H2O2 was also reported for PC oxidized as
hydroperoxy derivatives (Adachi et al., 2004; Adachi et al.,
2005; Spickett et al., 2001; Reis et al., 2007). Such a neutral loss
would not appear in the MS/MS spectra of hydroxylated species.
Differently, multiple losses of H2O molecules (losses of n x 18
Da) are observed for poly-hydroxy derivatives, as exemplified in
Figures 13B and 10 (Tyurin et al., 2009).

2. Structural Characterization of Polar Head Oxidation
Products
The structural characterization of APL bearing an oxidized
polar head group is a poorly explored topic that should deserve
more attention. These molecules were found to be proinflammatory factors in peripheral blood (Silva et al., 2012) and
were detected in keratinocytes treated with the oxidant AAPH
(Maciel et al., 2014). APL oxidative modifications of the polar
head were characterized by negative ion mode MS/MS for oxPS. The MS/MS spectra are characterized by the following
features (Maciel et al., 2011):
1. Absence of the ions arising from the neutral loss of
aziridine-2-carboxylic acid (87 Da), typical of native PS;
2. Carboxylate anions of the fatty acids esterified to sn-1 and
sn-2 positions;
3. Ions arising from specific neutral losses due to the
modification of Ser in the oxidized polar head.
Figures 14A and 14B show two MS/MS spectra of ox-PS
bearing a modification in the polar head, acquired in negative
ion mode upon collision-induced dissociation (CID) and HCD
activation, respectively. In both the MS/MS spectra, the neutral
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FIGURE 7. AGEs formed during oxidation of glycated POPS induced by the •OH radical (Fenton reaction). The
ion at m/z 788.4 (POPS þ 28 Da) corresponds to the product with a polar head group bearing a terminal
formamide, arising from the oxidative cleavage between C1 and C2 of the oxidized glucose moiety. The ion at m/z
818.4 (POPS þ58 Da) corresponds to the modified POPS with terminal carboxymethyl, arising from the oxidative
cleavage between C2 and C3 of the glucose moiety, while the ion at m/z 832.4 (POPS þ72 Da) corresponds to the
modified PS with terminal carboxyethyl, arising from the oxidative cleavage between C3 and C4 of the glucose
moiety. The ion at m/z 934.4 was formed by the oxidation of the glucose moiety to glucuronic acid, that resulted in
a mass increment of 176 Da from native POPS (162 Da þ 14 Da ¼ 176 Da). Reprinted with permission from
Maciel and Silva et al. (2013), copyright 2013 [Elsevier].

FIGURE 8. Full ESI-MS of PE after 2 h of treatment with 2 equivalents of HNE. The schematic representation of
native DHPE and its different adducts with HNE is also illustrated. In this spectra, the ion at m/z 718.6 corresponds
to the [MH] molecular ion of the native DHPE, the ion at m/z 874.5 corresponds to the Michael adduct formed
by DHPE and HNE (mass shift of 156 Da, structure C), the ion at m/z 856.8 corresponds to the Schiff base adduct
(mass shift of 138 Da, structure B), the ion at m/z 838.9 was assigned as 2-pentylpyrrole-PE (mass shift of 120 Da,
structure A) arising from the cyclization and dehydration of the Schiff base. Reprinted with permission from
Guichardant et al. (1998), copyright 1998 [Elsevier].
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FIGURE 9. MS spectrum of DPPE incubated with 400 mM hexanal for 1 h at 37 ˚C (A). The ion at m/z 692.52
corresponds to [MþH]þ molecular ion of DPPE; the ion at m/z 774.60 corresponds to the Schiff base adduct (mass
shift of 82 Da); the ion at m/z 856.68 corresponds to the dimeric adduct, arising from the covalent adduction of a
second molecule of hexanal (mass shift of 164 Da), the ion at m/z 874.69 was identified as the hydrated form of
this dimer; the ion at m/z 936.74 corresponds to the pyridinium ring adduct formed by covalent adduction of a
third hexanal molecule, followed by cyclization and loss of one H2O molecule; the ion at at m/z 954.75
corresponds to the hydrated precursor of the pyridinium adduct; the ion at m/z 938.76 corresponds to the trimeric
adduct. The mechanism of the consecutive covalent adductions of hexanal to DPPE is resumed in Panel B.
Reprinted with permission from Annibal et al. (2014), copyright 2014 [John Wiley & Sons].

loss of 87 Da from the precursor is not observed, yet it is possible
to detect a neutral loss of 58 Da. This fragmentation pattern is
characteristic for ox-PS bearing a glycerophosphoacetic acid
derivative in the polar head. The structures of this ion are
depicted in Figure 14 and Figure 5A (Maciel et al., 2011).
A summary of the main product ions that have been
characterized by the MS/MS analysis of ox-PE and ox-PS in
both positive and negative ion modes is reported in Table 4.

3. Structural Characterization of Glycation and GlycoOxidation Products
The MS/MS-based fingerprinting of glycated and glycooxidized APL relies on the interpretation of specific neutral
losses, which allow confirming the adduction of a glucose
moiety to the polar head. A correct reading of such neutral
losses also allows the elucidation of the oxidative modifications that have eventually been introduced on the glycated
polar head. A summary of the mass shifts and the
characteristic neutral losses that have been observed in the
MS/MS spectra of glycated and glyco-oxidized APL acquired in both positive and negative ion modes is reported
in Table 5. Importantly, the neutral loss of phosphoethanolamine polar head from PE occurs upon MS/MS in positive
Mass Spectrometry Reviews DOI 10.1002/mas

ion mode, whereas the neutral loss of Ser from the polar
head of PS takes place upon MS/MS in negative ion mode
(Pulfer and Murphy 2003). Hence, the fragmentation in
positive ion mode is preferred for the analysis of gly-PE and
gly-ox-PE, since it allows to observe the neutral loss of the
glycated polar head (Sim~oes et al., 2010; Melo et al.,
2013b; Annibal et al., 2016). Conversely, the analysis in
negative ion mode is more suitable for gly-PS and gly-oxPS, because it allows the observation of the neutral loss of
the glycated Ser moiety from the polar head (Maciel et al.,
2013b). However, MS/MS analysis in negative ion mode is
also suitable for gly-PE and gly-ox-PE (Sim~oes et al., 2010;
Melo et al., 2013b). The MS/MS fragmentation of gly-PE in
positive ion mode results in typical fragmentation patterns
that include the following ions:
1. Ions arising from the neutral loss of 303 Da, due to the
elimination of the phosphoethanolamine polar head
(141 Da) adducted to one glucose molecule (162 Da)
(Sim~oes et al., 2010; Melo et al., 2013b; Annibal et al.,
2016). Figure 15 shows an MS/MS spectrum of gly-PLPE
acquired in positive ion mode, in which it is possible to
observe a diagnostic neutral loss of polar head adducted to
glucose (303 Da). (Sim~oes et al., 2010);
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2. Ions arising from multiple neutral losses of H2O and
H2CO, characteristic for the insertion of a glucose moiety
(Wang et al., 2008; Sim~oes et al., 2010).

classified in two main groups (Table 5) (Sim~oes et al., 2010;
Shoji et al., 2010; Melo et al., 2013b; Annibal et al., 2016):

When the glycated polar head of gly-ox-PE is oxidized,
different ions arising from neutral losses can be observed in the
MS/MS spectra acquired in positive ion mode. These explanatory neutral losses from the parent molecular ion can be

1. Ions arising from neutral losses greater than 303 Da,
due to the elimination of the phosphoethanolamine
polar head adducted to glucose, with additional
oxygen insertions (e.g., glucuronic acid, glucose

TABLE 6. Chromatographic Columns used for LC-MS separation and analysis of modified APL.
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TABLE 6. Continued

adducted to a-keto-etn) (Sim~oes et al., 2010; Melo
et al., 2013b; Annibal et al., 2016);
2. Ions arising from neutral losses smaller than 303 Da, due to
the elimination of the phosphoethanolamine polar head
adducted to end-products of glucose oxidative cleavage
(e.g., carboxymethyl, carboxyethyl, formamide, carbamino); Figure 16 shows an MS/MS spectrum of gly-oxPLPE acquired in positive ion mode. In this case, the new
structural feature is characterized by the neutral loss of
glyco-oxidized polar head.
The common fragmentation pathways observed in the
negative ion mode MS/MS spectra of gly-PS and gly-PE are also
characterized by specific product ions that are different from
those observed in the positive ion mode. The following fragment
ions are common to gly-PS and gly-PE, when analyzed in
negative ion mode (Table 5) (Sim~oes et al., 2010; Maciel et al.,
2013a,b):
1. Ions arising from the neutral loss of 162 Da, due to the
elimination of the glucose moiety;
2. Carboxylate anions of the fatty acids, R1COO and
R2COO. Nevertheless, it is still possible to observe
oxidative modifications that can occur on the fatty acyl
chains;

3. Ions formed by neutral losses of C3H6O3, C4H8O4, and
C5H10O5 (90, 120 Da, and 150 Da, respectively) due
to the cleavage of the glucose moiety that occurs along the
glycosidic linkages upon MS/MS (Asam and Glish 1997;
Sim~oes et al., 2007).
As an illustration of these fragmentation patterns, Figure 17
shows the MS/MS fragmentation of gly-PLPE in negative ion
mode, showing the characteristic neutral losses of glucose from
the polar head (Sim~oes et al., 2010). The fragmentation of glyPLPS in negative ion mode is shown in Figure 18 and is
characterized by the typical neutral losses of glycated Ser
(Maciel et al., 2013b).
The MS/MS spectra acquired in negative ion mode of glyox-PS also show characteristic neutral losses. If the oxidation
occurs on the glycated Ser moiety, the following diagnostic
neutral losses can be observed (Table 5) (Maciel et al., 2013a,b):
1. Ions arising from neutral losses greater than 249 Da, due to
the elimination of the Ser moiety adducted to glucose with
additional oxygen insertions; Figure 19B shows the MS/
MS spectrum of gly-ox-POPS acquired in negative ion
mode, which highlights the oxidation of the glucose
moiety adducted to the polar head (Maciel et al., 2013b);
2. Ions arising from neutral losses smaller than 249 Da, due to
the elimination of the Ser moiety adducted to end-products
from glucose oxidative cleavage (AGE of glycated Ser).
The MS/MS spectrum of gly-ox-POPS bearing an AGE of
glycated Ser acquired in negative ion mode is depicted in
Figure 20. This spectrum shows the characteristic fragmentation
pattern of a derivative which is oxidatively shortened at C2 of
the glucose moiety (Maciel et al., 2013b).

FIGURE 10. MS/MS spectrum (Orbitrap HCD activation) acquired in
negative ion mode of the [MH] molecular ion of the long chain oxidation
product of PAPE bearing 4 inserted oxygen atoms (m/z 802.486). The ion at
m/z 255.231 corresponds to the R1COO of palmitic acid; the ion at m/z
367.210 corresponds to the R2’COO of oxidized arachidonic acid
(arachidonic acid þ4O, 303þ64 Da); the ion at m/z 452.277, corresponds to
the anion of lyso-PAPE, arising from the neutral loss of oxidized arachidonic
acid from sn-2 as ketene (R2’¼C¼O). The ions at m/z 784.475 and m/z
766.470 were formed by the neutral losses of 1 and 2 water molecules,
respectively (18 Da and 36 Da). The schematic representation of two
possible isomers, along with their fragmentation mechanisms, is also
illustrated.

Mass Spectrometry Reviews DOI 10.1002/mas

FIGURE 11. MS/MS spectrum (Orbitrap HCD activation) acquired in
negative ion mode showing the fragmentation of a short chain oxidation
product of PAPE (m/z 550.343, 1-palmitoyl-2-(5-oxovaleroyl)-sn-3-glycerophosphoethanolamine). The MS/MS spectrum of the [MH] molecular
ion shows the fragment ions corresponding to the carboxylate anion of
palmitic acid (m/z 255.231), and the carboxylate anion of the shortened
arachidonic acid derivative with terminal aldehydic function (5-oxovalerate)
esterified at sn-2 (m/z 115.038). The schematic representation of the
fragmentation is also illustrated.
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FIGURE 12. MS/MS spectrum acquired in the negative mode (Ion Trap
CID activation) of the PAPS bearing 2 inserted oxygens (m/z 814). The
fragment ion at m/z 727.4 arises from the neutral loss of the Ser moiety from
the precursor molecular ion (87 Da). The schematic representation of the
fragmentation is also illustrated.

4. Structural Characterization of Aldehyde-Adduction
Products
Adducts of APL with aldehydes have been highlighted as
bioactive molecules, able to promote macrophage viability
(Riazy et al., 2011) and monocyte adhesion (Guo et al.,
2011). MS/MS allowed the structural elucidation of several
adducts of PE produced in-vitro using reactive products
from lipid peroxidation as hexanoic acid (Tsuji et al.,
2003) and iso-LGs (Bernoud-Hubac et al., 2004). Bernoud-

Hubac and co-authors (Bernoud-Hubac et al., 2004) performed the structural characterization of the adducts
formed by the reaction of PLPE and a mixture of synthetic
iso-LGs. MS/MS in negative ion mode elucidated the
structures of one AL-PE Schiff-base adduct and one ALPE pyrrole adduct. Figures 21 and 22 show two MS/MS
spectra of AL-PLPE adducts, acquired in negative ion
mode. The spectrum in Figure 21 shows the fragmentation
pattern of the AL-PLPE pyrrole adduct (m/z 1031). The
spectrum in Figure 22 shows the fragmentation pattern
acquired in negative ion mode MS/MS of the second ALPLPE (m/z 1035), that allowed its characterization as Schiff
base adduct and the differentiation from the pyrrole adduct
(Bernoud-Hubac et al., 2004). Annibal et al. (2014)
performed an elegant structural characterization of a Schiff
adduct formed by the reaction of DPPE and hexanal, based
on multistage tandem MS analysis. The MS2, MS3 and
MS4 spectra acquired in positive ion mode for the
characterization of Schiff base DPPE-hexanal are shown in
Figure 23A, 23B, and 23C, respectively.
Upon the whole, unbiased LC-MS/MS analyzes of
modified PE and PS allow the identification of the modified
species by characteristic mass shifts in the MS spectra, and
the structural characterization of the modifications by the
acquisition of the MS/MS spectra. This knowledge can be
further applied to the detection and the quantification of
biologically relevant species in vivo, for example, by
developing targeted MS-based analytical methods. The next
section reviews the MS approaches that have so far been
employed for the targeted analysis of modified APL.

FIGURE 13. (A) Reconstructed ion current (RIC) chromatogram of the [MþH]þ molecular ion of PLPE long chain
oxidation product, at m/z 764.5 (3 inserted oxygen atoms), showing the separation of two constitutional isomers. (B, C)
MS/MS spectra acquired in the positive mode of the isomers eluted at 18.32 min (identified as the poly-hydroxy
derivative) (B) and 21.88 min (identified as the hydroperoxy derivative) (C). The following ions were observed in both
spectra: ion at m/z 623.6 ([MþH-141]þ) which arises from the typical neutral loss of the PE polar head; ion at m/z
313.3, is due to the combined loss of 141 Da and R2’¼C¼O; ion at m/z 467.4, arising from the fragmentation of the
C9-C10 bond (C9 with a hydroxyl group and C10 with a double bond), combined with the loss of polar head (“A1”
and “A2” in B and C, respectively); ion at m/z 523.5, arising from the fragmentation of the C12-C13 bond (C12 with a
hydroxyl group and C13 with a double bond), combined with the loss of polar head (fragments “C1” and “C2” in B
and C, respectively); ion at m/z 646.4, arising from the fragmentation of the C12-C13 bond (C13 with a hydroxyl or
hydroperoxyl group and C12 with a double bond) (fragments “D1” and “D2” in B and C, respectively); ion at m/z
535.4, arising from the fragmentation of the C13-C14 bond (C13 with a hydroperoxyl group) combined with the
neutral loss of polar head (fragment “C1” in B). In the MS/MS spectrum at Panel B, it is possible to see the product
ions at m/z 746.6 and m/z 728.6, arising from the loss of one (18 Da) and two H2O molecules (36 Da), respectively,
pinpointing the presence of a polyhydroxy-derivative. In the MS/MS spectrum at Panel C, it is possible to observe the
product ions at m/z 730.6 and m/z 712.6, formed by the neutral loss of H2O2 (34 Da) and the combined losses of H2O2
plus H2O (52 Da), respectively, pinpointing the presence of a hydroxy-hydroperoxy derivative. Reprinted with
permission from Domingues et al. (2009), copyright 2009 [John Wiley & Sons].
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FIGURE 14. (A) MS/MS spectrum acquired in the negative mode (Ion Trap
CID activation) of the PAPS oxidized in the polar head (PAPS 29 Da) and (B)
MS/MS spectrum acquired in the negative mode (Orbitrap HCD activation) of
PLPS oxidized in the polar head (PLPS 29 Da). Both derivatives were formed
upon oxidation by the •OH radical (Fenton reaction). The MS/MS spectrum of
PAPS 29 Da (A) shows a base peak at m/z 695.4 corresponding to the
fragment ion formed by the neutral loss of acetic acid (58 Da) from the
precursor molecular ion. The fragment ion at m/z 255.2 corresponds to palmitic
acid (R1COO) and the fragment ion at m/z 303.3 corresponds to arachidonic
acid (R2COO). In the MS/MS spectrum of PLPS 29 Da (B) the fragment ion
at m/z 671.469 corresponds to the neutral loss of acetic acid (58 Da) from the
precursor molecular ion. The fragment ion at m/z 255.233 corresponds to
palmitic acid (R1COO) and the fragment ion at m/z 303.232 corresponds to
linoleic acid (R2COO). The schematic representations of the fragmentations
are also reported.

E. Targeted MS Approaches for the Detection of
Modified APL in Biological Samples
The detailed knowledge acquired, based on the analysis of the
MS/MS spectra of modified APL, allowed the development of
MS-based targeted approaches, aimed at their detection and
quantification ex-vivo or in-vivo. The targeted detection in cells
or biofluids is fundamental, as it can relate the occurrence of
modified APL with the biological mechanisms underpinning the
onset of a disease, and validate these molecules as biomarkers of
a pathological condition. The applications of the targeted MS
approaches such as precursor ion scanning (PIS), neutral loss
scanning (NLS) and single/multiple reaction monitoring (SRM/
MRM) to detect or quantify modified APL in biological samples
will be discussed in detail below.

1. Precursor Ion Scanning (PIS)
PIS identifies all the precursor ions that fragment in the collision
cell to generate a selected reporter ion. The carboxylate anions
of the fatty acyl chains esterified to the glycerol backbone
(R1COO and R2COO) are typical reporter ions formed during
Mass Spectrometry Reviews DOI 10.1002/mas
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the fragmentation of APL upon MS/MS in negative ion mode
(Pulfer and Murphy 2003). In the case of long-chain oxidation
products, the observation of characteristic mass shifts (n  16
Da, n  16–2 Da) on the carboxylate reporter ions confirms the
insertion of oxygen atoms on the unsaturated acyl chains, as
reported above. Several studies used the carboxylate anion of
hydroxy-arachidonic acid (hydroxy-eicosatetraenoic acid,
HETE) as selected reporter ion for PIS analysis. LC-MS
methods based on RP separation and PIS of the precursors of
HETE (m/z 319) were employed to detect HETE-PE generated
by LOXs in activated human platelets (Maskrey et al., 2007;
Thomas et al., 2010), neutrophils (Clark et al., 2011) and
monocytes/macrophages (Maskrey et al., 2007; Morgan et al.,
2009). A similar PIS approach reported by Hammond et al.
(2012) used the selection of the carboxylate anion of arachidonic
acid bearing one keto insertion (keto-eicosatetraenoic acid,
KETE). The authors employed an LC-MS method based on RP
separation and PIS with the selection of KETE as reporter ion
(m/z 317.2), which detected KETE-containing PE generated by
LOX in monocytes and macrophages of patients affected by
cystic fibrosis. Morgan et al. (2010b) used a similar PIS
approach in negative ion mode, by selecting the carboxylate
anion of docosahexaenoic acid with the insertion one hydroxy
group (hydroxy-docosahexaenoic acid, HDOHE) as fragment
ion. The LC-MS method was based on the PIS of the HDOHE
reporter ion at m/z 343 and detected four HDOHE-PE generated
by 12-LOX in activated human platelets.
Zemski Berry et al. (2010) proposed a PIS approach based
on the derivatization of PE with 4-(dimethylamino)benzoic acid
(DMABA) for detecting ox-PE in RAW 264.7 cells. In this
study, the treatment of lipids extracted from RAW 264.7 cells
with AAPH led to a complex mixture of native and ox-PE,
which were separated by RP-HPLC, and detected by PIS using a
peculiar ion formed during the fragmentation of ox-PE derivatized with D6-DMABA (m/z 197.1) (Figure 24). The structures
of the ox-PE precursor ions identified by PIS were elucidated by
MS/MS, allowing the characterization of long chain and short
chain oxidation products of PE (Zemski Berry et al., 2010).
Maciel et al. (2014) reported a PIS approach for the
detection of ox-PS derivatives in keratinocytes subjected to in
vitro radical oxidation with AAPH. The authors studied the
fragmentation of ox-PS with polar head modified as GPAA
(Figures 4A and 14) by MS/MS in negative ion mode, observing
the formation of the reporter ion at m/z 137.1 (HOPO3CH2COO-). Subsequently, the PIS scan detected several oxidation
derivatives of PS with polar head oxidized as GPAA in the
oxidatively stressed cells (Maciel et al., 2014).

2. Neutral Loss Scanning (NLS)
NLS identifies all the precursor ions that fragment in the
collision cell by the loss of a reporter neutral fragment. Both
AGE and early glycation products of PE have been detected
using this tandem MS approach. Amadori gly-PE in plasma
from diabetic patients were detected by scanning of the neutral
loss of 303 Da, corresponding to the loss of glycated polar head
and formation of a diacylglyceride ion (see also Figure 15 and
Table 5) (Nakagawa 2005). In another study, profiling of the PE
AGE CM-PE and CE-PE in human diabetic plasma was carried
out by NLS of parent ions, yielding neutral losses of 199 Da and
213 Da, respectively, which again correspond to the loss of
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FIGURE 15. MS/MS spectrum acquired in the positive mode of gly-PLPE. The neutral loss of glycated polar
head (303 Da) is evidenced by the base peak at m/z 575.6; the fragment ion at m/z 794.6 arises from the neutral
loss of 84 Da, due to the elimination of three H2O molecules and one H2CO molecule from the precursor
molecular ion. The schematic representation of the fragmentation leading to the neutral loss of the glycated polar
head is also illustrated. Reprinted with permission from Sim~oes et al. (2010), copyright 2010 [Springer].

modified polar heads (Shoji et al., 2010). Also, Maciel et al.
(2014) profiled PS oxidation products with polar head modified
as GPAA in keratinocytes subjected to in vitro radical oxidation
with AAPH, using an NLS of the reporter neutral fragment
corresponding to the acetic acid moiety of GPAA (58 Da) as
shown in Figure 14A.

3. Single and Multiple Reaction Monitoring (SRM/MRM)
Reaction monitoring routines are more suitable when the
presence of an analyte has been confirmed, and a quantitative
assessment is required. In single reaction monitoring (SRM) a
single fragmentation step is monitored, and the reporter ion that
is selected is usually the most diagnostic and abundant among
the ions characterizing the MS/MS pattern. If the fragmentation
of the parent ion leads to several reporter ions which are
diagnostic and intense, multiple transitions, from one precursor

FIGURE 16. MS/MS spectrum acquired in the positive mode of gly-oxPLPE. The fragment ion at m/z 575.5 (base peak) arises from the neutral loss
of the oxidized polar head (303 þ 14 Da); the fragment ion at m/z 318.1
corresponds to the protonated oxidized polar head group. The schematic
representation of the fragmentation leading to the neutral loss of the oxidized
glycated polar head is also illustrated. Reprinted with permission from
Sim~oes et al. (2010), copyright 2010 [Springer].

ion to one or more reporter ions, can be monitored. This
approach is known as multiple reaction monitoring (MRM).
Positive mode reaction monitoring has been used for
detecting gly-PE in biological samples, through the formation of
the diacylglyceride derivative fragment ions arising from the
loss of glucose-adducted polar head (303 Da) (Nakagawa 2005;
Sookwong et al., 2011). In these reports, the transition
906.5  603.7 was used to quantify Amadori-dioleoyl-PE in
plasma from healthy and diabetic humans (Nakagawa 2005).
Also, the transition 908.8  605.7 was used to quantify Amadori-1-stearoyl-2-oleoyl-PE in several tissues from healthy and
diabetic rats (Sookwong et al., 2011). Similarly, CE-PE and

FIGURE 17. MS/MS spectrum acquired in the negative mode (Orbitrap
HCD activation) of gly-PLPE. The fragment ion at m/z 714.508 arises from
the neutral loss of glucose (162 Da). The fragment ions at m/z 255.233 and
m/z 279.233 correspond to the unmodified R1COO and R2COO,
respectively. The fragment ions at m/z 756.519 and m/z 786.529 arise from
the neutral losses of 90 Da (C3H6O3), and 120 Da (C4H8O4) from the
precursor ion, respectively, and arise from characteristic fragmentation
patterns of the glucose moiety upon negative ion mode MS/MS. The
schematic representation of the fragmentation is also reported.
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FIGURE 18. MS/MS spectrum acquired in the negative mode (Orbitrap HCD
activation) of gly-PLPS. The fragment ion at m/z 758.497 arises from the
neutral loss of glucose (162 Da). The base peak at m/z 671.466 arises from
the combined neutral losses of glucose and aziridine-2-carboxylic acid from the
precursor ion (162 þ 87 ¼ 249 Da). The fragment ions at m/z 255.233 and m/z
279.233 correspond to the unmodified R1COO and R2COO, respectively.
The ion at m/z 830.519 arises from the neutral loss of 90 Da (C3H6O3). The
schematic representation of the fragmentation is also reported.

&

CM-PE were quantified by reaction monitoring in human
erythrocytes and blood plasma, using the transition leading to
the elimination of modified polar head and formation of
diglyceride product ion (Shoji et al., 2010). SRM and MRM
were also used in the quantification of different ox-PE from rat
tissues. Positive mode MRM was used to quantify 14 different
short chain oxidation derivatives of PE in rat retina, by setting
one specific parent-product transition for each oxidatively
truncated analyte (Gugiu et al., 2006).
Different isomers of long-chain oxidation products of PE
are generated by LOXs in activated blood cells, including
platelets, neutrophils, and monocytes/macrophages. In these
cells, negative ion mode MRM based on the modified fatty acid
carboxylate product ions as KETE (m/z 317) and HETE (m/z
319) has been used for detection and quantification of HETE-PE
(Thomas et al., 2010; Clark et al., 2011; Morgan et al., 2009)
and KETE-PE (Hammond et al., 2012) derivatives, respectively.

IV. CONCLUSIVE REMARKS
PE and PS, also named APL, are essential phospholipids
that are found in the plasma membrane of mammalian cells,

FIGURE 19. (A) Reconstructed ion current (RIC) chromatogram of the [MH] molecular ion of gly-POPS
long chain oxidation product, at m/z 936.4 (mono-keto-derivative) showing the separation of two constitutional
isomers. (B) MS/MS spectrum and (C) scheme of fragmentation of the isomer that eluted at 11.0 min; in the MS/
MS spectrum at Panel B, the fragment ion at m/z 673.3 (base peak) arises from the neutral loss of 263 Da, which
is due to the loss of aziridine-2-carboxylic acid (87 Da) adducted to the glucuronic acid moiety (162 þ 14 ¼ 176
Da), confirming the insertion of one oxygen atom on the glycated polar head; the fragment ion at m/z 760.4 can
be attributed to the neutral loss of glucuronic acid (176 Da) and further confirms the oxidation of the glucose
moiety. (C) MS/MS spectrum and (D) scheme of fragmentation of the isomer eluted at 19.7 min; in the MS/MS
spectrum at Panel B, the fragment ion at m/z 687.4 (base peak) arises from the neutral loss of 249 Da, which
corresponds to the aziridine-2-carboxylic acid (87 Da) adducted to the glucose moiety (162 Da), confirming that
the keto insertion (þ14 Da) is located on the oleoyl chain of gly-POPS; the fragment ion at m/z 774.3 (neutral
loss of glucose, 162 Da) also shows that the glucose moiety does not bear any oxidative modification. Reprinted
with permission from Maciel et al. (2013b), copyright 2013 [Elsevier].
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FIGURE 20. MS/MS spectrum acquired in the negative mode of the advanced gly-ox-POPS end product at m/z 818.4 (cleavage in the C2–C3
bond of the glucose moiety). In this spectrum, the fragment ion at m/z 673.4 (base peak) arises from the neutral loss of 145 Da, that corresponds
to the Ser moiety adducted to a carboxymethyl group, formed by the oxidative cleavage of glucose (87 þ 58 Da). This fragmentation pathway
confirms that the precursor ion at m/z 818.4 is a PS AGE in which the glucose moiety has been shortened by an oxidative cleavage between C2
and C3. The minor fragment ion at m/z 760.5 arises from the neutral loss of a carboxymethyl moiety from the precursor ion (58 Da) and further
confirms that an oxidative cleavage occurred between C2 and C3 of glucose. Reprinted with permission from Maciel et al. (2013a), copyright
2013 [Elsevier].

FIGURE 21. MS/MS spectrum acquired in the negative mode of the IsoLG–PE pyrrole adduct at m/z 1031; the fragment ion at m/z 768 arises from
5C5
5O; the fragment ion at m/z 512 is due to the combined losses of R2COOH and R1COOH; the fragment ion at m/z 415
the neutral loss of R25
arises from the neutral losses of the polar head, modified as pyrrole adduct (361 Da), and R1COOH; the fragment ion at m/z 391 arises from the
neutral losses of the polar head modified as pyrrole adduct (361 Da) and R2COOH; the fragment ions at m/z 279 and m/z 255 are R2COO and
R1COO, respectively; the fragment ion at m/z 153 is due to the combined neutral losses of the polar head modified as pyrrole adduct (361 Da) and
of R1COOH and R2COOH. The schematic representations of the fragmentations are also illustrated. Reprinted with permission from Bernoud-Hubac
et al. (2004), copyright 2004 [Elsevier].
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FIGURE 22. MS/MS spectrum acquired in negative ion mode of IsoK–PE
Schiff base adduct at m/z 1035; the fragment ion at m/z 772 arises from the
5C5
5O; the combined neutral losses of R2COOH and
neutral loss of R25
R1COOH led to fragment ion at m/z 516; the fragment ion at m/z 415 is
formed by the combined neutral losses of the polar head modified as Schiff
base adduct (365 Da) and R1COOH; the fragment ion at m/z 391 arises
from the combined neutral losses of the polar head modified as Schiff base
adduct (365 Da) and R2COO; the fragment ions at m/z 279 and m/z 255
are R2COO and R1COO, respectively; the fragment ion at m/z 153 arises
from the neutral losses of the polar head modified as Schiff base adduct
(365 Da) and of R1COOH and R2COOH. The schematic representations of
the fragmentations are also illustrated. Reprinted with permission from
Bernoud-Hubac et al. (2004), copyright 2004 [Elsevier].

displaying structural and signaling roles. APL can be
modified to oxidized, glycated, glyco-oxidized and aldehyde-adducted derivatives. Over the last 20 years, several
studies have reported the bioactivities of modified APL and
their occurrences in several inflammation-related pathologies, highlighting potential roles as signaling molecules and
biomarkers of disease. However, structural complexity and
low in vivo-concentration have represented the two main
challenges for the analysis of modified APL. MS is a
sensible and selective analytical platform that has been
fundamental in the identification, structural characterization,
detection and quantification of modified APL. Some MSbased strategies have already provided brilliant insights on
modified PE, with several studies focusing on its characterization in vitro and, to a lesser extent, on its detection in
biological samples. Nevertheless, the literature focused on
the MS analysis of APL modifications is still scarce,
particularly in the case of PS. As a challenge for the future,
a more comprehensive knowledge of the modifications that
can occur in PE and PS is needed, relying on systematic
experimental approaches that merge in vitro biomimetic
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FIGURE 23. Positive ion mode multistage tandem MS spectra of a DPPEhexanal Schiff base adduct. (A) MS/MS spectrum of the DPPE-hexanal
Schiff base adduct; the fragment ion at m/z 551.51 corresponds to the
diacylglyceride fragment ion, arising from the neutral loss of the phosphoethanolamine moiety covalently linked to hexanal (224 Da); the fragment
ion corresponding to the modified polar head group can be seen at m/z 224.15
and was selected for further fragmentation. (B) The MS3 spectrum of
phosphoethanolamine-hexanal Schiff base product ion; the fragment ion at
m/z 126.10 corresponds to the of the vinylamine-hexanal Schiff base adduct
due to the neutral loss of phosphoric acid from the precursor ion (98 Da);
this fragment ion at m/z 126.10 was further isolated and fragmented. (C) The
MS4 spectrum of the vinylamine-hexanal Schiff base product ion; several
peaks (m/z 112.34, 98.15, 83.97, 69.98, 55.99) arise from the sequential mass
losses of 14 Da, which confirm the presence of a hexanal alkyl chain
adducted to the polar head. The schematic representations of the fragmentations are also illustrated. Reprinted with permission from Annibal et al.
(2014), copyright 2014 [John Wiley & Sons].

methods to modern MS platforms. Databases of fragment
ions of modified APL can be generated from an extensive in
vitro characterization, and finally translated to MS-based
targeted methods, which represent a reliable tool for the
detection of these molecules in clinical samples. This
bioanalytical knowledge, accompanied by a more detailed
investigation of the biological functions of modified PE and
PS, will contribute to unveil the implications of modified
APL in, for example, inflammatory diseases, and will
provide new biomarkers of highly-debilitating pathologies
like cancer, diabetes, and atherosclerosis.
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FIGURE 24. Schematic representation of the PIS approach based on D6-DMABA derivatization proposed for
the identification of oxidized PE in lipid extracts from RAW 264.7 cells.
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hydroxyeicosatetraenoic acid
4-hydroxy-2-hexenal
4-hydroxy-2-nonenal
human umbilical vein endothelial cells
iso-ketal
keto-eicosatetraenoic acid
liquid chromatography
low-density lipoprotein
lipoxygenase
matrix-assisted laser desorption/ionization
malondialdehyde
myeloperoxidase
multiple reaction monitoring
mass spectrometry
neutral loss
neutral loss scanning
normal phase high performance liquid chromatography
molecular oxygen
superoxide radical
singlet oxygen
hydroxyl radical
4-oxo-2-nonenal
oxidized PE
oxidized PS
phosphatidylethanolamine
1-palmitoyl-2-linoleoyl-sn-3-glycerophosphoethanolamine
1-palmitoyl-2-linoleoyl-sn-3-glycerophosphoserine
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POPE
PS
RA
ROS
RP-HPLC
Ser
SIM
SRM
TFAME
TIC
TLC
VEGF

1-palmitoyl-2-oleoyl-sn-3-glycerophosphoethanolamine
phosphatidylserine
relative abundance
reactive oxygen species
reversed phase high performance liquid chromatography
serine
single ion monitoring
single reaction monitoring
trifluoroacetyl-methyl ester
total ion count
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Abstract
Phosphatidylethanolamines (PEs) are widely present in cellular membranes and lipoproteins.
Oxidation of PE fatty acyl chains generates several oxidized products, exerting a vast number
of biological functions, not totally unveiled yet. In vitro biomimetic models have been used to
identify oxidized PEs and to develop analytical strategies for their targeted detection in vivo.
Most of the models are based on oxidation by reactive oxygen species (ROS), but the oxidative
metabolism of PE also relies on controlled reactions catalyzed by enzymes as lipoxygenase,
which can be mimicked by electrochemical (EC) oxidation. In this study, 3 PE standards
(1‐palmitoyl‐2‐oleoyl‐sn‐glycero‐3‐phosphoethanolamine
glycero‐3‐phosphoethanolamine

(PLPE),

and

(POPE),

1‐palmitoyl‐2‐linoleoyl‐sn‐

1‐palmitoyl‐2‐arachidonoyl‐sn‐glycero‐3‐

phosphoethanolamine (PAPE)) were oxidized by EC oxidation, using an EC flow‐through cell
system as a biomimetic model of oxidative injury. The new oxidation products were identified
by online EC electrospray ionization mass spectrometry (EC‐ESI‐MS and MS/MS). Long‐chain
and short‐chain oxidation products were identified, bearing modifications in the sn‐2 acyl
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chains, whereas the oxidation pattern was dependent on the unsaturation level. Long‐chain
oxidation products of PEs (keto, hydroxy, hydroperoxy, poly‐hydroperoxy derivatives)
were identified, bearing up to 5, 7, and 10 oxygens for POPE, PLPE, and PAPE, respectively.
Fourteen short‐chain oxidation products, 7 from PLPE, and 7 from PAPE, including aldehydes,
γ‐hydroxy‐α,β‐aldehydes, and dicarboxylic acids were characterized. Some of these oxidized
species were previously reported during the oxidative metabolism of PEs driven by ROS. The
EC‐ESI‐MS platform was, therefore, able to mimic the oxidative metabolism of PEs mediated
by ROS.
KEY WORDS

electrochemistry, mass spectrometry, oxidation, phosphatidylethanolamine, phospholipids
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|

INTRODUCTION

the fatty acyl chains, whereas the degree of unsaturation is a factor
that directly modulates the course of this structural modification.5

Phospholipids are main constituents of the cellular membrane, mediat-

The oxidation process leads to structurally diversified oxidized

ing structural changes and signaling responses, including fluidity, water

products that may lose their original function or exert new biological

impermeability, intercellular communication, and anchorage of signal-

activities, different from those of the native phospholipid.6-10

1

ing macromolecules. Phospholipids also act as a pool of structures

Phosphatidylcholine (PC) was the first phospholipid class characterized

that can be modified to generate several signaling mediators.2,3 Phos-

by mass spectrometry (MS) in terms of structure11,12 and tendency to

phatidylethanolamine (PE) is the second most abundant phospholipid

oxidize; hence, several reviews comprehensively report the state of

class, contributing to around 20% of the phospholipidome, being pres-

the art in the analysis of PC‐oxidized derivatives.9,10,13 Differently,

4

ent in cell membranes and lipoproteins of mammalian organisms. It is

MS‐based studies of oxidized PE have mainly been performed in the

well known that phospholipid properties are affected by oxidation of

last decade,10 and only few MS approaches aimed to the structural

J Mass Spectrom. 2018;53:223–233.
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characterization of modified PE through reactive oxygen species (ROS)

Enzymatic oxidation of PE in mammalian cells can also be

generating systems have so far been reported,14-18 despite the role

mediated by conserved enzymes that catalyze stereospecific oxygen

that oxidized PE may play in pathophysiologic processes. Biological

insertions on the unsaturated fatty acyl chains, upon controlled

functions of oxidized PE in mammalian cells include the modulation

intracellular signaling pathways.2,3,28 Unsaturated fatty acid chains that

19-21

of the immune system,

regulation of the mitogen‐activated pro-

are usually esterified to the sn‐2 position of the glycerol backbone of

tein kinase pathway,22 and pro‐coagulant activity mediated either via

PE (e.g., linoleic acid (LA) and arachidonic acid (AA)) are metabolized

thrombin generation23,24 or protein C inhibitor modulation.25

in vivo to a wide range of oxidized lipids mediating biological functions

PE can be oxidized by radical/nonenzymatic pathways or by

related to inflammation, immunity, and regulation of cell growth.29-32

enzyme‐catalyzed reactions, with both mechanisms leading to diversi-

The oxidative metabolism of LA, AA, and other unsaturated lipids

fied oxidation products.26 ROS modify the unsaturated fatty acyl chains

relies on cyclo‐oxygenase, cytochrome P450, and lipoxygenase

of PE by oxygen insertions and chain decomposition reactions.5-7,9,10

(LOX).28 LOXs are stereospecific dioxygenases, which catalyze the

However, a controlled cellular oxidation is fundamental for redox

insertion of molecular oxygen into unsaturated fatty acids that bear

homeostasis, and many distinct physiological functions involve ROS as

at least 1 (1Z,4Z)‐pentadiene system. The primary oxidation product

signaling molecules.27 Figure 1 shows the mechanism of phospholipid

of LOX catalysis is a lipid hydroperoxide that is intracellularly reduced

peroxidation initiated by radical ROS on 1‐palmitoyl‐2‐arachidonoyl‐

to the corresponding lipid hydroxide by glutathione peroxidase.3 Lipid

sn‐glycero‐3‐phosphoethanolamine (PAPE) and evidences the evolu-

oxidation derivatives produced by the catalysis of LOX and other

tion of the process through the main oxidation products.

enzymes have already been characterized by several studies that have

FIGURE 1

Schematic representation of phospholipid peroxidation initiated by hydroxyl radical, the reactive oxygen species formed during
electrochemical (EC) oxidation. The peroxidation of PAPE (PE 16:0/20:4) is shown as an example. Although the main products and
intermediates of oxidation are illustrated for carbons 5 and 8 of the esterified arachidonic acid, the insertion of oxygens can similarly affect other
carbon positions of the poly‐unsaturated fatty acyl chain. A, PAPE bears four bis‐allylic carbon atoms on the arachidonoyl chain esterified at sn‐2. B,
Allylic H abstraction and radical rearrangement. C, One carbon‐centered radical can rearrange along 3 carbon positions, each of which becomes
potentially oxidizable. D1, O2 insertion. D2, H abstraction from an adjacent PAPE molecule. E, Besides 5‐hydroperoxy‐PAPE, many more primary
PAPE hydroperoxydes can be formed, including 7‐hydroperoxy‐PAPE, 8‐hydroperoxy‐PAPE, 9‐hydroperoxy‐PAPE, 10‐hydroperoxy‐PAPE, 11‐
hydroperoxy‐PAPE, 12‐hydroperoxy‐PAPE, 13‐hydroperoxy‐PAPE, and 15‐hydroperoxy‐PAPE. These constitutional isomers cannot be
distinguished by MS/MS analysis. F, One‐electron reduction. G, Different PAPE poly‐hydroperoxides can be formed within a new cycle. H, New
cycle of H abstraction and O2 insertion. I, Intermediate, highly reactive alkoxy radicals that are formed on the sn‐2 acyl chain can propagate the
abstraction of bis‐allylic hydrogens from adjacent PAPE molecules. L, Homolytic β‐cleavage C5‐C6 (sn‐2). M, Homolytic β‐cleavage C8‐C9 (sn‐2)
and hydroperoxide reduction. N, Oxidation of the hydroxide to ketone. O, Additional short‐chain oxidation products can be formed (terminal
aldehydes and terminal carboxylic acids in C7, C8, C9, C10 C11, C12, C13, C15). The position of the alkoxyl radical determines the length of
esterified sn‐2 acyl chain in the shortened product
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mainly focused on the oxidation of free fatty acids, and this area of
investigation has been reviewed.28 More recently, the importance of

Scientific, Zoeterwoude, NL) consisting of the ROXY potentiostat for

esterified lipids. Especially after the advances in high sensitivity MS,

the control of the flow‐through μ‐PrepCell 2.0 supplied with a Magic

several oxidized PEs produced by LOX‐catalyzed reactions have been

Diamond™ working electrode (boron‐doped diamond (BDD)) and a

detected by targeted MS approaches in activated platelets,2,3,24,33,34
and

monocytes/macrophages.2,3,19,33,36

Electrochemical oxidation

The EC reactions were conducted in the ROXY EC system (Antec

enzymatic oxidation has been highlighted for the metabolism of PE‐

neutrophils,2,3,35

|

225

Pd/H2 reference electrode. Phospholipid standards were diluted to

These

the final concentration of 25 μM in 1:1 MeOH:20 mM ammonium for-

studies on enzymatically oxidized PEs have shown how LOX can

mate and infused through the μ‐PrepCell at a constant rate of 20 μL/

oxidize PE through 2 pathways: (i) direct oxidation of PE19,33,36 and

min. During the reaction, the temperature of the ROXY EC system was

(ii) oxidation of a free fatty acid released from the membrane PE pool,

constantly maintained at 37°C. The ROXY EC system was directly

which is later reesterified to generate the oxidized PE.24,34,35

coupled to the ESI‐HCT ion trap mass spectrometer. Firstly, the

PE oxidation has therefore been reported to occur because of

voltage‐induced oxidation of the phospholipid standards was assessed

enzymatic and nonenzymatic pathways, and in both cases, the in vivo

applying a ramp of voltages between 2 preset potential values—from

occurrence of the oxidized products has been suggested. Nowadays,

0 to 3.40 V—in steps of 20 mV/s (scan mode), hence allowing to

the study of enzymatic and nonenzymatic oxidation mechanisms

optimize a voltage that resulted in a stable EC reaction. As an outcome

should start from in vitro biomimetic systems, able to predict the

of these optimization steps, each phospholipid standard was succes-

reactions that normally lead to the production of oxidized PE. In

sively oxidized applying a static potential over the whole process:

these biomimetic approaches, the oxidized PE species can be

3.00 V was selected for POPE, and 2.50 V was selected for PLPE

identified by MS and the fragmentation patterns studied by tandem

and PAPE.

MS, aiming to find diagnostic fragment ions for targeted in vivo
analysis.15-18 Facing a great variability of possible oxidation

2.3

derivatives, an ideal biomimetic tool should be able to mimic as much
as possible the oxidation chemistry that is likely to occur in vivo.

identification, and the structural characterization of the new oxidation

mass spectrometry (ESI‐MS) is both a micropreparative and analytical

products were all monitored by negative mode and positive mode ESI‐

platform that has been employed as a biomimetic model for studies

MS and MS/MS experiments, using a spherical high capacity (HCT

aimed to simulate phase I and phase II drug metabolism37 and to

plus) ion trap mass spectrometer (Bruker, Millerica, MA, USA). The

predict the oxidative modifications in biomolecules as nucleic

sample flowing through μ‐PrepCell was directly infused in the ESI

acids, peptides, and proteins.38 Some studies have reported the

source at the rate of 20 μL/min, while the remaining ESI conditions

application of EC‐ESI‐MS in the prediction of the oxidative
of

fatty

acid

methyl

esters

(FAMEs)39

Mass spectrometry

The extent of electrochemically induced oxidative modification, the

Electrochemical (EC) oxidation coupled to electrospray ionization‐

modifications

|

were set as follows: electrospray voltage of 4.2 kV, capillary tempera-

and

ture of 300°C, sheath gas pressure set to 20.00 psi, drying gas flow

cholesterols.40 Nonetheless, the literature does not report any study

rate set to 5.00 standard liter per minute. For automated MS/MS

in which this platform has been used for profiling the oxidation of

experiments, the ions exceeding a relative intensity threshold of 5%

phospholipids. In the present study, electrochemically induced

were selected from each full‐scan mass spectrum for MS/MS analysis

modifications in the PE species 1‐palmitoyl‐2‐oleoyl‐sn‐glycero‐3‐

using collision‐induced dissociation. MS/MS spectra were acquired

phosphoethanolamine (POPE; 16:0/18:1), 1‐palmitoyl‐2‐linoleoyl‐sn‐

with the following settings: profile mode, isolation width 4.00 m/z

glycero‐3‐phosphoethanolamine (PLPE; 16:0/18:2), and PAPE (16:0/

units, collisional amplitude 1 V, and fragmentation time of 40 ms.

20:4) were identified by MS and characterized by tandem MS (MS/MS)

Redundant MS/MS measurements were avoided enabling a real‐time

a structural elucidation of the products. EC‐ESI‐MS is proposed as an

active exclusion of previously analyzed precursor ions, with the condi-

innovative and technically simple tool for mimicking the oxidative

tions set as follows: 2 repeat counts and exclusion duration 20 minutes.

metabolism of diversely unsaturated PEs within short times of reaction

Data acquisition and treatment of results were carried out with Com-

and analysis.

pass Data Analysis (version 4.2) and Compass Data Analysis Viewer
(version 4.2) (Bruker, Billerica, MA, USA).

2

EXPERIMENTAL

|

3
2.1

|

Reagents/chemicals

|

RESULTS

Three PE standards were electrochemically oxidized in an ampero-

Phospholipid standards POPE, PLPE, and PAPE were purchased from

metric flow‐through EC cell (μ‐PrepCell), and the PE oxidation prod-

Avanti Polar Lipids, Inc. (Alabaster, AL, USA) and used without further

ucts were studied by coupling the EC system directly to the ESI‐

purification. HPLC‐grade methanol and ammonium formate for MS

HCT‐IT‐MS, operating in both negative and positive ion modes.

were purchased from Fisher Scientific (Hampton, NH, USA). Milli‐Q

When the μ‐PrepCell cell was off (nonoxidative conditions, thus

water (18.2 MΩ cm) used for all experiments was obtained from a

before oxidation), only the unmodified PEs were identified in the

Barnstead Easypure II system (Thermo Fisher Scientific, Waltham,

ESI‐MS spectra as [M + H]+ ions at 718.6 (POPE), 716.5 (PLPE), and

MA, USA).

740.5 (PAPE) in the positive ion mode and as [M‐H]− ions at 716.5
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(POPE), 714.4 (PLPE), and 738.5 (PAPE) in the negative ion mode.

oxidation products, it was possible to observe the neutral loss of

Comparison of the ESI‐MS spectra of the PE standards before and

141 Da (loss of the phosphoethanolamine polar head). This is a typical

after the application of the potential allowed the detection of remark-

neutral loss of PE in positive ion mode,12 which confirmed that the

able changes in the mass spectra, both in the negative and in the pos-

assigned products were oxidized PEs and that the oxidation did not

itive ion mode. Full MS spectra acquired in negative ion mode for

occur in the polar head. All the MS/MS spectra acquired in negative

POPE, PLPE, and PAPE before and after the EC oxidation are shown

ion mode showed the typical fragmentation pathways of PEs.12,17

in Figure 2. For all the PEs, new ions generated by the EC treatment

These include the formation of carboxylate anions of the fatty acids

were observed at higher m/z values than the [M‐H]− and the [M + H]+

esterified to the sn‐1 and sn‐2 positions and the formation of ions

ions of the nonmodified PEs. The new ions were identified as long‐

due to losses of the modified fatty acyl chain from the sn‐2 position

chain oxidation products of PEs including keto, hydroxy, hydroperoxy,

as ketene derivative (−R2=C=O), with the formation of lysoPE ions.

and poly‐hydroperoxy derivatives ([M + nO]+, n = 1‐5 for POPE;

In these MS/MS spectra of oxidized PE, it was therefore always pos-

n = 1‐7 for PLPE; n = 1‐10 for PAPE), as summarized in Table 1 for

sible to identify the typical carboxylate ion, R1COO−, of palmitic acid

+

the ions observed in positive mode, as [M + H] ions (along with their

at m/z 255 (Figures 3, 4, and 5) which is not prone to oxidize. In addi-

relative abundances). All the long‐chain oxidation products reported

tion, it is also possible to see the carboxylate anions of the modified

in Table 1 were also identified in negative ion mode. For PLPE and

fatty acid at sn‐2 bearing several oxygen insertions (R′2COO−) that

−

PAPE, new ions also appeared at lower m/z values than the [M‐H]

allowed us to assign the modifications on the unsaturated fatty acyl

and the [M + H]+ ions of the unmodified PEs and were identified as

chains. Furthermore, in the MS/MS spectra, it was also possible to

short‐chain oxidation products (Table 2). Short‐chain oxidation

see the fragment ions due to loss of 18 Da (H2O), of 32 Da (O2),

products were not observed for POPE. No oxidation products were

and of 34 Da (H2O2) (Figures 3, 4, and 5), which have already been

identified below m/z 500. The structural elucidation of the new

reported as typical neutral losses of the hydroxy and hydroperoxy

oxidation products was carried out by ESI‐MS/MS analysis in positive

moieties in previous studies of phospholipid oxidation.15,41 The

and negative ion modes. In all the positive ion mode MS/MS of the

presence of the hydroperoxy moiety is strongly corroborated from

FIGURE 2

Full ESI‐MS spectra of the 3 PE standard objects of the present study, before and after the electrochemical oxidation
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TABLE 1

Long‐chain oxidation products observed in the positive ESI‐MS spectra from each oxidized PE (POPE, PLPE, and PAPE) with the identification and the indication of the m/z values of the [M + H]+ ions
m/z [M + H]+
POPE

Relative abundance

PAPE

Relative abundance

—

718.6

100.00

716.5

14 (+O‐2 Da)

732.5

20.44

730.5

64.93

740.5

100.00

32.81

754.5

16 (+O)

734.6

59.44

732.5

11.21

36.20

756.5

28 (+2O‐4 Da)

746.5

15.26

13.11

744.4

8.67

768.5

30 (+2O‐2 Da)

748.5

9.16

51.12

746.5

36.39

770.5

12.77

32 (+2O)
44 (+3O‐4 Da)

750.6

47.52

748.5

100.00

772.5

19.70

762.5

27.50

46 (+3O‐2 Da)

764.5

48 (+3O)

766.6

53.07

762.5

64.18

786.5

32.64

49.01

764.5

73.97

788.5

60 (+4O‐4 Da)

39.35

778.5

18.93

776.5

9.88

800.5

12.05

62 (+4O‐2 Da)

780.6

28.14

778.5

38.65

802.5

40.95

64 (+4O)

782.5

13.30

780.5

46.60

804.5

50.93

70 (+5O‐10 Da)

788.5

12.48

72 (+5O‐8 Da)

790.6

9.91

76 (+5O‐4 Da)

794.6

20.15

792.5

19.61

816.5

21.68

78 (+5O‐2 Da)

796.6

15.28

794.5

68.13

818.6

45.78

796.5

11.82

820.5

35.64

832.6

31.62

810.5

10.72

834.6

47.04

836.6

29.20

824.5

7.85

848.6

34.33
32.63

Mass increment

80 (+5O)

PLPE

Relative abundance

92 (+6O‐4 Da)
94 (+6O‐2 Da)
96 (+6O)
108 (+7O‐4 Da)
110 (+7O‐2 Da)

850.6

112 (+7O)

852.6

17.39

122 (+8O‐6 Da)

862.6

13.55

124 (+8O‐4 Da)

864.6

28.27

126 (+8O‐2 Da)

866.6

22.48

128 (+8O)

868.6

9.80

138 (+9O‐6 Da)

878.5

13.94

140 (+9O‐4 Da)

880.6

18.19

142 (+9O‐2 Da)

882.6

10.92

156 (+10O‐4 Da)

896.6

11.11

TABLE 2 Short‐chain oxidation products observed in the positive ESI‐MS spectra from PLPE and PAPE with the identification and the indication
of the m/z values of the [M + H]+ ions

m/z [M + H]+

Structural feature

GPE

Oxidation product

Aldehydes

PLPE

1‐Palmitoyl‐2‐(9‐oxononanoyl)‐GPE
1‐Palmitoyl‐2‐(8‐hydroxy‐11‐oxo‐9‐undecenoyl)‐GPE
1‐Palmitoyl‐2‐(9‐hydroxy‐12‐oxo‐10‐dodecenoyl)‐GPE
1‐Palmitoyl‐2‐(5‐oxopentanoyl)‐GPE
1‐Palmitoyl‐2‐(4‐hydroxy‐7‐oxo‐5‐heptenoyl)‐GPE
1‐Palmitoyl‐2‐(5‐hydroxy‐8‐oxo‐6‐octenoyl)‐GPE

608.4
650.4
664.4
552.4
594.4
608.4

1‐Palmitoyl‐2‐octanedioyl‐GPE
1‐Palmitoyl‐2‐nonadioyl‐GPE
1‐Palmitoyl‐2‐(9‐hydroxy‐12‐oxo‐10‐dodecenoyl)‐GPE
1‐Palmitoyl‐2‐(9‐hydroxy‐10‐dodecenedioyl)‐GPE
1‐Palmitoyl‐2‐pentanedioyl‐GPE
1‐Palmitoyl‐2‐(4‐hexenedienoyl)‐GPE
1‐Palmitoyl‐2‐(5‐heptenedioyl)‐GPE
1‐Palmitoyl‐2‐(6‐octenedioyl)‐GPE

610.4
624.4
664.4
680.4
568.4
580.4
594.4
608.4

PAPE

Dicarboxylic acids

PLPE

PAPE

the neutral losses of 34 Da from the modified sn‐2 fatty acyl chains.

presence of multiple hydroperoxy moieties. This is shown in

Interestingly, the combined losses of 32 Da plus 34 Da and loss of

Figures 3, 4, and 5, using 3 PAPE oxidation products as examples,

multiple 34 Da in the MS/MS spectra can be used to confirm the

namely hydroxy‐hydroperoxy‐PAPE, dihydroperoxy‐PAPE, and keto‐
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FIGURE 3 ESI‐MS/MS spectrum in negative
ion mode showing the fragmentation of the
[M‐H]− ion of hydroxy‐hydroperoxy‐PAPE (m/
z 786.5). R1COO−: sn1 fatty acid, carboxylate;
R2′COO−: oxidized sn2 fatty acid, carboxylate;
R2′=C=O: sn2 fatty acid, ketene. The
schematic representation of the fragmentation
mechanism is also illustrated [Colour figure
can be viewed at wileyonlinelibrary.com]

FIGURE 4 ESI‐MS/MS spectrum in negative
ion mode showing the fragmentation of the
[M‐H]− ion of dihydroperoxy‐PAPE (m/z
802.5). R1COO−: sn1 fatty acid, carboxylate;
R2′COO−: oxidized sn2 fatty acid, carboxylate;
R2′=C=O: sn2 fatty acid, ketene. The
schematic representation of the fragmentation
mechanism is also illustrated [Colour figure
can be viewed at wileyonlinelibrary.com]

hydroxy‐dihydroperoxy‐PAPE (Scheme 1, panels A, B, and C,

the fatty acyl chains, because multiple positions of oxygenated

respectively).

structures for sure occur.15

In the case of hydroxy‐eicosatetraenoic acid‐PE (HETE‐PE or

The MS/MS spectrum of the [M‐H]− of hydroxy‐hydroperoxy‐

hydroxy‐PAPE, Scheme 1, panel D), the MS/MS spectrum of the [M‐

PAPE at m/z 786.5 (Figure 3) shows the product ion at m/z 351.1, cor-

H]− ion at m/z 754.4 showed a product ion at m/z 319.0 attributed

respondent to the carboxylate ion of the oxidized AA at sn‐2 (hydroxy‐

to the carboxylate anion of the hydroxy‐AA, which corresponds to

hydroperoxy‐AA) bearing 3 oxygen insertions (303 + 48 Da). The neu-

the modified fatty acid in sn‐2. This observation is characteristic and

tral loss of the modified fatty acid as ketene produced the ion at m/z

has been extensively described for mono‐hydroxylated phospho-

452.1. The product ion at m/z 754.4 is due to the neutral loss of O2

lipids.5,9 It was also possible to observe a product ion at m/z 219.1,

(−32 Da), which has already been reported to occur for hydroperoxy

which was already been found to arise from the MS/MS fragmentation

derivatives of phospholipids.15,41 Furthermore, the fragment at m/z

of the 15‐HETE‐PE, a PE oxidation product bearing 1 hydroxyl group

768.4, arising from the neutral loss of H2O (−18 Da), confirmed the

at C15, formed enzymatically by 15‐LOX.36,42 However, the presence

presence of 1 hydroxy moiety on the AA fatty acyl chain.15,41 Because

of other positional isomers, with hydroxide/hydroperoxide moieties

the MS/MS spectra of the ion at m/z 786.5 reported intense neutral

inserted on other carbons, is also possible. When performing a

losses of O2 and H2O, we identified this ion as a hydroxy‐

structural characterization of oxidation products of PE by MS/MS, it

hydroperoxy‐PAPE. In the context of the analysis of PLPE bearing 2

is difficult to propose possible locations for the functional groups along

oxygen insertions (PLPE + 2O), it was previously observed that the
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FIGURE 5 ESI‐MS/MS spectrum in negative
ion mode showing the fragmentation of the
[M‐H]− ion of keto‐hydroxy‐dihydroperoxy‐
PAPE (m/z 832.5). R1COO−: sn1 fatty acid,
carboxylate; R2′COO−: oxidized sn2 fatty acid,
carboxylate; R2′=C=O: sn2 fatty acid, ketene.
The schematic representation of the
fragmentation mechanism is also illustrated
[Colour figure can be viewed at
wileyonlinelibrary.com]

SCHEME 1

Examples of PAPE long‐chain
oxidation products generated in the
electrochemical cell and analyzed by ESI‐MS/
MS: hydroxy‐hydroperoxy‐PAPE A,
dihydroperoxy‐PAPE B, keto‐hydroxy‐
dihydroperoxy‐PAPE C, and hydroxy‐PAPE D

typical fragmentation of hydroperoxide moieties under MS/MS dis-

54 Da, that can occur in the case of more than 2 hydroxyl moieties).41

plays abundant ions due to loss of H2O2 (−34 Da) and/or O2

These fragmentations by multiple losses of H2O molecules are not

(−32 Da).15 The neutral loss of H2O2 from the oxidized parent ion

abundant in the case of poly‐hydroperoxy derivatives, as we observed

was also correlated with the insertion of hydroperoxide in several

for the ion at m/z 786 (Figure 3). The coexistence with the isobaric tri‐

works reporting MS/MS analyses of oxidized PCs.43-46 Additionally,

hydroxy‐PAPE, however, cannot be excluded, because this species

the neutral loss of O2 had already been proposed as a characteristic

could be present in minor amounts.

fingerprint of hydroperoxide moieties, in other studies focused on

In the MS/MS spectrum of the [M‐H]− ion of dihydroperoxy‐PAPE

the structural characterization of oxidized phospholipids by MS/

at m/z 802.5 (Figure 4), it is possible to observe the product ion at m/z

MS.47,48 In contrast, in poly‐hydroxy derivatives, these products of

367.1, which corresponds to the carboxylate ion of the oxidized AA at

fragmentation are absent and the MS/MS spectra are characterized

sn‐2 (dihydroperoxy‐AA) bearing 4 oxygen insertions (303 + 64 Da),

by abundant losses of 1 H2O molecule (−18 Da) and losses of multiple

while it is possible to observe the loss of the modified sn‐2 fatty acid

H2O molecules (losses of n × 18 Da, such as loss of 36 Da and loss of

as ketene at m/z 452.1. The MS/MS spectrum also depicts the product
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ion at m/z 770.4 attributed to neutral loss of O2 (−32 Da) and the

are represented without a definitive assignation of the carbon atoms

product ion at m/z 736.2 arising from combined losses of O2

bearing the oxygen insertions.

(−32 Da) plus H2O2 (−34 Da), that confirms the presence of 2

Because the MS/MS spectra were acquired with the ion trap mass

hydroperoxy moieties on the AA fatty acyl chain. Altogether, the

spectrometer upon collision‐induced dissociation, we were only able

MS/MS spectrum of the ion at m/z 802.5 reports very intense product

to acquire fragmentation spectra in which the lowest m/z value of

ions due to neutral losses of H2O, O2, and H2O2 that allowed us to

the product ions corresponded to one third of the m/z of the precursor

identify this oxidation product as a dihydroperoxy‐PAPE. As discussed

ion (low‐mass cutoff). Thus, in some cases, the carboxylate anions of

above for the ion at m/z 786, also in this case, we did not observe

the shortened fatty acyl chains of short‐chain oxidation products can-

abundant multiple neutral losses or H2O in the MS/MS spectrum;

not be seen. In this case, MS/MS in positive mode can be used for the

however, isobaric tetra‐hydroxy‐PAPE cannot be excluded and could

structural characterization of short‐chain oxidation products, as exem-

be formed in minor amounts.

plified for the ion at m/z 552.3, a short‐chain oxidation product of

Figure 5 depicts the MS/MS spectrum of the [M‐H]− ion of keto‐

PAPE (Figure 6). The fragmentation of this ion upon positive ion mode

hydroxy‐dihydroperoxy‐PAPE at m/z 832.5. The product ion at m/z

MS/MS yields a base peak at m/z 411.3 that arises from the neutral

397.1 corresponds to the carboxylate ion of the oxidized AA bearing

loss of the phosphoethanolamine polar head (−141 Da) and confirms

6 oxygen insertions on the sn‐2 (303 + 94 Da, keto‐hydroxy‐

that the short‐chain oxidized molecule is a modified PE. Another

dihydroperoxy‐AA). Additionally, the loss of the modified fatty sn‐2

important product ion can be observed at m/z 313.3, which is attribut-

acid as ketene can be observed through the product ion at m/z

able to the combined neutral loss of 141 Da and of the shortened sn‐2

452.1. We have also observed the product ion at m/z 814.4 due to

acyl chain. The product ion at m/z 534.3 results from the neutral loss

the neutral loss of 1 H2O molecule (−18 Da) from the single hydroxyl

of H2O from the aldehyde group. Upon the whole, these observations

moiety and the product ion at m/z 800.4 (−32 Da) resulting from 1

confirmed the presence of a shortened sn‐2 fatty acid bearing an

of the 2 hydroperoxyl moieties. Finally, the product ion at m/z 736.2

aldehyde moiety, thus allowing us to assign the ion at m/z 552.3 as

arises from the multiple loss of 2 O2 molecules (−64 Da), that is related

1‐(palmitoyl)‐2‐(5‐oxopentanoyl)‐PE.

to the presence of 2 hydroperoxyl moieties on the AA fatty acyl
chain. Considering that this MS/MS spectrum reports an evident

4

neutral loss of H2O plus a single and a multiple neutral loss of molecu-

|

DISCUSSI ON

lar oxygen, we characterized this molecule as keto‐hydroxy‐
dihydroperoxy‐PAPE.

Using an amperometric flow‐through EC cell (μ‐PrepCell™) supplied

As stated for mono‐hydroxy‐PAPE, proposing a location of the

with a Magic Diamond™ working electrode (BDD) and a Pd/H2 refer-

oxygen functional groups along the chain based on the MS/MS struc-

ence electrode, we electrochemically oxidized the 3 PE molecular spe-

tural characterization is a difficult task: particularly in the case of poly‐

cies POPE (16:0/18:1), PLPE (16:0/18:2), and PAPE (16:0/20:4), and

oxygenated long‐chain oxidation products as the ions at m/z 786.5,

we analyzed the oxidized mixture by online direct infusion ESI‐MS

m/z 802.5, and m/z 832.5, it becomes even more challenging to deter-

and MS/MS. The EC device employed in this study worked with a

mine straightforwardly the positional isomers within the mixture.15

BDD electrode that mediates an anodic oxidation of H2O, leading to

Hence, the long‐chain oxidation products of PAPE showed in Scheme 1

the abstraction of 1 electron from the H2O molecules and to the

FIGURE 6 ESI‐MS/MS spectrum in positive
ion mode showing the fragmentation of the
[M‐H]+ ion of 1‐(palmitoyl)‐2‐(5‐
oxopentanoyl)‐PE. R2′=C=O: sn2 fatty acid,
ketene. The schematic representation of the
fragmentation mechanism is also illustrated
[Colour figure can be viewed at
wileyonlinelibrary.com]

66

COLOMBO

Journal of

MASS
SPECTROMETRY

ET AL.

production of •OH.37 Thus, •OH is the ROS that mediated the oxida-

231

Hence, the redox potential of the 1‐electron abstraction occurring

tion of the organic compounds in the BDD‐equipped EC cell.37 Based

in this system corresponds to the 1‐electron redox potential of

on this knowledge, we used EC oxidation as a biomimetic model of

the

•

OH‐induced oxidation of PEs. The online EC‐MS and MS/MS system

electrode (E0•OH,H+/H2O = 2.30 V as measured by Buettner,50

allowed the identification and the characterization of the oxidized

E0•OH,H+/H2O = 2.80 V as reviewed by Brillas et al.51). The Fenton

products in few minutes, which is a great advantage considering the

system also leads to the production of •OH; therefore, the same

time of reaction of several days needed for the majority of the other

1‐electron redox potential (E0•OH,H+/H2O) is expected during this

oxidation systems. Comparison of the ESI‐MS spectra of the PE stan-

reaction.50,51 We assume that the main reason for the higher number

dards before and after the application of the potential allowed the

of oxygen insertions that we observed here is the fast and extensive

detection of new ions at higher m/z values than the [M‐H]− and the

production of •OH, generated in the EC cell on the electrode surface,

+

•

OH,H+/H2O couple relatively to the standard hydrogen

[M + H] of the unmodified PEs. We identified these ions as long‐chain

which is a peculiar feature of this online EC‐ESI‐MS system. However,

oxidation products of PEs as keto, hydroxy, hydroperoxy, and poly‐

this extended oxidation pattern might also be due to the very short time

hydroperoxy derivatives (in the positive ion mode: [M + H + nO]+,

elapsing through the production and the analysis of the oxidized

n = 1‐5 for POPE; n = 1‐7 for PLPE; n = 1‐10 for PAPE) (Table 1). In

products, that is another feature achieved by the online analysis.

terms of relative intensity, the data reported in Table 1 show that the

The structural elucidation of the long‐chain oxidation products

most abundant oxidized species for POPE and PLPE were the mono‐

highlighted a direct correlation between the number of oxygens added

hydroxy

respectively.

to the unsaturated fatty acyl chains and their number of unsaturations,

Differently, the most intense oxidation product of PAPE has been

and

the

mono‐hydroperoxy

derivative,

as normally observed for radical‐driven oxidation of phospholipids.5

identified as tri‐hydroperoxy‐PAPE. These results are in agreement

These observations are consistent with the radical oxidation mecha-

with the principles of lipid peroxidation, whereas the unsaturation level

nism mediated by the EC cell.37 •OH generated under electrochemical

5,49

correlates with the number of inserted oxygen atoms.

The EC cell

oxidation conditions leads to the formation of carbon‐centered radi-

was employed in the present work as a biomimetic method of

cals on the unsaturated fatty acyl chains. These carbon‐centered radi-

oxidation induced by •OH, which was the effector of the radical

cals react with O2 to generate the hydroperoxyl radical, as typically

peroxidation observed for the PE standards. Oxidation of PE by •OH

reported for lipid peroxidation.5 Within the present work, the EC cells

generated by Fenton reaction was already reported by Domingues

operated at atmospheric pressure; thus, O2 was available for the reac-

et al.15 and Simões et al.16 Domingues et al.15 studied the oxidation

tion. In the case of poly‐hydroperoxy‐PEs, we performed a structural

of PLPE induced with the Fenton reaction, observing the formation of

characterization based on the neutral losses of O2 (−32 Da) and

long‐chain oxidation products bearing up to 4 oxygens (PLPE +4O),

H2O2 (−34 Da) in the MS/MS spectra. We observed that

along with 11 short‐chain oxidation products with terminal aldehyde
and carboxylic acid. Hence, the authors observed a lesser extent of

i. The number of sequential O2 and H2O2 neutral losses in the MS/

long‐chain products and a higher number of short‐chain derivatives in

MS spectra depends on the number of hydoperoxyl moieties that

comparison with the present work (1 to 7 oxygen insertions and 7

have been inserted into the sn‐2 fatty acyl chain.

short‐chain oxidation products observed for PLPE). In the same work,

ii. The absence of multiple neutral losses of H2O in the MS/MS

the ion of PLPE +2O was found to be the most intense in the ESI‐MS

spectra of a (poly)hydroperoxy‐PE can be used to distinguish it

spectrum acquired in the positive ion mode, similarly to what we
15

observed in our study.

by an isobaric polyhydroxy‐PE.

Likely to what we observed in our experi-

ments, the long‐chain oxidation products identified in the previous

iii. The coinsertion on the fatty acyl chain of hydroperoxyl groups

studies included keto‐PLPE, keto‐hydroxy‐PLPE, hydroxy‐PLPE, and

and further oxygen moieties (keto, hydroxyl) does not hinder

15,16

hydroxy‐hydroperoxy‐PLPE.

the observance of the typical hydroperoxy diagnostic neutral

However, the EC‐ESI‐MS platform

losses (−32, −34 Da) in the MS/MS fragmentation pattern.

has the advantage to allow the formation and the direct analysis of
the oxidized species within minutes and without the need of any
further protocol of lipid extraction. Additionally, the long‐chain

Among the mixture of oxidized derivatives produced in the EC cell,

oxidation products of POPE and PLPE were formed with a higher

we identified as most abundant the mono‐hydroxy‐PEs and mono‐

number of hydroperoxyl moieties, when compared with the results of

hydroperoxy‐PEs, which were reported before to be formed either

oxidative treatments to PEs induced by photosensitization17,18 or

by metal‐catalyzed oxidation, usually mediated by the hydroxyl radi-

Fenton reaction.15,16 Hence, even though the radical‐based mechanism

cal10,15 and also by oxidative metabolism of PE mediated by the

of peroxidation induced by EC led to the same oxidation products

enzyme LOX in vivo.52 We found that mono‐hydroxy‐PE and mono‐

observed for Fenton, we noticed a remarkable difference in the extent

hydroperoxy‐PE were the most intense ions in the mixtures of oxidized

of the oxidation mediated by the EC cell. A high extent of oxygen inser-

POPE and oxidized PLPE, respectively. Mono‐hydroxy‐PE and mono‐

tion was also reported for the EC‐mediated oxidation of cholesterol40

hydroperoxy‐PE were also identified among the oxidized PAPE deriva-

and FAMEs of biodiesel.39 The potential applied to the EC cell induces

tives, despite the most intense oxidized products in the correspondent

1‐electron abstractions from H2O molecules on the electron surface.37

full MS spectra arose from the poly‐hydroperoxy species (+4O, +5O,

The hydroxyl radical (•OH) generated by this abstraction is the oxidizing

+6O). Mono‐hydroperoxy‐PAPE belongs to a group of oxidized species

agent in the cell, produced within different times and quantities

named

depending on the cell potential (2.50 or 3.00 V in the present work).37

through the EC‐ESI‐MS platform, it was possible to generate and
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hydroperoxy‐eicosatetraenoic‐PEs
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Herein,

Journal of

MASS
SPECTROMETRY

232

COLOMBO ET AL.

characterize the hydroperoxy and the hydroxy derivatives for all the 3

ORCID

PE species (POPE, PLPE, and PAPE), and their fragmentation finger-
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printing. These observations highlighted the potential of the EC‐ESI‐
MS platform in mimicking ROS‐mediated modification of PEs.
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Abstract
The aminophospholipids (APL), phosphatidylethanolamine (PE) and phosphatidylserine
(PS) are widely present in cell membranes and lipoproteins. Partially reduced oxygen species (ROS)
and glucose can react with APL, leading to an array of oxidized, glycated and glyco-oxidized
derivatives. Modified APL have been detected in inflammatory diseases and diabetes, and are
considered signalling molecules in cell death. However, their biological significance has not been
completely unravelled, since they are present in very low amounts in vivo, and new sensitive
methodologies are needed to detect them in biological systems. Few studies have focused on LCMS/MS characterization of APL modifications, and mainly employed C5 or C18 reversed phase
(RP) columns. In the present study, a new analytical strategy based on C30-RPLC-MS/MS, high
resolution MS, and higher energy collisional dissociation (HCD) MS/MS is proposed for the
characterization of complex mixtures of oxidized, glycated and glyco-oxidized PE (POPE, PLPE)
and the PS (POPS, PLPS). C30-RPLC separated distinct categories of derivatives including short
and long fatty acyl oxidation products, along with glyco-oxidized APL bearing oxidative
modifications on the glucose moiety and on the fatty acyl chains. Functional isomers (e.g hydroxyhydroperoxy-APL and tri-hydroxy-APL) and positional isomers (e.g. 9-hydroxy-APL and 13hydroxy-APL) were also discerned by the method. HCD-type fragmentation patterns were
identified for unequivocal structural characterization, and are translatable into MS/MS
fingerprinting of the modified derivatives in biological samples.
Keywords:

phosphatidylethanolamine,

phosphatidylserine,

spectrometry, lipidomics
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Introduction
The aminophospholipids (APL), phosphatidylethanolamine (PE) and phosphatidylserine
(PS), are main constituents of mammalian cell membranes and lipoproteins, displaying both
structural and signalling functions1. Upon oxidative stress, partially reduced oxygen species (ROS)
mediate the radical oxidation of APL, causing modification of unsaturated fatty acyl chains and
polar heads with formation of oxygenated derivatives and chain-shortening reactions, overall
leading to a plethora a new oxidized or glycated /glycoxidized molecular species2–6. Oxidized APL
might lose the activity of the non-modified precursor or acquire new biological functions. Oxidized
PE and PS to be molecules of crucial importance in key events as cell death and regulation of the
inflammatory response. Concerning cell death, recent evidence highlighted that oxidized PE,
namely hydroperoxy-PE, is directly involved in the mediation of ferroptosis7 and oxidized PS,
namely short chain PS8, or long chain oxidation products as hydroxy-PS and hydroperoxy-PS9, play
an active role in the recognition of apoptotic cells by macrophages .
Regarding inflammation, oxidized PE has been highlighted mainly as a factor promoting an
inflammatory response in human peripheral blood10,11. The role of oxidized PS in inflammation has
also been explored, with controversial outcomes suggesting both pro-inflammatory12 and antiinflammatory11,13 actions. Both oxidized PE and PS have been detected in vivo in various diseases.
Mono-oxygenated PE derivatives were detected in fibrocystic bronchoalveolar lavage in humans14 ,
and in activated platelets, monocytes15, and macrophages16. Hydroxy-PS, hydroperoxy-PS and
hydroxy-hydroperoxy-PS were also detected in post-mortem human brains from Alzheimer’s
disease17, whereas PS oxidized in the polar head were found to occur in oxidatively stressed human
keratinocytes18 .
Due to the presence of the free amino group in the polar head, APL are also prone to form
covalent adducts with glucose19. Once formed, glycated APL can be further oxidized upon
oxidative stress, leading to glyco-oxidized APL, also named advanced glyco-oxidation end products
(AGE)20,21. Some authors reported the ability of glycated and glyco-oxidized PE to promote lipid
peroxidation via generation of ROS21,22. Similarly to what observed for oxidized PE, glycated and
glyco-oxidized PE were found to promote an inflammatory phenotype in peripheral blood10,23.
Glycated and glyco-oxidized PE have also been highlighted as factors modulating the expression of
several proteins in rat cardiomyocytes21. Glycate PE was detected in plasma of patients associated
with hyperglycemic conditions19,22. Glycated and glyco-oxidized PE were also detected in red blood
cells and plasma samples from healthy and diabetic subjects19,22,24–28, in diabetic rats29, and in
mitochondrial membranes of several mammalian species30. However, mostly because of their low

75

abundance in vivo, the relevance of oxidized, glycated and glyco-oxidized APL as biomarkers for
disease aetiology and prevention is still far from being clarified and deserves to be further explored.
Overall, the biological studies mentioned earlier seem to suggest a structure-activity
relationship, according to which an isomer of a modified APL mediates a peculiar biological
function. Indeed, the detection of specific isomers of modified APL in inflammatory pathologies
could provide information about the molecular basis of the disease, validate biomarkers for early
diagnosis, and highlight new targets for drug development. However, low in vivo abundances, and
overlapping of m/z and RT of modified or non-modified APL still represent a problem occurring in
most LC-MS-based lipidomic in studies aimed to detect modified APL in vivo4,31,32. There is still a
strong necessity for sensitive and selective LC-MS/MS platforms for lipidomics that can achieve an
always deeper characterization of modified APL within a complex mixture or matrix, and
consequently be used for both in vitro and in vivo analytical studies. Liquid chromatographytandem mass spectrometry (LC-MS/MS) has been extensively employed for the characterization of
oxidized PC (as reviewed elsewhere)4,5, whereas fewer reports have focused on modified PE33–37,
and little work has been carried out for modified PS38,20,39. Most of the published works devoted to
the LC-MS/MS analysis of oxidized PE and PS have employed C520,34,39 and C1827,15,40,28,14
columns. Whereas these columns performed well in the separation of functional group isomers of
modified APL, they failed in the separation of the positional isomers characterized by the insertion
of an oxygen moiety on distinct positions of the fatty acyl chain. Innovative reversed-phase liquid
chromatography (RPLC) methods implementing C30 columns were successfully employed in
comprehensive lipidomic analyses of human plasma41, rat plasma and rat liver42. Interestingly,
C30-RPLC has never been proposed for an improved separation and structural characterization of
modified APL. In the present study, a leading-edge LC-MS/MS approach based on C30-RPLC,
high resolution MS identification and higher energy collisional dissociation (HCD) MS/MS is
proposed for the analysis of the oxidized, glycated and glyco-oxidized derivatives of four different
APL standards – two from the PE class and two from the PS class. This platform, herein tested for
the first time on complex mixtures of modified APL, could separate positional and functional group
isomers of oxidized, glycated and glyco-oxidized PE and PS, and pointed out the HCD-type
fragmentation patterns for each group of modified derivatives.
Experimental
Reagents / chemicals
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Phospholipid standards POPE, PLPE, POPS and PLPS were purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL, USA) and used without further purification. HPLC-MS grade
chloroform, Milli-Q water, methanol, acetonitrile, isopropanol, ammonium formate and formic acid
were purchased from Fisher Scientific (Hampton, NH, USA). FeCl2 and H2O2 (30%, w/v) used for
the Fenton reaction were acquired from Merck (Darmstadt, Germany). Glucose and ammonium
bicarbonate were purchased from Sigma-Aldrich (Saint Louis, MO, USA).
Phospholipid glycation and oxidation
Glycated PL samples were synthetized by adding 1.2 mg of glucose, dissolved in 150 µL of
methanol, to 0.5 mg of dry PL. The solution was mixed thoroughly, and the glass reaction vessel
was introduced in boiling water with continuous magnetic stirring, for 45 minutes35,39.
Non-modified and glycated PL were oxidized by Fenton reaction. For the detailed
experimental procedures of PL oxidation, the reader is referred to a previously published works in
which the same protocol was applied11,39.
C30 RP-LC-MS
The PL oxidation, glycation and glyco-oxidation products were analyzed by RPLC-MS
performed on a Dionex UltiMate3000 nano-flow LC system coupled to a Q Exactive™ HF hybrid
quadrupole-Orbitrap mass spectrometer. Using a glass vial with insert, the reaction mixture was
diluted in methanol to the final concentration of 250 ng/µL, and 5 µL of this solution were
introduced into an Accucore C30 column (150 x 2.1 mm) equipped with 2.6 µm diameter fusedcore particles. The mobile phases consisted of water/acetonitrile 50/50 v/v with 0.1% formic acid
and 5 mM ammonium formate (phase A), and isopropanol/acetonitrile/water 85/10/5 v/v/v with
0.1% formic acid and 5 mM ammonium formate (phase B). The solvent gradient was set up with an
initial linear ramp from 10% B to 86% B at 20 min, followed by a linear increase to 95% B at 22
min, which was isocratically held for 4 minutes. The percentage of B was decreased to 10% at
minute 26.1, and maintained isocratically until the end of the run at minute 32. The flow rate was
300 µL/min.
During full MS experiments, the Q Exactive™ HF hybrid quadrupole-Orbitrap mass
spectrometer operated on a mass range comprised between m/z 400 and m/z 1600, with a high
resolving power of 120000, an injection time of 100 ms and an AGC target of 1E6, in positive
(electrospray voltage +3.5 kV) and negative (electrospray voltage -3.5 kV) ion modes
simultaneously. The capillary temperature was 250 °C for the positive ion mode and 230 °C for the
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negative ion mode, while the sheath gas and the auxiliary gas flows were respectively 45 U and 15
U, for both polarities.
Tandem mass spectra of [M+H]+ and [M-H]- ions were generated simultaneously upon
higher energy collisional dissociation (HCD), with cycles consisting of one full scan mass spectrum
plus five data-dependent MS/MS scans for each polarity, continuously repeated through the
experiments with an isolation window of 1 m/z, and a dynamic exclusion of 10 seconds. Normalized
collision energy™ (CE) was stepped between 10, 20 and 30 eV. The instrument operated with a
resolving power of 15000, an injection time of 150 ms and an AGC target of 1E5 throughout all the
MS/MS acquisitions.
Results
The analysis of complex mixtures formed upon biomimetic radical oxidation of PLPE,
PLPS, POPE and POPS, and their glycated derivatives was achieved by C30-RPLC, high resolution
MS, and HCD-based MS/MS fragmentation. Lipid species were oxidized by the hydroxyl radical
generated under Fenton reaction as reported in previous works11,39. Several types of oxidation and
glyco-oxidation products can be formed upon radical oxidation of APL. The species that were
herein analysed were those major derivatives that are expected to be the most abundant and were
already detected in vivo, namely the long chain products (the major are mono-, di- and trioxygenated derivatives), the short chain products (the major are APL esterified with oxononanoic
and azelaic acid, which were only observed after the peroxidation of APL esterified with linoleic
acid), and the glyco-oxidized APL with oxidation in the polar head (APL adducted to end products
of glucose oxidation)43. These major oxidation and glyco-oxidation products, besides being the
most abundant in biomimetic systems, are also the modified APL bearing the higher biological
interest, as they were detected in biological and clinical samples. All the categories of biologically
relevant modified APL that were analysed in the present study were summarized in Table 1 and LCMS characterization will be detailed in the next sections.
Separation of the oxidized derivatives of APL by C30-RPLC and characterization by HCD
MS/MS
A comparison of the total LC-MS profiles from the four oxidized APL is depicted in Figure
1. Non-modified APL eluted in a RT range between 15.1 - 17.5 min. Mono-hydroxy derivatives
(APL+O, mass shift: +16 Da) eluted in a RT range between 12.9 - 14.9 min, hydroperoxy and/or dihydroxy derivatives (APL+2O, mass shift: +32 Da) eluted between 10.1 -13.6 min, hydroxyhydroperoxy and/or tri-hydroxy derivatives (APL+3O, mass shift: +48 Da), observed only for ox-
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PLPS and ox-PLPE (not for POPS and POPE) eluted between at 8.6 min and 11.3. The short chain
oxidation products were only observed for ox-PLPE and ox-PLPS, as previously reported34,35,44.
These derivatives esterified to an oxidatively cleaved chain in the sn-2 position eluted in a RT range
comprised between 6.5 min and 8.0 min (azelaoyl derivative at 6.9 min and 9-oxo-nonanoyl
derivative at 7.5 min). Non-modified APL esterified to linoleic acid, along with their hydroxy, dihydroxy and hydroperoxy derivatives, eluted on average 1.05 minutes before their correspondent
species esterified to oleic acid.
The extracted ion current (XIC) chromatograms of PLPS and its main oxidation products,
acquired in the positive ion mode, are plotted in Figure 2 as example. PLPS was chosen as
examples, but the same oxidation products, and their isomers, were observed for PLPE
(Supplementary Figure 1), whereas only long chain oxidation products were observed in the case of
POPS and POPE (Supplementary Figures 2 and 3, respectively). Non-modified PLPS eluted at the
highest retention times (RT), while the oxidized derivatives eluted with lower RT, due to the
increase of polarity caused by the oxidative modifications, and a similar trend was observed for the
other oxidized APL. As expectable for mono-, di-, and tri-oxygenated long chain products, oxygen
functional groups increased the polarity of the derivatives and progressively decreased their
retention times in the C30 column. PLPS esterified with 9-oxononanoic acid and dinonanoic acid,
which are known abundant short chain oxidation products of linoleoyl-phospholipids4, were the
most polar oxidation products and, therefore, the ones eluting at the lowest RT in the C30 column.
XIC chromatograms plotted for each m/z of interest (Table 1) often resulted in more than one peak,
suggesting the formation of functional group and positional isomers. Whenever the C30 column
achieved the separation of these isomers, it allowed HCD MS/MS of each isomer, thus to analyse
their characteristic fragmentation patterns and point out common and different product ions which
define their structures.
Identification and structural characterization of different isomers of oxidized APL by HCDMS/MS
LC-MS/MS spectra were acquired for the major ions of oxidized APL that were observed
and separated upon C30 LC, with the aim of obtaining a detailed structural characterization of the
different isomers and defining specific fragmentation fingerprinting of each isomer in HCD
conditions, that have not been reported so far. In fact, oxygenated products having the same m/z and
the same number of oxygens might often correspond to 2 or more positional and functional group
isomers, with different structural features, each of which might elute at a peculiar RT over a C30RPLC-MS run. The typical behaviour of PE and PS upon MS/MS was observed for all the long
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chain and short chain oxidation products of APL, namely the neutral losses (NL) of polar head
groups (NL of 141 for PE and neutral loss of 185 for PS), along with the ion at m/z 313.273 formed
by the combined loss of polar head and sn-2 acyl chain, that were observed in all the MS/MS
spectra acquired under HCD fragmentation of the [M+H]+ ions (Scheme 1). However, other
characteristic NL and products ions could also be observed, that pinpointed either the type of
oxidative modification and its position, allowing to assign specific functional and structural isomers
as explained hereinafter.
Hydroxy-PLPS and hydroxy-POPS eluted in two peaks as can be seen in the XIC
chromatograms of the corresponding [M+H]+ depicted in Figure 3. The ion at m/z 776.506
(hydroxy-PLPS) eluted in two major peaks at 12.6 and 12.8 min, attributed to different positional
isomers (Figure 3A). In both LC-MS/MS spectra of the two isomers (Figure 4), NL of H2O (18 Da),
and H2O combined with loss of phosphoserine polar head (185+18 Da, 203 Da) were observed. In
the LC-MS/MS spectra of the PLPS+O at RT 12.6 min (Figure 4A), it is possible to see a minor
product at m/z 491.409 indicating the insertion of the hydroxy group at C-13 (13-hydroxy-PLPS
isomer); in the case of PLPS+O at RT 12.8 min (Figure 4B), the minor fragment at m/z 467.370
pinpoints the hydroxy group at C-9 (9-hydroxy-PLPS isomer). Product ions as m/z 491.409 and m/z
467.370 are formed through cleavage occurring between the carbon bearing the functional group (in
this case, hydroxy) and the unsaturated carbon in vinylic position, after neutral loss of the polar
head (Scheme 2).23,34
Hydroxy-POPS, [M+H]+ ion at m/z 778.522, eluted in a major peak at 13.6 min (Figure
3B). The MS/MS spectrum of this ion showed the NL of H2O (18 Da), NL of phosphoserine (185
Da), and combined NL of H2O with phosphoserine polar head (185+18), as observed for hydroxyPLPS (Figure 5). The minor product ions at m/z 451.378 and m/z 467.372 suggested the co-elution
of the positional isomers bearing the hydroxy group in C-10 and C-9, respectively.
The [M+H]+ ion of hydroxy-PLPE at m/z 732.517 eluted in two major peaks at 13.8 min and
14.0 min (Supplementary Figure 4). Both the MS/MS spectra showed NL of H2O (18 Da), NL of
phosphoethanolamine (141 Da) and combined NL of H2O with phosphoethanolamine polar head
(141+18 Da). The product ions as m/z 491.409 and m/z 467.368 were observable for the isomers
that eluted at 13.8 min and 14.0 min, respectively (Supplementary Figure 5). This suggested the
formation of the 13-hydroxy-PLPE and 9-hydroxy-PLPE isomers, as we observed for PLPS.
The same type of mono-oxygenated positional isomers (13-hydroxy and 9-hydroxy) were
formed for the APL esterified to linoleic acid, PLPS and PLPE. Within the two phospholipid
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classes, these positional isomers showed similar separation profile in the C30 column (0.2 min shift
in the RT). Also, they formed very similar fragmentation patterns, losses of H2O (confirming the
hydroxy moiety), losses of polar head group (the base peak product ion) and combined NL of H2O
and polar head, along with the product ions at m/z 491.409 and m/z 467.368 (indicating the position
of the hydroxy group) that appeared at the same m/z independently of the phospholipid class (PE or
PS).
Besides positional isomers, oxidation of APL can also lead to the formation of functional
group isomers, which occurs for poly-oxygenated APL. An example of how the C30 LC-MS/MS
platform could achieve the separation of functional group isomers for di-oxygenated PLPS
(PLPS+2O), POPS (POPS+2O), and for tri-oxygenated PLPS (PLPS+3O) is shown hereinafter
The [M+H]+ ion of PLPS+2O at m/z 792.491 eluted in two minor peaks at RT 9.6 and 9.9
min, and one major peak at RT 10.3 min (Figure 6A). LC-MS/MS of the PLPS+2O at 9.6 min and
9.9 min showed typical NL of serine polar head (185 Da) and combined NL of H2O + polar head
(203 Da) (Figure 7). In both the LC-MS/MS spectra, it was possible to observe the neutral losses of
H2O (18 Da) and H2O2 (34 Da), which confirmed the presence of the hydroperoxy moiety. The
minor product ions at m/z 491.410 (Figure 7A) and m/z 467.368 (Figure 7B) indicated that the
products eluted at 9.6 min and 9.9 min were modified in C-13 and C-9, respectively. The LCMS/MS spectrum of PLPS+2O at 10.3 min (Figure 8) featured the NL of 185 Da, multiple neutral
losses of H2O (18 Da and 36 Da, n H2O =1-2) and NL H2O plus phosphoserine (203 Da), which
overall indicated the presence of a di-hydroxy-PLPS. Additionally, the minor product ions at m/z
507.403 and m/z 467.372 indicated the occurrence of the isomers 12,15-dihydroxy-PLPS and 9,14dihydroxy-PLPS, respectively, coeluting at 10.3 min.
In the case of POPS+2O, the [M+H]+ ion eluted in one broad peak at 12.3 min (Figure 6B).
Its MS/MS spectrum showed the NL of H2O2 (34 Da), which confirmed the insertion of a
hydroperoxy moiety (hydroperoxy-POPS) as observed for the hydroperoxy-PLPS in Figure 7, and a
combined NL of H2O2 with phosphoserine (219 Da) that was the most intense product ion (Figure
9). Curiously, this intense NL of 219 Da was not observed in the MS/MS spectra of hydroperoxyPLPS (Figure 7), nor in the one of di-hydroxy-PLPS (Figure 8). The minor product ions at m/z
453.538 and m/z 467.372 indicated the coelution of the 8-hydroperoxy and 9-hydroperoxy
positional isomers.
In the case of PLPE+2O derivatives, the [M+H]+ ion of PLPE+2O at m/z 748.512 eluted in
four peaks at RT 11.1, 11.3, 12.8 and 13.1 min (Supplementary Figure 6). The discrimination of di-
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hydroxy-PLPE from hydroperoxy-PLPE was confirmed by the same set of product ions reported for
the isomers of for PLPS+2O, namely the NL of H2O2, H2O (n H2O, n=1-2), polar head (141 Da),
and NL of H2O combined with polar head (159 Da) (Supplementary Figures 7 and 8). The 9hydroperoxy positional isomer was confirmed also for hydroperoxy-PLPE (RT 13.1 min) based on
the product ion at m/z 467.36, in the same way as for 9-hydroperoxy-PLPS (m/z 467.372)
(Supplementary Figure 7). 12,15-dyhydroxy and 9,14-dihydroxy isomers, already observed for
PLPS+2O, were reported also for PLPE (Supplementary Figure 8). In contrast to what was
observed for hydroxy-APL, all PLPE+2O and PLPS+2O species yielded a characteristic and intense
product ion formed by combined NL of H2O and with their polar heads (NL of 203 Da and 159 Da
for PS and PE, respectively).
Similarly to what was observed for hydroperoxy-POPS, the [M+H]+ ion of POPE+2O eluted
in one broad peak at 13.8 min (Supplementary Figure 9). The MS/MS spectrum of POPE+2O was
also very similar to the MS/MS spectrum of hydroperoxy-POPS, and featured the neutral losses of
H2O, H2O2, and combined NL of H2O2 and polar head (NL 175 Da) which confirmed the formation
of hydroperoxy-POPE (Supplementary Figure 10). The minor product ions m/z 453.357 and m/z
467.372 indicated the coelution of the 8-hydroperoxy and 9-hydroperoxy positional isomers, as for
hydroperoxy-POPS. Overall, the same positional isomers were found to occur for hydroperoxyPOPS and hydroperoxy-POPE and confirmed with the same set of product ions (m/z 453.357 and
m/z 467.372). Additionally, both species yielded a characteristic and intense ion formed by the
combined NL of their polar heads and H2O2 (219 Da and 175 Da for PS and PE, respectively).
In the case of APL +3O several isomers were observed and characterized. The PLPS+3O
[M+H]+ ion of at m/z 808.496 eluted in two major peaks at RT 8.6 and 10.3 min (Figure 10). The
LC-MS/MS spectrum of PLPS+3O at 8.6 min showed NL of polar head (185 Da), multiple NL of
H2O (18 Da and 36 Da, n H2O =1-2), and combined NL of phosphoserine with 1 and 2 H2O
molecules (203 Da and 221 Da, n H2O =1-2), which overall indicated a tri-hydroxy derivative
(Figure 11A). The product ions at m/z 467.372, m/z 505.387 and m/z 523.398 disclosed the location
of the hydroxy groups at C-9, C-12, and C-15, respectively (9,12,15-trihydroxy-PLPS isomer)
(Scheme 3). The LC-MS/MS spectrum of PLPS+3O that eluted at 10.3 min revealed a combined
NL of H2O2 and phosphoserine (219 Da) as the most abundant product ion. NL of phosphoserine
(185 Da) was also observable. The NL of H2O2 (34 Da), and H2O2 plus H2O (52 Da) revealed that
this isomer was a hydroxy-hydroperoxy-derivative; the product ion at m/z 467.372 pinpointed the
hydroxy group at C-9; the ion at m/z 523.399 suggested the insertion of the hydroperoxy group at
C-12, whose loss of H2O would generate the ion at m/z 505.387 (9-hydroxy-12-hydroperoxy-PLPS)
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(Figure 11B) (Scheme 4). However, the formation of the isomer with the hydroxy group at C-12
and the hydroperoxy group at C-9 cannot be excluded.
In the case of PLPE+3O, the [M+H]+ ion of at m/z 764.506 eluted in two peaks at RT 9.6
and 11.2 min (Supplementary Figure 11). As for PLPS+3O, the first peak to elute (9.6 min) was
9,12,15-tri-hydroxy-PLPE, which MS/MS spectrum included the same set of product ions that were
analysed for 9,12,15-tri-hydroxy-PLPS: loss of polar head (141 Da); abundant combined NL of
H2O and polar head (175 Da); multiple NL of H2O (-n H2O, n=1-3); product ions at m/z 467.372,
m/z 505.399 and m/z 523.400 (Supplementary Figure 12). PLPE+3O that eluted at 11.2 min was
assigned as a 9-hydroxy-12-hydroperoxy-PLPE, which also yielded the same ions described above
for 9-hydroxy-12-hydroperoxy-PLPS: combined NL of H2O2 and phosphoethanolamine (175 Da);
NL of phosphoethanolamine (141 Da); NL of H2O2 (34 Da), and H2O2 plus H2O (52 Da); product
ions at m/z 467.372 and m/z 523.400 (Supplementary Figure 12). Interestingly, these data suggested
that the same positional isomers (9,12,15-tri-hydroxy- and 9-hydroxy-12-hydroperoxy-) were
formed for both PLPE+3O and PLPS+3O. As for their mono- and di-oxygenated congeners,
PLPE+3O and PLPS+3O formed very similar MS/MS patterns, made of the following features:
losses of H2O and H2O2 (discerning between the tri-hydroxy and the hydroxy-hydroperoxy
isomers); losses of polar head groups; combined losses of H2O/H2O2 and polar head groups (base
peak product ions in hydroxy-hydroperoxy derivatives); ions at m/z 467 and m/z 523 (indicating the
position of the hydroxy and hydroperoxy groups).
The HCD MS/MS spectra of the [M-H]- ions of the long chain products of PLPS, PLPE,
POPS and POPE were also acquired (Supplementary Figures 13-21). However, these MS/MS
spectra are less informative when compared with the ones acquired in positive ion mode, principally
because they only show the modified carboxylate anions (RCOO- + nO) and do not illustrate NL
from the precursor ion that can be ascribed to any of oxidative modifications. For example, in the
MS/MS spectra of PLPE+1O (m/z 730.501) (Supplementary Figure 13), it was not possible to
observe any neutral loss of H2O from the precursor ion. The ions at m/z 255.233 and m/z 295.227
corresponded to the carboxylate anions R1COO- and R2COO-+O (R2’COO-), respectively. In the
case of PE, the relative abundance (RA) was higher for R2’COO- compared with R1COO-.
Interestingly, a neutral loss of H2O which suggested the presence of a hydroxy moiety was observed
from the R2’COO- ion and formed the fragment at m/z 277.271. The minor product ion at m/z
452.276 arose from the loss of the sn-2 fatty acyl chain as ketene (-R2’=C=O), while the product ion
at m/z 140.011 corresponded to the negatively charged phosphoethanolamine polar head. The
MS/MS spectrum of PLPS+1O (Supplementary Figure 15) also reported the carboxylate anions
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R1COO- and R2’COO- at m/z 255.233 and m/z 295.227, despite the RA of R1COO- in this case was
higher when compared to R2’COO-. The neutral loss of H2O from the R2’COO- was found also in
this spectrum at m/z 277.270. Other fragments that appeared in the spectrum of PLPS+1O, but not
in the spectrum of PLPE+1O, were the characteristic neutral loss of aziridine-2-carboxylic acid (87
Da), and the ion at m/z 391.225, formed by the combined loss of aziridine-2-carboxylic acid and sn2 fatty acyl chain as carboxylic acid (-R2’COOH). None of these MS/MS spectra described above,
nor the rest of the HCD-type MS/MS spectra of long chain oxidation products acquired in negative
ion mode, included any fragment ion useful to discern the position of the inserted hydroxy and
hydroperoxy groups over the fatty acyl chains. Thus, MS/MS analysis in negative ion mode did not
allow the discernment of positional isomers.
Short chain oxidation products of PE and PS eluted in one peak, as observed for the [M+H]+
ions of 1-palmitoyl-2-oxononanoyl-PS (PONPS), 1-palmitoyl-2-azelaoyl-PS (PAzPS), 1-palmitoyl2-oxononanoyl-PE (PONPE) and 1-palmitoyl-2-azelaoyl-PE (PAzPE), that eluted at 7.6, 7.0, 8.7
and 8.1 min, respectively. The elution of each ion in one peak suggests that only one isomer was
formed for all the short chain derivatives. The MS/MS spectra of the [M+H]+ ions of these short
chain products principally showed NL of the polar head groups, thus hindering any additional
information on the structure of the oxidatively cleaved fatty acid, except for PONPE and PONPS
which showed NL of H2O, indicating the presence of the terminal aldehydic function
(Supplementary Figures 22-25).
In the negative ion mode, it was possible to see that the HCD MS/MS spectra of [M-H]- ions
of PONPE, PONPS, PAzPE and PAzPS (Supplementary Figures 26-29), showed the R1COO- (m/z
255.232), and the oxidatively cleaved R2’COO-. For example, the MS/MS spectrum of the [M-H]ion of PAzPE (m/z 622.370) (Supplementary Figure 27) showed the unmodified R1COO- (m/z
255.232), and the oxidatively cleaved R2’COO- (azelaic acid, m/z 187.097). The neutral loss of the
sn-1 fatty acyl chain as carboxylic acid (-R1COOH) (m/z 366.132) and the anion of the
phosphoethanolamine polar head (m/z 140.011) are also observed. The MS/MS spectrum of the [MH]- ion of PAzPS (m/z 666.362) (Supplementary Figure 29) also features the ions R1COO- (m/z
255.233) and R2COO- (m/z 187.097), the characteristic NL of aziridine-2-carboxylic acid (87 Da),
and the ion at m/z 391.225, formed by the loss of aziridine-2-carboxylic acid and sn-2 fatty acyl
chain as carboxylic acid (-R2’COOH) already described for the MS/MS analysis of PLPS+1O.
A comprehensive view of the set of neutral losses and fragment ions that could be
characterized upon HCD MS/MS analysis in positive ion mode, for all the mono- and polyoxygenated derivatives (APL +1 O, +2 O and +3 O), was provided in Table 2.
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Separation of glyco-oxidized derivatives of PLPE, PLPS, POPE and POPS by C30-RPLC
This section will describe the main two groups glyco-oxidized derivatives:
(i)

Glyco-oxidized APL with oxidation in the polar head (APL adducted to end products
of glucose oxidation), which are the only examples of glyco-oxidized products that
have been detected in biological samples 24,25,28;

(ii)

Glyco-oxidized APL with oxidation in the fatty acyl chain (glycated APL esterified
with oxidized fatty acyl chains).

The XIC chromatograms of the studied glyco-oxidized derivatives of PLPE acquired in
positive ion mode, are plotted in Figure 12. In the C30 column, all the glyco-oxidation products
were found to elute earlier than non-modified PLPE, indicating that glyco-oxidation, as well as for
oxidation, always led to an increase in the polarity of the APL. Glycated PLPE (m/z 878.576), along
with the two glyco-oxidation products bearing an oxidatively cleaved glucose moiety on the polar
head (m/z 744.518 and m/z 774.528) eluted 0.3 min, 1.1 min and 1.2 min earlier then non-modified
PLPE, respectively. Glyco-oxidized PLPE products with oxidation on the fatty acyl chains and
intact glucose moiety (m/z 894.570, m/z 910.565, m/z 770.445 and m/z 768.440) eluted up to 10 min
earlier than non-modified PLPE. Glyco-oxidized derivatives of PLPS, POPE and POPS, followed
the same trend, as shown in the XIC chromatograms acquired in positive ion mode, available online
as supplementary material (Supplementary Figures 30-32).
Identification and structural characterization of glyco-oxidized APL with oxidation in the
polar head.
The HCD MS/MS spectra of the [M+H]+ ions these glyco-oxidized APL always showed
base peak ions arising from the NL of the glyco-oxidized polar headb . Conversely, negative ion
mode HCD MS were mainly characterized by carboxylate anions, along with ions arising from the
neutral losses of the two fatty acids (lyso-products esterified with either sn-1 or sn-2).
It was not possible to identify glyco-oxidation occurring in the polar head for PLPS. This
evidence matches a previous study in which the oxidation of glycated poly-unsaturated PS was
found to modify the fatty acyl chains or the α carbon of the serine, rather than altering the glucose
moiety39. In the case of PLPE, glyco-oxidized products modified in the polar head were not
observable after 24 h of Fenton oxidation, but were identified after 48 h Fenton oxidation. Glycooxidized polar head products were clearly identifiable for POPE and POPS, already after 24 h
Fenton oxidation.
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The following lines will describe the characterization of carboxymethyl-APL, an example of
AGE that were detected in vivo for both PE24,28 and PS25. The MS/MS spectra acquired in positive
and negative ion mode of carboxymethyl-POPE, formed by the oxidative cleavage between C-2 and
C-3 of glucose, are shown in Figure 13 as examples. The only product observed in the positive ion
mode MS/MS spectrum (Figure 13A) is the neutral loss of the phosphoethanolamine polar head
adducted to the carboxymethyl moiety (199 Da) (Scheme 5). The MS/MS spectrum in negative ion
mode showed a neutral loss of vinylglycine (101 Da) (Figure 13B, Scheme 6); the carboxylate
anions of the non-modified fatty acyl chains could be observed (R1COO- and R2COO-). The neutral
loss of vinylglycine (101 Da), combined with the neutral losses of R1COOH and R2COOH, was
also depicted at m/z 417.241 and m/z 391.226, respectively (Figure 13B, Scheme 6).
Also, the glyco-oxidized derivative arising from the cleavage between C-1 and C-2 of
glucose (m/z 746.534) was observed after radical oxidation of glycated POPE. The MS/MS spectra
acquired in positive and negative ion mode are shown in Figure 14. Alike to what was observed for
carboxymethyl-POPE upon HCD in positive ion mode, the only major product ion observed in the
positive ion mode HCD MS/MS spectrum was the neutral loss of the modified polar head, which
corresponds to the formic acid amide of phosphoethanolamine (loss of 169 Da) (Figure 14A,
Scheme 7). In the MS/MS spectrum of the [M-H]- ion of this product (Figure 14B) it was possible
to see the products ions arising from the NL the two fatty acyl chains as R1=C=O, R2=C=O,
R1COOH and R2COOH, illustrated at m/z 506.290, m/z 480.275, m/z 488.273 and m/z 462.268,
respectively (Scheme 8). The negative ion mode MS/MS spectrum also showed the RCOO- ions
corresponding to the unmodified sn-1 and sn-2 fatty acyl chains. Other glyco-oxidation products of
POPE and POPS bearing oxidation in the polar head were observed in the present study. The
MS/MS spectra and are available on-line as supplementary material (Supplementary Figures 33 and
34).
Identification and structural characterization of glyco-oxidized APL with oxidation in the
fatty acyl chains.
Glyco-oxidized APL bearing oxidative modification in the fatty acyl chains, but not in the
polar head groups, were identified for glycated POPE, PLPE and PLPS. Glyco-oxidized products of
POPE esterified with oxygenated fatty acyl chains could be identified only after 48 h Fenton
oxidation. On the other hand, these derivatives were extensively formed during the glyco-oxidation
of PLPE. Glyco-oxidized derivative of POPS modified in the fatty acyl chains were not observed,
while glyco-oxidation of PLPS exclusively led to the formation of glycated PAzPS. The
fragmentation of glycated and glyco-oxidized APL upon HCD activation is herein described for the
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first time. Upon positive ion mode HCD fragmentation, glycated POPE (chosen as example)
underwent NL of glycated phosphoethanolamine polar head (303 Da), which was illustrated the by
the major product ion at m/z 577.519; other informative product ions are the NL of 1, 2 and 3 H2O
molecules and the NL of 84 Da (combined loss of H2O and H2CO), all due to the presence of the
glucose moiety (m/z 862.679, 844.570 and 826.561 and 796.547, respectively) (Figure 15A). The
fragmentation of glycated POPE in negative ion mode (Figure 15B) showed the NL of glucose (162
Da), and the NL of C4H8O4 (120 Da), which is a characteristic fragmentation of the glucose moiety
activated by CID45,46. The minor product ion at m/z 452.278 arose from the NL of the sn-2 fatty acyl
chain as ketene (-R2’=C=O). The ions at m/z 255.233 and m/z 281.249 corresponded to the
unmodified carboxylate anions of the fatty acyl chains, R1COO- and R2COO-, respectively.
Glycated PLPE, PLPS and POPS were also characterized by positive and negative ion mode HCD
and yielded very similar fragmentation patterns when compared with glycated POPE. The MS/MS
spectra are available on-line as supplementary material (Supplementary Figures 35-37).
Glycated long chain oxidation products were observed for PLPE and POPE and their
analysis in the C30-RPLC-MS/MS platform is described hereinafter. The [M+H]+ ion of glycooxidized PLPE with one hydroxy group on linoleic acid (m/z 894.571) eluted in two peaks at RT
14.31 and 14.55 min (Figure 16). The LC-MS/MS spectrum of the derivative that eluted at 14.55
min (Figure 16A) showed four NL of H2O from the precursor. Three of these NL were presumably
due to the fragmentation of the non-modified glucose moiety, as described above for the
fragmentation of glycated PE (Figure 15). The fourth NL of H2O was therefore due to the presence
of the hydroxy moiety on the fatty acyl chain. The NL of glycated phosphoethanolamine (303 Da),
and glycated phosphoethanolamine plus H2O (321 Da) were also observable. The product ion at m/z
467.371 located the hydroxy group at C-9 of the linoleoyl chain, as reported for hydroxy-PLPE
(Scheme 9). The LC-MS/MS spectrum of the derivative that eluted at 14.31 min (Figure 16B)
showed the same product ions described above for the spectrum of the isomer at RT 14.55 min,
exception made for the presence of the ion at m/z 491.409, that located the hydroxy group at C-13
(Scheme 9), and for the absence of the ion at m/z 467. Importantly, the product ions observed in the
MS/MS spectra in positive ion mode that allow the discernment of positional isomers of glycooxidized APL are the same that were reported above for oxidized APL (m/z 467, m/z 491).
A glyco-oxidized derivative with di-oxygenated fatty acyl chain was identified exclusively
for PLPE. The [M+H]+ ion of glyco-oxidized PLPE+2O (m/z 910.566) eluted in several peaks
between RT 10 and 12.5 min (Figure 17). An LC-MS/MS spectrum in positive ion mode was
obtained for the derivative that eluted at 11.1 min (Figure 18A) and showed two NL of H2O (18 Da,
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36 Da), one NL of H2O plus H2CO (84 Da) and the NL of glycated polar head (303 Da) from the
precursor, as reported above for the fragmentation of glycated PE (Figure 15). The base peak
product ion was formed by the combined loss of glycated polar head and H2O (321 Da), making the
fragmentation pattern of glyco-oxidized PLPE+2O very similar to the one reported above for
PLPE+2O (Supplementary Figures 7 and 8). The presence of the consecutive NL of H2O suggested
the formation of a glyco-oxidized PLPE with two hydroxy groups on linoleic acid. The absence of a
NL H2O2 (34 Da) excluded the presence of a hydroperoxy group. It was not possible to recognise if
the NL of H2O were due to the glucose moiety or to the hydroxylic functions. The product ion at
m/z 467.374 located the first hydroxy group at C9, indicating the formation of the 9,14-dihydroxyisomer. Another LC-MS/MS spectrum was obtained for the [M+H]+ ion of glyco-oxidized
PLPE+2O that eluted at 11.60 minutes and showed the same product ions, namely two NL of H2O,
one NL of H2O plus H2CO (84 Da), NL of 303 Da, NL of 321 Da. The presence of the product ion
at m/z 507.405 suggested the formation of the 12,15-dihydroxy-isomer (Figure 18B). Interestingly,
the same isomers (9,14-dihydroxy and 12,15-dihydroxy) were observed for di-hydroxy-PLPE
(Supplementary Figure 8) and di-hydroxy-PLPS (Figure 8) and were characterized by the same
product ions (m/z 467, m/z 507).
The fragmentation of glyco-oxidized PLPE + 1O in negative ion mode is shown in Figure
19, using the hydroxy derivative as example. It was not possible to discern the positional isomers,
since the MS/MS spectra were identic for the two precursors that eluted at 14.31 min and 14.55
min: both presented the neutral loss of glucose (162 Da); the lyso-derivative at m/z 452.275; the
unmodified carboxylate anion of R1COO- (m/z 255.233); and the modified carboxylate anion
R2’COO- (m/z 295.228) (Scheme 10).
The MS/MS spectra of glyco-oxidized PLPS with oxidatively cleaved fatty acyl chain
(glycated PAzPS), acquired in positive and negative ion mode, are available on-line as
supplementary material (Supplementary Figure 38). Scheme 11 depicts a comprehensive summary
of all the fragmentation pathways described in the present section for oxidized and glyco-oxidized
PE and PS.
Discussion
The biological relevance of modified APL in inflammatory pathologies keeps being proven.
Oxidation of APL is promoted in vivo by enzymatic pathways, and several studies reported that
lipoxygenase (LOX) catalyses the stereospecific oxidation of free and esterified fatty acids in
activated monocytes/macrophages14–16,47,48, neutrophils,47–49 and platelets,15,47,48,50,51 , leading to the
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formation of specific positional isomers of oxidized PE (5-hydroxy, 12-hydroxy and 15-hydroxy) as
detected with LC-MS/MS. Biological activities related with blood coagulation51, modulation of
inflammation14 and ferroptosis7 were ascribed to LOX-generated positional isomers of APL,
suggesting a structure-activity relationship in which one peculiar isomer mediates a function within
the cell. However, the reaction of radical oxidation mediated by ROS is a major contributor to the
formation of oxidized APL in vivo17,33,52, for example upon apoptotic cell death9,53, and different
studies have highlighted the immunomodulatory actions of some ROS-oxidized APL11–13,54,55.
Compared with LOX-catalysed oxidation, radical oxidation of APL leads to a plethora of
chemically diverse long chain and short chain products, as extensively reviewed by several
authors4–6. When this non-stereospecific peroxidation derivatives are formed in vivo, or in vitro
through biomimetic systems, LC-MS/MS has the potential to discern structural and positional
isomers and eventually ascribe them peculiar biological activities. At the same time, in addition to
the high variety of products formed, LC-MS/MS techniques must deal with overlapping of m/z and
RT of oxidized and non-oxidized APL, and low in-vivo abundancies of the modified derivatives. In
sight of this, there is still strong necessity for the development of more effective LC-MS/MS
platforms that can achieve a deeper characterization of complex mixtures of oxidized APL
generated upon radical peroxidation. C30 columns have been widely used for the analysis of
carotenoids and other photosynthetic pigments, as reviewed elsewhere56. More recently, a C30RPLC method was proposed for a comprehensive quali-quantitative analysis of lipids in human
plasma41. To the best of our knowledge, the present study is the first that applied C30-RPLC to the
analysis of mixtures of oxidized, glycated and glyco-oxidized APL. The present C30
chromatographic method fully achieved the separation of resolved peaks arising from functional
group isomers of oxidized APL. In previously published reports, Thomas and co-authors51 achieved
the separation of (12-hydroxy-)1-stearoyl-2-arachidonoyl-sn-3-phosphoethanolamine (12-hydroxySAPE) from an isobaric hydroxy-phosphatidylcholine using a C18 column, whereas Domingues et
al34 attained a full separation of hydroperoxy-PLPE and di-hydroxy-PLPE employing C5 column.
In a more recent work, a C5-RPLC was again proposed for the chromatographic separation of
oxidized PS and achieved the separation of two isobaric short chain oxidation products, namely a
gamma-hydroperoxy aldehyde and a gamma-hydroxy carboxylic acid39. In a similar way, the C30
column always fulfilled a complete separation of the functional group isomers of modified APL.
None of the above mentioned C5- and C18-RPLC methods achieved an evident separation of
positional isomers, namely isomers with the same functional group (e.g. hydroxy, or hydroperoxy)
located in distinct positions along the fatty acyl chain. Notably, the present C30 method attained the
separation of positional isomers from several oxidized APL characterized by the insertion of a given
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function, for example 9-hydroxy-PLPS and 13-hydroxy-PLPS, or 9,14-dihydroxy-PLPE and 12,15dihydroxy-PLPE. We believe that a similar result has never been attained during the analysis of
oxidized APL with C5 columns. However, Morgan and co-authors57 reported the separation of six
positional isomers of hydroxy-SAPE using a C18 column.
Glycated and glyco-oxidized APL can also be discriminated with this innovative platform
based on C30LC-MS/MS. It was possible to observe a clear separation of glyco-oxidized APL with
oxidation in the polar head from glyco-oxidized APL with oxidation in the fatty acyl chains.
Similarly, a good separation of APL glyco-oxidized in the polar head from APL glyco-oxidized in
the fatty acyl chain was reported by Simões et al35 and Maciel et al20, that used a C5 column for the
analysis of modified PLPE and POPS, respectively. However, neither these works could achieve the
separation of positional isomers. Conversely, the C30 column achieved the separation of positional
isomers of glyco-oxidized PLPE bearing oxidative modifications in distinct positions of the fatty
acyl chain.
Specific fragmentation patterns of modified APL upon the HCD-activated MS/MS, a typical
feature of modern Orbitrap instruments, were reported in this study. Nowadays, the wide use of
Orbitrap mass spectrometers in lipidomic studies58 requires a deep knowledge of these specific
HCD-type fragmentation pathways, which might be dissimilar from the ones observed in MS/MS
analyses performed with ion trap analyzers featuring CID activation. In the case of non-modified
APL, the NL of polar heads in positive ion mode and the carboxylate anions in negative ion mode
are examples of fragments that were already observed in previous reports that used CID5,43. The
anion of phosphoethanolamine (m/z 140) is a fragment that occurs upon HCD fragmentation of PE
in negative ion mode, but was never observed upon CID MS/MS. For what concerns oxidized APL,
the most informative fragment ions that allowed the discernment of different functional and
positional isomers were observed upon HCD fragmentation experiments in positive ion mode
(Table 2). Neutral losses of H2O and H2O2 have been fundamental for discriminating functional
group isomers as poly-hydroxy-APL and hydroperoxy-APL, as already reported in other studies in
which the fragmentation of oxidized phospholipids was carried out upon CID34,44,59. The present
work highlighted fragments arising from the neutral loss of H2O and polar heads (159 Da and 203
Da for PE and PS, respectively) as MS/MS signatures characterizing all hydroxy derivatives,
despite for these molecules the neutral loss of polar head alone (141 Da and 185 Da for PE and PS,
respectively) still formed the most intense peaks of the MS/MS spectra. However, it is necessary to
highlight that in the case of di-hydroxy and hydroperoxy derivatives the base peak ion of the
MS/MS spectra arose from the combined NL of H2O and polar heads (159 Da and 203 Da for PE
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and PS, respectively) which appear to be intense MS/MS signatures of all di-oxygenated derivatives
of APL. Remarkably, the combined NL of H2O2 and polar head (175 Da and 219 Da for PE and PS,
respectively) were the most intense MS/MS fragments in all hydroxy-hydroperoxy APL upon HCD
activation, showing much higher RA than the NL of polar head alone (141 Da and 185 Da for PE
and PS, respectively).
The assignation of the position of the oxygenated moieties defining positional isomers was
always due to the fragmentation, occurring in positive ion mode, between the oxygenated carbon
and the carbon involved in the double bond in vinylic position, as already observed in previously
published studies23,34. On the other hand, HCD fragmentation in negative ion mode was less
informative since it did not allow the observation of NL as H2O or H2O2 to characterize functional
group isomers, nor the analysis of fragment ions useful to assign positional isomers.
Glyco-oxidized APL adducted to an oxidatively cleaved glucose moiety, specially modified
PE, always led to one category of prominent fragment ions upon HCD MS/MS in positive ion
mode, namely the ones arising from the neutral loss of the modified phosphoethanolamine polar
head, which have already been reported for glyco-oxidized PE analyzed upon CID MS/MS in
positive ion mode35,37. For of glyco-oxidized PE bearing an intact glucose moiety and an oxidized
fatty acyl chain, HCD MS/MS fragmentation in positive ion mode was distinguished by the
characteristic neutral loss of glycated phosphoethanolamine (303 Da), and by several neutral losses
of H2O that might arise either from the glucose moiety or from the functional group on the fatty
acyl chain21,35. However, two new features from the HCD MS/MS of these glycated molecules in
positive ion mode:
(I)

The combined neutral loss of H2O and glycated polar head (321 Da) is a distinctive
fragmentation occurring for glyco-oxidized PE in positive ion mode;

(II)

Products ions that allowed the assignation of the position of the functional group along
the fatty acyl chain (e.g. m/z 467), already observed for oxidized APL, are also depicted
in the HCD MS/MS spectra of glyco-oxidized APL.
In positive HCD MS/MS analysis of glyco-oxidized PE bearing an oxidized glucose (e.g.

carboxymethyl-PE), only the NL of modified phosphoethanolamine could be observed. This
allowed the characterization of the chemical moiety formed by oxidative cleavage of glucose
and linked to the phosphoethanolamine group, as already reported by other authors that studied
the fragmentation the carboxymethyl-PE and other glyco-oxidized PE upon CID MS/MS21,37.
Conclusions.
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Oxidized and glyco-oxidized PE and PS represent a group of molecules which biological
relevance has being increasingly highlighted over the last years. However, their analysis still
faces several difficulties, such as the large structural complexity of isomers of modified APL,
and their low relative abundance in vivo. Here, a new C30 LC-MS/MS analytical platform
comprised of C30-RPLC, high resolution MS, and HCD MS/ MS, suitable for lipidomic studies,
was applied for the analysis of oxidized and glyco-oxidized APL. This LC platform
accomplished the separation of non-modified APL from oxidized and glyco-oxidized APL,
along with the separation of functional group isomers, and, additionally, the discrimination of
positional isomers of modified APL, solving the issue of co-eluting species that affected many
other previously tested RPLC protocols. Fragmentations involving neutral losses of H2O and
H2O2 were remarked as HCD MS/MS signatures that confirm functional group isomers of
oxidized and glyco-oxidized APL. Specific fragmentations occurring along the oxidized fatty
acyl chains were highlighted as confident indicators of the position of the functional group.
Overall, the results gathered herein are exploitable in lipidomic analyses of biological samples
and in the development of new targeted LC-MS/MS methods that can perform highly accurate,
selective and sensitive analysis of oxidized and glyco-oxidized APL in biological and clinical
samples.
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Table 1. Oxidation and glyco-oxidation products PE and PS analysed by C30 LC-MS/MS
with the identification of the m/z values of the [M+H]+ ions and the RT through the C30 column.
Phosphatdylethanolamines
Exp. m/z
Derivative
[M+H]+
PLPE-(9-OH)
732.517
PLPE-(13-OH)
732.517
PLPE-(9-OOH)
748.511
PLPE-(12-OOH)
748.511

RT [min]
14.0
13.8
13.1
12.8

Phosphatdylserines
Exp.m/z
Derivative
[M+H]+
PLPS-(9-OH)
776.506
PLPS-(13-OH)
776.506
PLPS-(9-OOH)
792.501
PLPS-(13-OOH)
PLPS-(9-OH,14-OH)
PLPS-(12-OH,15-OH)

RT [min]
12.8
12.6
9.9

792.501
792.501
792.501

9.6
10.3
10.3

792.501

8.6

808.496
808.496

10.3
10.3

POPS-(9-OH)

778.522

13.6

PLPE-(9-OH,14-OH)
PLPE-(12-OH,15-OH)
PLPE-(13-OH,15-OH)

748.511
748.511
748.511

11.3
11.1
11.1

PLPE-(9-OH,12-OH,15-OH)

762.493

9.6

PLPE-(9-OH,12-OOH)
PLPE-(9-OOH,12-OH)
POPE-(8-OH)
POPE-(9-OH)

764.506
764.506
734.532
734.532

11.2
11.2
13.4
14.8

POPE-(10-OH)

734.532

14.8

POPS-(10-OH)

778.522

13.6

POPE-(8-OOH)

750.527

13.8

POPS-(8-OOH)

794.517

12.3

POPE-(9-OOH)
PONPE
PAzPE
Glycated PLPE
Formyl-PLPE
Carboxymethyl-PLPE
Glycated PLPE-(9-OH)
Glycated PLPE-(13-OH)
Glycated PLPE-(9-OOH)
Glycated PLPE-(12-OOH)
Glycated POPE
Formyl-POPE
Carboxymethyl-POPE
Glycated POPE
(keto-polar head)
Glycated POPE-(9-OH)
Glycated PONPE
Glycated PAzPE

750.527
608.391
624.386
878.576
744.518
774.528
894.570
894.570
910.565
910.565
880.591
746.534
776.544

13.8
8.8
8.1
17.4
16.3
16.2
14.6
14.3
11.1
11.6
18.1
17.3
17.2

POPS-(9-OOH)
PONPS
PAzPS
Glycated PLPS

794.517
652.381
668.375
922.565

12.3
7.5
6.9
15.8

Glycated POPS
Formyl-POPS
Carboxymethyl-POPS

924.581
790.523
820.534

16.8
17.0
14.6

894.605

17.3

896.586
770.446
786.440

15.4
8.5
7.8

Glycated PAzPS

830.430

6.2
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PLPS-(9-OH,12OH,15-OH)
PLPS-(9-OH,12-OOH)
PLPS-(9-OOH,12-OH)

Table 2. Summary of the most important fragment ions observed during the MS/MS structural characterizations of oxidized PS and PE,
performed in the present study upon positive ion mode HCD (PLPS and PLPE are chosen as example).

PLPS-(OH)
(m/z 776)

PLPS-(OOH)
(m/z 792)

PLPS-(OH)2
(m/z 792)

PLPS-(OH)(OOH)
(m/z 808)

PLPS-(OH)3
(m/z 808)

NL polar head group (-185 Da)

m/z 591

m/z 607

m/z 607

m/z 623

m/z 623

NL H2O (-18 Da)
NL H2O2 (-34 Da)

m/z 758
Absent

m/z 774
m/z 758

m/z 774
Absent

m/z 790
m/z 774

m/z 790
Absent

NL n x H2O (n=2-3) (-36 Da, -54 Da)

Absent

Absent

m/z 756

Absent

m/z 772

NL H2O + H2O2 (-52 Da)

Absent

Absent

Absent

m/z 756

Absent

NL polar head group + NL H2O (-203
Da)

m/z 573

m/z 589

m/z 589

m/z 605

m/z 605

NL polar head group + NL H2O2 (-219
Da)
NL polar head group + Cleavage C9C10

Absent

Absent

Absent

m/z 589

Absent

m/z 467 (C9OH)

m/z 467 (C9OOH)

m/z 467 (C9-OH or
C9-OOH)

m/z 467 (C9OH)

Cleavage C12-C13

Absent

Absent

Absent

Absent

NL polar head group + Cleavage C12C13

m/z 491
(C13-OH)

m/z 491 (C13OOH)

m/z 467 (C9OH)
m/z 674.4 (C12OH)
m/z 507 (C12OH)

m/z 523 (C12-OH or
C12-OOH)

m/z 523 (C12OH)

NL polar head group + NL H2O +
Cleavage C12-C13

Absent

Absent

Absent

m/z 505 (C12-OH or
C12-OOH)

m/z 505 (C12OH)

NL polar head group + Cleavage C13C14

Absent

Absent

Absent

Absent

Absent
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PLPE-(OH)
(m/z 732)

PLPE-(OOH)
(m/z 748)

PLPE-(OH)2
(m/z 748)

PLPE-(OH)(OOH
(m/z 764)

PLPE-(OH)3
(m/z 764)

NL polar head group (-141 Da)

m/z 591

m/z 607

m/z 607

m/z 623

m/z 623

NL H2O (-18 Da)

m/z 714

m/z 730

m/z 730

m/z 746

m/z 746

NL H2O2 (-34 Da)

Absent

m/z 714

Absent

m/z 730

Absent

NL n x H2O (n=2-3) (-36 Da, -54 Da)

Absent

Absent

m/z 712

Absent

m/z 728, m/z 710

NL H2O + NL H2O2 (-52 Da)

Absent

Absent

Absent

m/z 712

Absent

NL polar head group + NL H2O (-159
Da)

m/z 573

m/z 589

m/z 589

m/z 605

m/z 605

NL polar head group + NL H2O2 (-175
Da)

Absent

m/z 573

Absent

m/z 589

Absent

NL polar head group + Cleavage C9C10
Cleavage C12-C13
NL polar head group + Cleavage C12C13

m/z 467 (C9OH)
Absent
m/z 491
(C13-OH)

m/z 467 (C9OOH)
m/z 630.4
m/z 507 (C12OOH)

m/z 467 (C9OH)
m/z 630.4
m/z 507 (C12OH)

m/z 467 (C9-OH or
C9-OOH)
Absent
m/z 523 (C12-OH or
C12-OOH)

m/z 467 (C9OH)
Absent
m/z 523 (C12OH)

NL polar head group + NL H2O +
Cleavage C12-C13

Absent

Absent

Absent

m/z 505 (C12-OH or
C12-OOH)

m/z 505 (C12OH)

NL polar head group + Cleavage C13C14

Absent

m/z 521 (C13OOH)

Absent

Absent

Absent
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Captions.
Table 1. Major oxidation and glyco-oxidation products of aminophospholipids (PE and PS)
analysed by C30 LC-MS/MS platform with the identification of the m/z values of their [M-H]- ions,
and their retention time through the C30 column.

Table 2. Summary of the most important fragment ions observed during the MS/MS
structural characterizations of oxidized PS and PE, performed in the present study upon positive ion
mode HCD (PLPS and PLPE are chosen as example).

Figure 1. Comparison of the LC-MS profiles of PLPE, PLPS, POPE and POPS subjected to
oxidative stress, acquired in the positive ion mode.

Figure 2. XIC chromatograms of PLPS and its main oxidation products, acquired in the
positive ion mode.
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Figure 3. XIC chromatograms of the [M+H]+ ions of hydroxy-PLPS, m/z 776.506 (A) and
hydroxy-POPS, m/z 778.522 (B).

Figure 4. LC-MS/MS spectra of the [M+H]+ ions of the hydroxy-PLPS isomers (m/z
776.506) that eluted at 12.6 min (A) and 12.8 min (B).

Figure 5. LC-MS/MS spectrum of the [M+H]+ ion of the hydroxy-POPS isomer (m/z
778.522) that eluted at 13.6 min

Figure 6. XIC chromatograms of the [M+H]+ ions of di-oxygenated PLPS, m/z 792.501 (A)
and di-oxygenated POPS, m/z 794.518 (B).

Figure 7. LC-MS/MS spectra of the [M+H]+ ion of the di-oxygenated PLPS isomers (m/z
792.501) that eluted at 9.6 min (A) and 9.9 min (B).

Figure 8. LC-MS/MS spectrum of the [M+H]+ ion of the di-oxygenated PLPS isomer (m/z
792.501) that eluted at 10.3 min.

Figure 9. LC-MS/MS spectrum of the [M+H]+ ion of the di-oxygenated POPS isomer (m/z
794.518) that eluted at 12.3 min.

Figure 10. XIC chromatogram of the [M+H]+ ions of tri-oxygenated PLPS, m/z 808.496

Figure 11. LC-MS/MS spectra of the [M+H]+ ions of the tri-oxygenated PLPS isomer (m/z
808.496) that eluted at 8.6 min (A) and 10.3 min (B).
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Figure 12. XIC chromatograms of the [M+H]+ ions of PLPE and its main glyco-oxidation
products.

Figure 13. LC-MS/MS spectra of the [M+H]+ ion (A) and [M-H]- ion (B) of the glycooxidation product of POPE formed by the oxidative cleavage between C2 and C3 of glucose
(carboxymethyl-POPE).

Figure 14. LC-MS/MS spectra of the [M+H]+ ion, m/z 746.562 (A) and [M-H]- ion, m/z
744.519) of the glyco-oxidation product of POPE formed by the oxidative cleavage between C1 and
C2 of glucose.

Figure 15. LC-MS/MS spectra of the [M+H]+ ion, m/z 880.591 (A) and [M-H]- ion, m/z
878.577 (B) of glycated POPE.

Figure 16. LC-MS/MS spectra of the [M+H]+ ions -of the isomers of glyco-oxidized PLPE
with one hydroxy group on linoleic acid (m/z 894.570) that eluted at 14.55 min (A) and 14.31 min
(B).

Figure 17. XIC chromatogram of the [M+H]+ ions of glyco-oxidized PLPE + 2O, m/z
910.565.

Figure 18. LC-MS/MS spectra of the [M+H]+ ions of the glyco-oxidized PLPE + 2O
isomers (m/z 910.565) that eluted at 11.1 min (A) and 11.6 min (B).

Figure 19. LC-MS/MS spectrum of the [M-H]- ion of glyco-oxidized PLPE with one
hydroxy group on linoleic acid (m/z 892.556).
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Scheme 1. Fragmentation pathways showing the neutral loss of polar heads occurring for
oxidized PLPS (A) and oxidized PLPE (B) upon MS/MS activation in the positive ion mode.

Scheme 2. Proposed structures and fragmentation pathways in the positive ion mode of the
isomers of hydroxy-PLPS that eluted at 12.6 min (A) and 12.8 min (B).

Scheme 3. Proposed structure and fragmentation pathways in the positive ion mode of the
tri-hydroxy-PLPS isomer that eluted at 8.6 min.

Scheme 4. Proposed structure and fragmentation pathways in the positive ion mode of the
hydroxy-hydroperoxy-PLPS isomer that eluted at 10.3 min.

Scheme 5. Proposed structure and fragmentation pathways in the positive ion mode of the
glyco-oxidation product of POPE formed by the oxidative cleavage between C2 and C3 of glucose.

Scheme 6. Proposed structure and fragmentation pathways in the negative ion mode of the
glyco-oxidation product of POPE formed by the oxidative cleavage between C2 and C3 of glucose.

Scheme 7. Proposed structure and fragmentation pathways in the positive ion mode of the
glyco-oxidation product of POPE formed by the oxidative cleavage between C1 and C2 of glucose.

Scheme 8. Proposed structure and fragmentation pathways in the negative ion mode of the
glyco-oxidation product of POPE formed by the oxidative cleavage between C1 and C2 of glucose.

Scheme 9. Proposed structures and fragmentation pathways in the positive ion mode of the
isomers of glyco-oxidized PLPE with one hydroxy group on linoleic acid that eluted at 14.55 min
(A) and 14.31 min (B).
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Scheme 10. Proposed structure and fragmentation pathways in the negative ion mode of
glyco-oxidized PLPE with one hydroxy group on linoleic acid.

Scheme 11. Comprehensive overview of all the fragmentation pathways observed and
described in the present work for oxidized and glyco-oxidized PE and PS. The fragmentation
pathways of the oxidative modifications occurring on the unsaturated sn-2 fatty acyl chain (shaded
red box) are summarized into dashed red boxes (A-D). The fragmentation pathways of the glycooxidative modifications occurring on the polar head (shaded green box) are summarized into dashed
green boxes (E-K). A, neutral loss of H2O and fragmentation of the C12-C13 bond (occurs in the
positive ion mode for 13-hydroxy-PLPE and PLPS after neutral loss of the polar head). B, neutral
loss of H2O and fragmentation of the C9-C10 bond (occurs in the positive ion mode for 9-hydroxyPLPE and PLPS after neutral loss of the polar head). C, multiple neutral losses of H2O and
fragmentation of the C9-C10 and C12-C13 bonds (occurs in the positive ion mode for 9,12,15trihydroxy-PLPE and PLPS after neutral loss of the polar head). D, neutral losses of H2O and
H2O2 and fragmentation of the C9-C10 and C12-C13 bonds (occurs in the positive ion mode for 9hydroxy-12-hydroperoxy PLPE and PLPS, and/or 12-hydroxy-9-hydroperoxy-PLPE and PLPS,
after neutral loss of the polar head). E, neutral losses of the phosphoethanolamine and
phosphoserine polar heads (occurs in the positive ion mode for PE and PS species, respectively). F,
neutral loss of glycated polar head (occurs in the positive ion mode for glycated PE species and
glyco-oxidized PE species with oxidative modifications on the fatty acyl chains). G, neutral loss of
modified polar head occurring in the positive ion mode for glyco-oxidized PE after oxidative
cleavage of the glucose moiety (C1-C2). H, neutral loss of modified polar head occurring in the
positive ion mode for glyco-oxidized PE after oxidative cleavage of the glucose moiety (C2-C3). I,
neutral loss of glucose (occurs in the negative ion mode for glycated PE and PS and glyco-oxidized
PE and PS species with oxidative modifications on the fatty acyl chains). J, neutral loss of 2formamidoacrylic acid occurring in the negative ion mode for glyco-oxidized PS after oxidative
cleavage of the glucose moiety (C1-C2). K, neutral loss of vinylglycine occurring in the negative
ion mode for glyco-oxidized PE after cleavage of the glucose moiety (C2-C3).
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Supplementary Figure 1. XIC chromatograms of PLPE and its main oxidation products,
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Supplementary Figure 2. XIC chromatograms of POPS and its main oxidation products,
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Supplementary Figure 3. XIC chromatograms of POPE and its main oxidation products,
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Supplementary Figure 4. XIC chromatogram of the [M+H]+ ions of hydroxy-PLPE, m/z
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Supplementary Figure 5. LC-MS/MS spectra of the [M+H]+ ions of the hydroxy-PLPE
isomers (m/z 732.517) that eluted at 13.8 min (A) and 14.0 min (B).
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m/z 748.511.
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Supplementary Figure 11. XIC chromatogram of the [M+H]+ ions of tri-oxygenated PLPE,
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(m/z 792.503).
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Supplementary Figure 22. LC-MS/MS spectrum of the [M+H]+ ion of PONPE (m/z
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Supplementary Figure 23. LC-MS/MS spectrum of the [M+H]+ ion of PAzPE (m/z
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Supplementary Figure 25. LC-MS/MS spectrum of the [M+H]+ ion of PAzPS (m/z
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Supplementary Figure 26 LC-MS/MS spectrum of the [M-H]- ion of PONPE (m/z
606.377).
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Supplementary Figure 29 LC-MS/MS spectrum of the [M-H]- ion of PAzPS (m/z
666.361).
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Supplementary Figure 30. XIC chromatograms of PLPS and its main glyco-oxidation
products, acquired in the positive ion mode.
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Supplementary Figure 31. XIC chromatograms of POPE and its main glyco-oxidation
products, acquired in the positive ion mode.
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Supplementary Figure 32. XIC chromatograms of POPS and its main glyco-oxidation
products, acquired in the positive ion mode.
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Supplementary Figure 33 LC-MS/MS spectrum of the [M+H]+ ion of the glyco-oxidized
POPE isomer with oxidation in the polar head (m/z 894.605) that eluted at RT 17.3 min.
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Supplementary Figure 34 LC-MS/MS spectrum of the [M-H]- ion of the glyco-oxidation
product of POPS formed by the oxidative cleavage between C1 and C2 of glucose (m/z 788.510).
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Supplementary Figure 35. LC-MS/MS spectra of the [M+H]+ ion, m/z 878.573 (A) and
[M-H]- ion (B), m/z 876.561 of glycated PLPE.
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ABSTRACT

Keywords:
Phosphatidylethanolamine
Phosphatidylserine
Lipid oxidation
Lipidomics
Flow cytometry
Cytokines

Aminophospholipids (APL), phosphatidylethanolamine (PE) and phosphatidylserine (PS), can be oxidized upon
oxidative stress. Oxidized PE and PS have been detected in clinical samples of different pathologies and may act
as modulators of the inflammatory response. However, few studies have focused on the effects of oxidized APL
(ox-APL) esterified with arachidonic acid, even though a considerable number of studies have assessed the
modulation of the immune system by oxidized 1-palmitoyl-2-arachidonoyl-sn-3-glycerophosphocholine
(OxPAPC). In the present study, we have used flow cytometry to evaluate the ability of oxidized PAPE (OxPAPE)
and PAPS (OxPAPS) to promote or suppress an inflammatory phenotype on monocytes subsets and myeloid
dendritic cells (mDCs). The results indicate that OxPAPE increases the frequency of all monocyte subpopulations
expressing TNF-α, which promotes an inflammatory response. However, immune cell stimulation with OxPAPE
in the presence of LPS results in a decrease of TNF-α expressed by classical monocytes. Incubation with OxPAPS
and LPS induces a decrease in TNF-α produced by monocytes, and a significant decrease in IL-1β expressed by
monocytes and mDCs, indicating that OxPAPS reduces the LPS-induced pro-inflammatory expression in these
populations. These results show the importance of OxPAPE and OxPAPS as modulators of the inflammatory
response and demonstrate their possible contribution to the onset and resolution of human diseases related to
oxidative stress and inflammation.

1. Introduction
Phosphatidylethanolamine (PE) and phosphatidylserine (PS), which
are also termed aminophospholipids (APL), are components of cell
membranes, and display essential signaling roles in several cellular
processes [1]. PE is the second most abundant phospholipid class in cell
membranes and lipoproteins of mammalian organisms, contributing to
20% of the whole phospholipid profile [1], whereas PS is a less abundant class that constitutes 2–10% of total phospholipids [2]. In mammalian cells, PE and PS contribute to membrane properties, such as
membrane curvature, fluidity, and impermeability to water and solutes.
They are also mediators of cell-cell interaction, and provide a

membrane anchor for signaling macromolecules [1].
Upon oxidative stress, unsaturated fatty acyl chains and the polar
head groups of APL can be chemically modified, leading to the formation of oxidized PE and PS derivatives [3–5]. Several reports have
noted the possible interplay between oxidative stress, consequent oxidation of APL, and inflammation. Oxidized PE were detected in
monocytes treated with IL-4 [6,7], while oxidized PS derivatives were
found in mice treated with various external stressors, including hyperoxia [8–10]. Oxidized PE and oxidized PS have also been detected in
human pathologies, such as cystic fibrosis [7] and Alzheimer's disease
[11], which share oxidative stress and inflammation as common conditions underlying the onset of the disease [12,13].

List of abbreviations: DPPE, 1,2-dipalmitoyl-sn-3-glycerophosphoethanolamine; PAPC, 1-palmitoyl-2-arachidonoyl-sn-3-glycerophosphocholine; POVPC, 1-palmitoyl-2-oxovaleroyl-sn-3-glycerophosphocholine; PAPE, 1-palmitoyl-2-arachidonoyl-sn-3-glycerophosphoethanolamine; SAPE, 1-stearoyl-2-arachidonoyl-sn-3-glycerophosphoethanolamine; PLPE, 1-palmitoyl-2-linoleoyl-sn-3-glycerophosphoethanolamine; POPE, 1-palmitoyl-2-oleoyl-sn-3-glycerophosphoethanolamine; PAPS, 1palmitoyl-2-arachidonoyl-sn-3-glycerophosphoserine; POPS, 1-palmitoyl-2-oleoyl-sn-3-glycerophosphoserine; APL, aminophospholipid; IL-1β, interleukin 1 beta;
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The formation of oxidized derivatives of PE and PS may shift the
biological roles of the native APL towards new functions. A role for
oxidized PE in the development of atherosclerosis was suggested by
Zeiseniss et al., who found oxidized 1-palmitoyl-2-linoleoyl-sn-3-glycerophosphoethanolamine (OxPLPE) to be an active thrombogenic
factor of oxidized low-density lipoproteins [14]. More recently, oxidized derivatives of arachidonoyl-PE were highlighted as the active
components which mediate ferroptotic cell death [15]. Recent reports
from our group have also assessed the stimuli mediated by oxidized 1palmitoyl-2-oleoyl-sn-3-glycerophosphoethanolamine
(OxPOPE),
OxPLPE, glycated POPE and glycated PLPE in human peripheral blood
immune cells, highlighting the fact that all the modified PE could induce a pro-inflammatory response in the tested populations [16,17].
Oxidized PS has been widely associated with apoptosis; several
studies have highlighted its role as a potent macrophage-activating
factor [18–21], which was found to be a phagocytic signal that, once
externalized, mediates the engulfing of cells undergoing intrinsic
apoptotic death [22]. Moreover, oxidized PS was found to induce vascular endothelium growth factor (VEGF) in two types of human endothelial cells, which suggests a role in the progression and destabilization of atherosclerotic plaques [23]. Silva et al. reported that oxidized
1-palmitoyl-2-oleoyl-sn-3-glycerophosphoserine (OxPOPS), added directly to peripheral blood cells, induced a pro-inflammatory phenotype
in monocytes and dendritic cells [24].
Until now, few studies have focused on the role of PE and PS esterified
with arachidonic acid in the modulation of peripheral blood immune cells.
In one report, Morgan et al. observed a decrease in the production of
cytokines in activated monocytes incubated with oxidized 1-stearoyl-2arachidonoyl-sn-3-glycerophosphoethanolamine (OxSAPE) [25]. In other
studies, oxidized 1-palmitoyl-2-arachidonoyl-sn-3-glycerophosphoserine
(OxPAPS) was found to inhibit the proliferation of T cells isolated from
peripheral blood [26], and to antagonize the interaction between lipopolysaccharide (LPS) and soluble CD14 [27]. However, the majority of studies concerning the effects of oxidized phospholipids on immunity used
one phosphatidylcholine (PC) bearing an esterified arachidonoyl chain,
namely PAPC, as reviewed by Bochkov and co-authors [28,29]. Oxidized
PAPC (OxPAPC) was found to be a pro-inflammatory and immunogenic
antigen in apoptotic cells [30], and to activate TLR-4, with the consequent
induction of IL-8 [31] and IL-6 [32]. 1-palmitoyl-2-oxovaleroyl-sn-3-glycerophosphocholine (POVPC), a short chain oxidation product from OxPAPC, was found to induce the expression of TNF-α and IL-1β in human
macrophages [33]. Other studies, however, have reported the ability of
OxPAPC to antagonize the interaction of bacterial endotoxins with TLRs
and, thus, block their acute inflammatory responses, including that induced by LPS [27,34–36]. Knowing this rich interplay between OxPAPC
derivatives and the immune system, we can speculate that oxidized 1palmitoyl-2-arachidonoyl-sn-glycerophosphoethanolamine (OxPAPE) and
OxPAPS species may interact with the immune cell populations of peripheral blood, and, consequently, mediate the promotion or the resolution
of an inflammatory state.
Because of the lack of knowledge of the biological roles of the PE
and PS congeners of bioactive OxPAPC, in the present study we have
obtained OxPAPE and OxPAPS by in vitro oxidation, characterized
them by mass spectrometry (MS), and added them to human peripheral blood samples. Flow cytometry analysis was then carried out to
assess the potential of OxPAPE and OxPAPS in promoting or inhibiting
an inflammatory phenotype in subpopulations of monocytes and
myeloid dendritic cells (mDCs). Pro-inflammatory activities were
evaluated in peripheral blood cells stimulated in the absence of LPS,
while anti-inflammatory activities were evaluated upon co-incubation
of blood cells with oxidized APL (ox-APL) and LPS. We report new
insights into the biological functions of oxidized arachidonoyl-aminophospholipid species in humans, in particular in the modulation of
the inflammatory response mediated by peripheral blood immune
cells.

2. Materials and methods
2.1. Chemicals
PAPE and PAPS were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL, USA). FeCl2 and H2O2 (30%, w/v) used for the Fenton
reaction were acquired from Merck (Darmstadt, Germany). Water was
of MilliQ purity filtered through a 0.22 μm filter (Millipore, USA). All
solvents used were HPLC grade. For cell stimulation, RPMI-1640
medium was purchased from Gibco (Paisley, Scotland, UK); Brefeldin-A
and lipopolysaccharide (LPS) from Escherichia coli (serotype 055:B5)
were from Sigma-Aldrich (St. Louis, MO, USA). For flow cytometry, the
conjugated monoclonal antibodies (mAbs) for HLA-DR V450 (clone
L243), CD45 V500eC (clone 2D1), IL-1β PE (clone AS10), CD33 APC
(clone P67.6), and CD14 APCH7 (clone MφP9) were purchased from
Becton Dickinson (BD, San Jose, CA, USA); and TNF-α FITC (clone MP6XT22) and CD16 PECy7 (clone 3G8) from BD Pharmingen (San
Diego,CA, USA). Phosphate-buffered saline (PBS) was purchased from
Gibco, and the permeabilization kit, Intraprep, from Beckman Coulter
(Brea, CA, USA).
2.2. Preparation of the ox-APL vesicles
Vesicles of phospholipids were prepared in 5 mM ammonium bicarbonate buffer (pH 7.4). For each oxidation experiment, 1 mg of
phospholipid in chloroform was evaporated to dryness and reconstituted in 446 μL of buffer. The mixture was shaken mechanically on a
vortex mixer for 10 min and sonicated for 1 min. The oxidation was
mediated by the hydroxyl radical generated upon Fenton reaction
conditions (Fe2+/H2O2). Hydroxyl radical is a partially reduced oxygen
species (ROS) characterized by its high reactivity, and is involved in
lipid peroxidation in vivo [37]. The oxidation was initiated by adding
4 μL of FeCl2 (5 mM stock solution) and 50 μL of H2O2 (500 mM stock
solution) to the phospholipid/buffer mixture, giving final concentrations of 40 μM FeCl2 and 50 mM H2O2 in a final volume of 500 μL. The
mixture was incubated at 37 °C and 550 rpm, in the dark, for 48 h.
2.3. Mass spectrometry
The reactions of oxidation were monitored by electrospray-MS (ESIMS) in a linear ion trap mass spectrometer LXQ (ThermoFinnigan, San
Jose, CA). An aliquot of 2 μg of each sample was diluted in methanol
(2:400, v/v) and introduced through direct infusion in the mass spectrometer. The LXQ linear ion trap mass spectrometer operated in the
negative ion mode. Data acquisition and analysis were performed using
the Xcalibur Data System (V2.1, Thermo Fisher Scientific, USA). The
ESI-MS spectra of the oxidation reactions are available online as supplementary information.
2.4. Samples
A total of 6 peripheral blood (PB) samples from healthy adult subjects (1 male and 5 females; mean age: 47.4 ± 7.5 years old) were
collected in heparin. Informed consent, in accordance with the local
ethics committee, was obtained from all the individuals enrolled in this
study.
2.5. In vitro stimulation of cytokine production by mDCs and monocytes
For each individual under study, we prepared 10 tubes with 500 μL
of PB previously diluted 1:1 (v/v) in RPMI 1640 complete culture
medium, supplemented with 2 mM L-glutamine. PB immune cells were
then subjected to 10 different experimental conditions: no stimulation
(negative control), stimulation with LPS (positive control), stimulation
with each one of the following native or modified phospholipids (PAPE,
PAPS, OxPAPE, and OxPAPS), and stimulation with those same
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phospholipids in the presence of LPS (PAPE + LPS, PAPS + LPS,
OxPAPE + LPS, and OxPAPS + LPS). For this, we added Brefeldin A
(10 μg/mL) from Penicillium brefeldiamun (to prevent the release of de
novo produced cytokines outside the cells) to all tubes, 100 ng/mL of
LPS and/or 20 μg/mL of phospholipids, to the corresponding stimulated
tube. The samples were then incubated at 37 °C, in a sterile environment with 5% CO2 humidified atmosphere, for 6 h.

We studied the production of the cytokines TNF-α and IL-1β by
classical, intermediate and non-classical monocytes and mDCs in peripheral blood at basal level (negative control), upon stimulation with
LPS (positive control), and after incubation with ox-APL (OxPAPE,
OxPAPS) and non-modified APL (PAPE, PAPS). The results obtained
from the incubation of peripheral blood with the different non-modified
or ox-APL were compared with negative control, with the aim of seeing
if these species would be able to induce an increase in either the frequency or amount of pro-inflammatory cytokines production by
monocytes and mDCs. Non-modified and ox-APL were also incubated
with peripheral blood in the presence of LPS, to evaluate their ability to
influence the immune cell function in an inflammatory environment.
The results given by the co-incubation of blood with LPS and APL or oxAPL were compared with a positive control (LPS-treated blood) to see if
these species could decrease the frequency or amount of cytokine
production by monocytes and mDCs. This allowed the assessment of the
modulatory activities of the oxidized phospholipids studied, based on
the different interactions of the APL with the antigen-presenting cells,
with emphasis on the effect of oxidation and of the chemistry of the
polar head group. The amount of ox-APL mixture chosen for each experiment (20 μg) has already been optimized in other studies from our
group [16,17].

2.6. Flow cytometry analysis of cytokine production
After the incubation period, the PB samples under the different
experimental conditions were stained with mAbs for membrane antigens (HLA-DR, CD45, CD16, CD33, and CD14), incubated for 10 min at
room temperature in the dark, washed once with 2 mL of PBS and
centrifuged for 5 min at 540 g. The supernatant was discarded; cells
were then fixed and permeabilized with the Intrapep kit according to
manufacturer's instructions, and stained with mAbs for intracellular
cytokines (TNF-α and IL-1β). The samples were then incubated for
15 min at room temperature in the dark, washed twice with 2 mL of
PBS, resuspended in 500 μL of PBS, and immediately analysed in the
flow cytometer.
2.7. Data acquisition and analysis

3.1. Identification of the oxidized species by direct infusion ESI-MS

Data acquisition was performed with a FACSCanto™II (BD) flow
cytometer using FACSDiva software (v6.1.2; BD). The whole sample
from each tube was acquired and stored, corresponding to a number of
events always above 0.5 × 10.6 For data analysis, Infinicyt software
(version 1.7; Cytognos SL, Salamanca, Spain) was used.

Analysis by direct infusion ESI-MS in negative ion mode was performed to identify the oxidized species present in the OxPAPE and
OxPAPS mixtures obtained after oxidation of hydroxyl radical generated by the Fenton reaction. Comparing the ESI‐MS spectra of the PAPE
and PAPS standards before and after the Fenton reaction
(Supplementary Figures 3 and 4, respectively), we were able to observe
significant changes. For both PAPE and PAPS, new ions appeared at
higher m/z values then the [M − H]- ions of the non-modified species,
and were identified as long chain oxidation products ([M + nO]-,
n = 1–7). The oxidation products identified in the OxPAPE and OxPAPS
mixtures are summarized in Supplementary Table 3: the most abundant
OxPAPE species was PAPE (+2O-4Da), followed by the hydroxy
(PAPE + O) and hydroxy-hydroperoxy (PAPE+3O) derivatives. In the
case of PAPS oxidation (Supplementary Figure 4; Table 3) the most
abundant OxPAPS species were PAPS +4O, correspondent mainly to
dihydroperoxy derivative, followed by the PAPS+3O (correspondent
mainly to hydroxy-hydroperoxy derivative) and the polar head oxidation product bearing a terminal acetic acid (PAPS-29Da) [4]. .

2.8. Immunophenotypic identification of classical, intermediate, and nonclassical monocytes, and mDCs
The mAb panel used allowed the identification of classical, intermediate, and non-classical monocytes, and mDCs, as follows: classical
monocytes express high levels of CD14 in the absence of CD16, together
with high expression of CD33 and HLA-DR; intermediate monocytes
present high expression of CD14 together with an increased expression
of CD16, and lower levels of CD33 compared to classical monocytes;
finally, non-classical monocytes show CD16 positivity with a decreased
expression of CD14, the highest expression of CD45 and the lowest
CD33 levels among the three monocyte subpopulations, whereas HLADR expression is between that of classical and intermediate monocytes.
mDCs are characterized by lower side-scatter light dispersion properties
and CD45 expression compared to monocytes, and high expression of
CD33 and HLA-DR in the absence of CD14 and CD16.

3.2. Evaluation of the activity of OxPAPE in monocytes and dendritic cells
The frequency of cytokine-producing cells and the amount of cytokines produced per cell (measured as MFI) were tested in cells from
peripheral blood characterized by basal immune parameters (negative
control) and in peripheral blood after incubation with ox-APL. We did
not observe any significant increase in the frequency of monocytes and
mDCs producing TNF-α and IL-1β, after stimulation with OxPAPS
compared with negative control. Also, incubation with OxPAPS compared with negative control did not significantly affect the amount of
TNF-α or IL-1β produced per cell, measured as MFI, in any of the populations tested (Table 1; Fig. 1). Significant variations were only observed after incubation with OxPAPE. In this case, we saw a significant
increase in the frequency of cells expressing TNF-α, in all the monocyte
subpopulations, after stimulation with OxPAPE, compared with negative control (Table 1; Fig. 1). A statistically significant increase was also
noted for classical monocytes expressing IL-1β after stimulation with
OxPAPE compared with negative control (Table 1; Fig. 1). Stimulation
with OxPAPE did not induce any significant increase in the frequency of
intermediate monocytes, non-classical monocytes expressing IL-1β, or
in the frequency of mDCs expressing TNF-α and IL-1β, when compared
with negative control. Stimulation with OxPAPE did not lead to

2.9. Statistical methods
Mean values and standard deviations, as well as median values and
range, were calculated for each variable under study by using the SPSS
software program (SPSS 17.0, Chicago, USA). The statistical significance of the differences observed between groups was evaluated
using the paired-sample Wilcoxon test. Differences between groups
were considered statistically significant when p-value < 0.05.
3. Results
The ability of the modified APL derivatives OxPAPE and OxPAPS to
induce or inhibit the production of cytokines (TNF-α and IL-1β) was
evaluated in three subpopulations of peripheral blood monocytes
(classical, intermediate and non-classical) and in mDCs. To evaluate the
effect of the modified APL, both the frequency of cytokine-producing
cells, expressed as a percentage, and the total amount of cytokines
produced per cell, expressed as mean fluorescence intensity (MFI), were
determined for each tested condition.
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Table 1
Pro-inflammatory effect of OxPAPE. Frequency of cells producing TNF-α and IL-1β, and amount of cytokine expressed per cell (measured as MFI), among classical
(CMo), intermediate (IMo) and non-classical (NCMo) monocytes, and mDCs, under the following culture conditions: in absence of stimulus (negative control) and
after incubation with OxPAPE or OxPAPS. Results are expressed as a mean ± standard deviation. Differences with respect to negative control were considered
statistically significant (*) when p < 0.05 (paired-sample Wilcoxon test). %, percentage of positive cells. MFI, mean fluorescence intensity.
TNF-α

IL-1β

%
CMo
IMo
NCMo
mDCs

Negative
OxPAPE
OxPAPS
Negative
OxPAPE
OxPAPS
Negative
OxPAPE
OxPAPS
Negative
OxPAPE
OxPAPS

control
control
control
control

0.81
4.58
0.95
0.66
8.25
1.46
0.35
2.69
0.60
0.45
0.58
0.46

MFI
± 0.25
± 2.89*
± 0.36
± 0.43
± 5.97*
± 1.64
± 0.25
± 3.37*
± 0.99
± 0.31
± 0.36
± 0.68

%

5231
3231
6103
N/A
3214
N/A
N/A
N/A
N/A
N/A
N/A
N/A

significant changes in the amount of TNF-α or IL-1β produced per cell,
measured as MFI, in any of the tested cell populations. With the native
PAPE and PAPS, we found a significant increase in the frequency of
classical monocytes and intermediate monocytes expressing TNF-α
after stimulation with PAPE compared with negative control
(Supplementary Table 1; Supplementary Figure 1). However, after stimulation with PAPS, we found a significant increase in the frequency of
classical monocytes and intermediate monocytes expressing TNF-α and
IL-1β, when compared with negative control (Supplementary Table 1,
Supplementary Figure 1). Though not reaching statistically significant
levels, PAPS also exhibits a tendency to increase the percentage of cells
producing TNF-α and IL-1β in non-classical monocytes and mDCs. It is
interesting to note that this ability of PAPS to transversally promote
pro-inflammatory cytokine expression in distinct monocyte subsets and
mDCs is lost in OxPAPS.

± 2332
± 1399
± 2047
± 1956

MFI

0.23
2.54
0.18
4.23
7.26
3.68
1.52
2.26
2.55
0.17
0.33
0.10

± 0.15
± 3.43*
± 0.06
± 4.15
± 5.15
± 4.41
± 1.61
± 1.40
± 4.68
± 0.21
± 0.23
± 0.08

N/A
362 ±
586 ±
N/A
375 ±
306 ±
N/A
336 ±
324 ±
N/A
N/A
N/A

36
315
84
25
36
7.07

and IL-1β. Considering the amount of cytokines produced per cell, coincubation of LPS and OxPAPE led to a statistically significant decrease
in the amount of TNF-α expressed by classical monocytes with respect
to positive control, expressed as MFI (Table 2; Fig. 2). However, the
amount of IL-1β produced by classical monocytes, and the amount of
TNF-α and IL-1β produced by intermediate monocytes, non-classical
monocytes, and mDCs, did not decrease significantly upon treatment
with LPS + OxPAPE, against positive control.
We found that the co-incubation of LPS and OxPAPS induced a
statistically significant decrease in the amount of TNF-α produced by
classical monocytes and non-classical monocytes, in comparison with
positive control. Incubation of OxPAPS with blood treated with LPS also
induced a significant decrease in the amount of IL-1β expressed by nonclassical monocytes and mDCs (Table 2; Fig. 2). The amount of TNF-α
expressed in intermediate monocytes and mDCs, and the amount of IL1β expressed by intermediate monocytes and classical monocytes, did
not decrease significantly when compared with positive control.
Moreover, we saw that co-incubation LPS + OxPAPS, in comparison
with positive control, led to a significant decrease in the frequency of
mDCs producing TNF-α (Table 2; Fig. 2). The frequency of IL-1β-expressing mDCs, along with the frequency of monocytes expressing TNFα and IL-1β, were not affected by LPS + OxPAPS. In the case of native
PAPE and PAPS, co-incubation of LPS and PAPE did not lead to any
significant decrease either in the frequency of monocytes and mDCs
producing TNF-α or IL-1β, or in the amount of cytokines produced per
cell (MFI) (Supplementary Figure 2, Supplementary Table 2). Treatment with LPS + PAPS compared to the positive control led to a

3.3. Evaluation of the activity of OxPAPS in monocytes and dendritic cells
The frequency of cytokine-producing cells and the amount of cytokines produced per cell were tested in cells from peripheral blood upon
LPS-induced acute inflammation (positive control), and in cells from
peripheral blood after incubation with LPS and non-modified or oxAPL. This allowed us to evaluate whether these species could inhibit the
inflammatory stimulus of LPS, i.e. if they had any anti-inflammatory
activity.
Co-incubation of LPS and OxPAPE did not lead to any significant
decrease in the frequency of monocytes or of mDCs producing TNF-α

Fig. 1. Pro-inflammatory effect of OxPAPE.
Frequency of cells producing TNF-α and IL-1β,
among classical (CMo), intermediate (IMo) and nonclassical (NCMo) monocytes, and mDCs, in the absence of LPS (negative control) and after incubation
with OxPAPE and OxPAPS. Differences with respect
to negative control were considered statistically significant (*) when p < 0.05 (paired-sample Wilcoxon
test). %, percentage of positive cells.
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Table 2
Suppression of the inflammatory effect induced by LPS mediated by OxPAPS. Frequency of cells producing TNF-α and IL-1β, and amount of cytokine expressed
per cell (measured as MFI), among classical (CMo), intermediate (IMo) and non-classical (NCMo) monocytes, and mDCs, under the following culture conditions: after
LPS-induced inflammatory stimulus (positive control), after incubation with LPS + OxPAPE, or LPS + OxPAPS. Results are expressed as a mean ± standard
deviation. Differences with respect to positive control were considered statistically (*) significant when p < 0.05 (paired-sample Wilcoxon test). %, percentage of
positive cells; MFI, mean fluorescence intensity.
TNF-α

CMo
IMo
NCMo
mDCs

LPS
LPS
LPS
LPS
LPS
LPS
LPS
LPS
LPS
LPS
LPS
LPS

+ OxPAPE
+ OxPAPS
+ OxPAPE
+ OxPAPS
+ OxPAPE
+ OxPAPS
+ OxPAPE
+ OxPAPS

IL-1β

%

MFI

%

99 ± 0.52
100 ± 0.55
98 ± 1.87
100 ± 0.82
100 ± 0.00
100 ± 0.82
99 ± 1.17
99 ± 0.55
98 ± 2.48
82 ± 12
68 ± 16
47 ± 12*

60230 ± 24783
40348 ± 10770*
31426 ± 9655*
114688 ± 37431
85979 ± 24198
77434 ± 30211
110415 ± 46131
186478 ± 226387
69449 ± 20662*
19392 ± 10727
17388 ± 13001
15823 ± 9547

84
88
75
95
97
87
78
79
77
53
55
66

MFI
±
±
±
±
±
±
±
±
±
±
±
±

11
10
27.94
3.20
2.97
16.96
19
10
10.39
21
21
22

678 ± 208
541 ± 147
471 ± 100
1434 ± 915
992 ± 430
918 ± 596
1040 ± 484
560 ± 215
697 ± 389*
418 ± 129
381 ± 93
327 ± 80*

Fig. 2. Suppression of the inflammatory effect induced by LPS mediated by OxPAPS. Frequency of cells producing TNF-α and IL-1β, among classical (CMo),
intermediate (IMo) and non-classical (NCMo) monocytes, and mDCs, after stimulation with LPS (positive control), LPS + OxPAPE, or LPS + OxPAPS (A). Amount of
TNF-α and IL-1β produced per cell (measured by MFI), after stimulation with LPS (positive control), LPS + OxPAPE, or LPS + OxPAPS (B). Differences with respect
to positive control were considered statistically significant (*) when p < 0.05 (paired-sample Wilcoxon test). %, percentage of positive cells. MFI, mean fluorescence
intensity.

statistically significant decrease in the amount of TNF-α produced by all
the monocytes subpopulations, expressed as MFI (Supplementary
Figure 2, Supplementary Table 2). Interestingly, there is a marked
contrast between the striking inhibitory effect of OxPAPS over TNF-α
expression by mDCs and the absence of effect observed for native PAPS.

4. Discussion
Oxidized phospholipids are recognized as important players in both
the immune response and the development of various pathologies [29].
With pathologies that are associated with an increased ROS production,
68

181

Archives of Biochemistry and Biophysics 660 (2018) 64–71

S. Colombo et al.

such as Alzheimer's disease, cystic fibrosis and alcoholic liver disease,
the occurrence of ox-APL could be a potential source of molecules involved in the triggering or in the resolution of the inflammatory state
[7,11,38]. With the aim of shedding more light on the relationship
between oxidized arachidonoyl-APL and inflammation, we have used
flow cytometry to obtain new insights into the modulation of peripheral
blood immune cells by OxPAPE and OxPAPS. We have evaluated the
influence of OxPAPE and OxPAPS on the frequency of monocytes and
mDCs that produce cytokines, and have assessed the quantity of TNF-α
and IL-1β produced by each cell subpopulation.
Among the ox-APL in this study, only OxPAPE induced a pro-inflammatory response after incubation with immune cells. In this case,
the pro-inflammatory action was always due to an increase in the
proportion of monocytes producing TNF-α and IL-1β (classical, intermediate and non-classical monocytes); no significant effect was observed in the amount of cytokines produced per monocyte, and no effect was observed on mDCs. This suggests that when OxPAPE is
generated in vivo upon oxidative stress, it can promote an inflammatory
environment by increasing the percentage of monocytes that produce
pro-inflammatory cytokines. Oxidized PE has already been highlighted
as a pro-inflammatory mediator [16,17]. However, the effects of OxPAPE on peripheral blood immune cells have never been studied; this is
the first report of the pro-inflammatory activity of OxPAPE as a group
of species able to stimulate monocytes in peripheral blood.
OxPAPE is not the first arachidonoyl phospholipid for which a proinflammatory activity was observed. Walton and co-authors [31] reported that OxPAPC could bind toll-like receptor 4 (TLR4), a known
receptor of bacterial endotoxins which activates intracellular signaling
pathways leading to cytokine production. Interestingly, the authors
found that the binding of OxPAPC to TLR4 occurred through a CD14independent mechanism, promoting the activation of TLR4 receptor. In
another report, OxPAPC was seen to stimulate cytokine production in
macrophages and induce acute lung injury through a pathway that
included TLR4 and the activation of the TRIF adaptor protein [32]. It is
worth noting that the expression of TLR4 is markedly lower in mDCs
than in monocytes [39]. Hence, we suggest that the specific stimulation
of OxPAPE could be due to its activating binding to TLR4. Thus the
activation of TLR4 would induce transcriptional factors, such as NF-κB
and AP-1, that ultimately lead to the expression of pro-inflammatory
cytokines (TNF-α and IL-1β) [40,41].
Oxidized PS did not show pro-inflammatory effects. This is in
agreement with previous work from our group, where we noted that
OxPOPS species did not induce any pro-inflammatory shift in peripheral blood immune cells [24]. In contrast, OxPAPS reduced the LPSinduced pro-inflammatory phenotype in classical monocytes, nonclassical monocytes, and mDC, in the presence of LPS. In all the immune
cell populations studied, OxPAPS decreased the amount of cytokines
produced per cell. This anti-inflammatory effect is in agreement with
published works in which OxPAPC and OxPAPS were found to antagonize the recognition of LPS by the CD14-TLR4 complex at several
steps, arbitrating a multi-hit inhibition of the LPS-induced inflammatory response in monocytes [27]. OxPAPS, in particular, was
found to form a covalent complex with CD14, a co-receptor for TLR4,
acting as a competitive inhibitor of the binding between LPS and TLR4
[27]. In addition, the externalization of oxidized PS on the membrane
surface provides a proven immunosuppressive mechanism leading to
cell clearance and resolution of inflammation [19,42–44]. In HL60 and
Jurkat cells undergoing intrinsic apoptosis, oxidized PS externalized on
the plasma membrane was found to directly participate in the process of
cell engulfment mediated by professional phagocytes [22]. Greenberg
et al. [18] highlighted the role of CD36 as the receptor by which
macrophages recognize OxPAPS. Since CD36 is also expressed in
monocytes [45] and mDC [46], we suggest that the anti-inflammatory
effect that we observed for OxPAPS could be due to the activation of
CD36, whose intracellular signaling in monocytes leads to the inactivation of NF-κB, and to a decreased expression of pro-inflammatory

cytokines, such as TNF-α and IL-1β [47,48]. Several studies have reported that apoptotic cells exposing oxidized PS are capable of initiating the transduction of signals in mDCs that induces the downregulation of various inflammatory pathways via inhibition of NF-κB
and TLRs (reviewed in Ref. [49]). The OxPAPS tested in the present
study might have activated such anti-inflammatory signaling in peripheral mDCs, thus leading to the decreased production of cytokines per
mDCs that we observed. The non-oxidized PAPE and PAPS were also
able to induce an inflammatory response in classical and intermediate
monocytes, but this was less than the ox-APL. A similar trend was already observed for 1,2-dipalmitoyl-3-sn-glycerophosphoethanolamine
(DPPE) and PLPE [17]. We also saw an anti-inflammatory shift induced
by PAPS in all monocyte subpopulations, in agreement with recent
studies implicating native PS as an anti-inflammatory factor [50,51].
However, non-modified APLs are mainly confined in the inner leaflet,
where they are kept by the action of specific flippases [52] and
scramblases. [53–57], that hinder PE and PS from the signaling interaction with other cells. Oxidation of PE and PS is known to induce the
externalization of the ox-APL on the outer leaflet of mammalian cell
membranes [19,25,43], and, as a consequence, the oxidized PAPE and
PAPS, rather than their native congeners, seem to be involved in signaling events resulting in the modulation of the immune system,
mentioned earlier.
5. Conclusions
The results of this study clearly demonstrate that oxidized arachidonoyl-APL can modulate the immune system and the inflammatory
response in peripheral blood immune cells. We emphasized the role of
OxPAPE as a promoter of the inflammatory response in circulating
immune cells that is capable of inducing an increased frequency of TNFα- and IL-1β-producing monocytes. In contrast, we found that OxPAPS
is an anti-inflammatory agent in peripheral blood immune cells treated
with the LPS bacterial endotoxin, and is able to downregulate the
amount of cytokines produced per cell in each monocyte subpopulation
and in mDC. Peroxidation of PAPE and PAPS occurs in inflammatory
diseases characterized by oxidative stress. Thus, OxPAPE and OxPAPS
can be key players in either the triggering or resolution of the inflammatory state underlying the onset and the development of such
pathologies. For future studies, the information provided by flow cytometry can be integrated with detailed structural characterization of
the OxPAPE and OxPAPS molecular species detected in clinical samples. This combined approach could provide a clear relationship between the structure of the ox-APL and its activity on the immune
system, finally allowing the identification and the validation of new
biomarkers of immune-mediated inflammatory diseases.
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Supplementary Figure 4. Full ESI-ITMS spectra of the PAPS standard used in the present study,
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reaction.
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Supplementary Table 1. Frequencies of monocyte subpopulations and mDC producing TNF-α and

42

IL-1β (%), and amount of TNF-α and IL-1β produced per cell (MFI), in the absence of an

43

inflammatory stimulus (negative control) and after incubation with PAPE and PAPS. Results are

44

expressed as a mean ± standard deviation. Differences with respect to negative control were

45

considered statistically significant (*) when p < 0.05 (paired-sample Wilcoxon test). %, the

46

percentage of positive cells. MFI, mean fluorescence intensity.

47
TNF-α
CMo

IMo

NCMo

mDC

IL-1β

%

MFI

%

MFI

Negative control

0.81 ± 0.25

5231 ± 2332

0.23 ± 0.15

N/A

PAPE

2.07 ± 1.96 *

5758 ± 1136

0.77 ± 1.08

415 ± 1.41

PAPS

4.24 ± 2.28 *

2434 ± 1942

3.83 ± 1.63 *

342 ± 40

Negative control

0.66 ± 0.43

N/A

4.23 ± 4.15

N/A

PAPE

10 ± 19 *

6531 ± 2997

9 ± 5.16

410 ± 135

PAPS

9.80 ± 5.79 *

1437 ± 618

12 ± 4.69 *

398 ± 58

Negative control

0.35 ± 0.25

N/A

1.52 ± 1.61

N/A

PAPE

1.82 ± 3.04

N/A

3.45 ± 3.02

306 ± 21

PAPS

2.11 ± 2.62

N/A

3.44 ± 3.16

404 ± 195.08

Negative control

0.45 ± 0.31

N/A

0.17 ± 0.21

N/A

PAPE

0.42 ± 0.56

N/A

0.09 ± 0.15

N/A

PAPS

1.21 ± 1.03

N/A

0.32 ± 0.39

N/A
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Supplementary Table 2. Frequencies of monocytes subpopulations and mDC producing TNF-α

51

and IL-1β (%), and amounts of TNF-α and IL-1β per cell (MFI), after the LPS-induced

52

inflammatory stimulus (positive control) and after incubation with LPS + PAPE and LPS + PAPS.

53

Results are expressed as a mean ± standard deviation. Differences with respect to positive control

54

were considered statistically (*) significant when p < 0.05 (paired-sample Wilcoxon test). %, the

55

percentage of positive cells. MFI, mean fluorescence intensity.

56
TNF-α
CMo

IMo

NCMo

mDC

IL-1β

%

MFI

%

MFI

LPS

99 ± 0.52

60230 ± 24783

84 ± 11

678 ± 208

LPS + PAPE

99 ± 1.51

51212 ± 14498

85 ± 17.94

672 ± 285

LPS + PAPS

99 ± 0.89

38340 ± 11986 *

84 ± 15.41

556 ± 182

LPS

100 ± 0.82

114688 ± 37431

95 ± 3.20

1434 ± 915

LPS + PAPE

100 ± 0.00

95018 ± 29498

93 ± 10.05

1118 ± 618

LPS + PAPS

100 ± 0.00

74242 ± 25969 *

93 ± 7.59

934 ± 561

LPS

99 ± 1.17

110415 ± 46131

78 ± 19

1040 ± 484

LPS + PAPE

99 ± 0.75

102341 ± 41331

83 ± 10.47

985 ± 618

LPS + PAPS

99 ± 1.51

78744 ± 33907 *

77 ± 13

868 ± 658

LPS

82 ± 12

19232 ± 10727

53 ± 21

418 ± 129

LPS + PAPE

81 ± 9

19190 ± 14243

58 ± 20

432 ± 154

LPS + PAPS

78 ± 11

18093 ± 14462

61 ± 19

391 ± 142
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Supplementary Table 3. Oxidation products observed in the negative ESI-MS spectra from
OxPAPE and OxPAPS, with the indication of m/z values and relative abundancies of the [M-H]ions.

Modification
m/z
-29 Da (polar head
terminal acetic acid)
Unmodified
+14 (+O-2 Da)
+16 (+O)
+28 (+2O-4 Da)
+32 (+2O)
+48 (+3O)
+64 (+4O)
+78 (+5O-2 Da)
+80 (+5O)
+94 (+6O-2 Da)
+96 (+6O)
+112 (+7O)

OXIDATION PRODUCTS
[M-H]- ions
PAPE
Relative abundance (%)
m/z

PAPS
Relative abundance (%)

/

/

753.5

17.06

738.5
752.5
754.5
766.5
770.5
786.5
802.5
816.5
818.5
832.5
834.5
850.5

100
2.45
8.33
24.45
6.36
7.54
8.33
7.96
5.79
3.78
5.42
3.48

782.4
796.4
798.4
810.4
814.4
830.4
846.4
860.4
862.4
876.4
878.4
894.4

100
2.12
11.60
12.27
8.99
17.90
19.08
9.41
9.16
3.42
7.00
2.36
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Phospholipidome of endothelial
cells shows a different adaptation
response upon oxidative, glycative
and lipoxidative stress
Simone Colombo1, Tânia Melo1, Marta Martínez-López2, M. Jesús Carrasco2,
M. Rosário Domingues1, Dolores Pérez-Sala 2 & Pedro Domingues1
Endothelial dysfunction has been widely associated with oxidative stress, glucotoxicity and lipotoxicity
and underlies the development of cardiovascular diseases (CVDs), atherosclerosis and diabetes. In
such pathological conditions, lipids are emerging as mediators of signalling pathways evoking key
cellular responses as expression of proinflammatory genes, proliferation and apoptosis. Hence, the
assessment of lipid profiles in endothelial cells (EC) can provide valuable information on the molecular
alterations underlying CVDs, atherosclerosis and diabetes. We performed a lipidomic approach based
on hydrophilic interaction liquid chromatography-tandem mass spectrometry (HILIC-MS/MS) for the
analysis of the phospholipidome of bovine aortic EC (BAEC) exposed to oxidative (H2O2), glycative
(glucose), or lipoxidative (4-hydroxynonenal, HNE) stress. The phospholipid (PL) profile was evaluated
for the classes PC, PE, PS, PG, PI, SM, LPC and CL. H2O2 induced a more acute adaptation of the PL
profile than glucose or HNE. Unsaturated PL molecular species were up-regulated after 24 h incubation
with H2O2, while an opposite trend was observed in glucose- and HNE-treated cells. This study
compared, for the first time, the adaptation of the phospholipidome of BAEC upon different induced
biochemical stresses. Although further biological studies will be necessary, our results unveil specific
lipid signatures in response to characteristic types of stress.
The endothelium is the tissue responsible for the regulation of the hemodynamics of the whole circulatory system. Endothelial cells (EC) under oxidative stress play a pathogenic role in the onset and the development of
cardiovascular diseases (CVDs)1,2 and atherosclerosis3. The scenario in which the endothelium is involved in
the initiation and progression of CVDs and other oxidative stress-related disorders is referred to as endothelial
dysfunction, an array of maladaptive changes in the functional phenotype of EC that is known to occur upon
exposure to minimally oxidized low-density lipoproteins (LDL) and overproduction of reactive oxygen species
(ROS)2,4,5. Moreover, diabetes and hyperglycemia can also trigger oxidative stress, leading to endothelial dysfunction, which contributes to diabetic retinopathy6,7, cardiovascular complications8 and atherosclerosis9. Also,
hyperglycemia has been associated with endothelial dysfunction through the decrease of cell viability and the
induction of EC apoptosis9,10. Oxidative stress can also lead to the formation of aldehydic lipid peroxidation
products (ALPP), as 4-hydroxy-2-nonenal (HNE), which can further induce oxidative stress in EC11–13. HNE is
able to exert prominent cytotoxic effects in human umbilical EC (HUVEC) that result in morphological changes,
diminished cellular viability, impaired endothelial barrier function, and cell apoptosis11. Therefore, the endothelial barrier dysfunction promoted by HNE may contribute to the vascular changes that lead to the development
of atherosclerosis11,14.
In the CVDs that are related to endothelial dysfunction and, more broadly, in chronic inflammatory diseases
related to oxidative stress, lipids have progressively been considered as key molecules mediating the outbreak
and the progression of such pathologies15–17. During the last decade, we have assisted to the rapid development
of lipidomics, a group of analytical platforms and protocols aimed at the assessment of lipid metabolic profiles
1
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Figure 1. Schematic diagram showing the experimental workflow including cell treatment, cell lysis, lipid
extraction, chromatographic separation and MS analysis.

and networks in biological systems18. Lipidomics can provide information about the molecular basis of CVDs,
highlight the links between lipid functions and pharmacological treatments, and allow a more in-depth monitoring of the response to therapies19. However, the evaluation of the lipidome of EC is still limited. Murphy and
co-authors20 reported the phospholipid (PL) compositions of cultured EC from human artery, saphenous vein,
and umbilical vein, and observed a similar profile for the three cell types. Héliè-Toussaint and co-authors21 further studied the lipidomic pathways of HUVEC, observing a preferential homeostasis leading to the synthesis of
PL rather than triacylglycerols, and a fast incorporation of palmitic acid and arachidonic acid in the membrane
PL pool. More recent insights in cardiovascular lipidomics have allowed the characterization of the lipidome of
human atherosclerotic plaques, pinpointing an enrichment in phosphatidylcholines (PC), oxidized phosphatidylcholines (ox-PC) and lyso-PL within the cells22,23. Nevertheless, the understanding of the pathogenic mechanisms
underlying CVDs requires the study of the phospholipidome of EC upon stressing conditions such as hyperglycemia and overproduction of ROS. However, up to date, only Yang and co-authors24 have investigated the variations
in the lipidome of human EC upon oxidative stress. A phospholipidomic fingerprinting of EC subjected to biochemical stress would represent a very informative model of cardiovascular pathobiology, aimed to understand
the molecular mechanisms of adaptation that may occur during endothelial dysfunction and contribute to the
onset of CVDs. In the present study, we wanted to assess whether specific stress conditions would induce distinctive changes in the lipidome of EC. For this, we employed hydrophilic interaction liquid chromatography coupled
to mass spectrometry (HILIC-MS/MS) for the phospholipidomic profiling of cultured bovine aortic EC (BAEC),
which constitute a widely used model for vascular biology studies, upon oxidative (H2O2), glycative (glucose) or
lipoxidative (HNE) stress conditions. The workflow used to carry out the entire experiment is shown in Fig. 1.
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Figure 2. Principal component analysis score plot of the phospholipid profiles obtained from BAEC treated
with glucose, H2O2 or HNE. Control, vehicle medium; Glucose, 25 mM glucose; H2O2, 1 mM hydrogen
peroxide; HNE, 10 µM 4-hydroxy-2-nonenal. All samples were analysed after 24 hours of treatment.
Our results show for the first time that the lipidome of EC is exquisitely responsive to diverse stress conditions,
and thus, may mediate specific adaptive changes.

Results

Lipids have recently emerged as key mediators in the onset of chronic inflammatory diseases characterized by
endothelial dysfunction and oxidative stress. Hence, we employed a HILIC-LC-MS/MS platform to analyse the
phospholipid profile of BAEC treated in control conditions and in response to different stressing agents (H2O2,
glucose, or HNE). The data sets resulting from the HILIC-LC-MS/MS analysis of four sample groups (control,
H2O2, glucose, and HNE) were later subjected to both univariate and multivariate statistical analysis, aiming to
identify significant changes occurring in the BAEC phospholipid profile upon induced biochemical stress.
We performed the identification and the relative quantification of PL species belonging to 8 different classes:
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylglycerol (PG),
phosphatidylinositol (PI), lyso-PC (LPC), cardiolipin (CL) and sphingomyelin (SM). The whole list of the 109 PL
species (correspondent to the most abundant species in all the identified classes) that were identified and quantified after MS and MS/MS analysis of each sample can be found in Supplementary Table S1. The total chain length
(C) and degree of unsaturation (N) are included. Also, the different isomers of the same classes that bear different
esterified fatty acids and correspond to each C:N composition were included. These isomers cannot be resolved
by the LC-HILIC method, but the fatty acyl composition was determined by MS/MS analysis. Negative ion mode
MS/MS data were used to analyse fatty acid carboxylate anions fragments, which allowed to assign the fatty acyl
chains esterified to the PL molecular species. For the relative quantification of all the PL listed in Supplementary
Table S1, the peak areas of the extracted ion chromatograms (XICs) of each PL species (C:N) within each class
were normalized using the peak area of the internal standard (IS) selected for the class. Data were subsequently
autoscaled and then subjected to a principal component analysis (PCA) to display the clustering trends of the
four experimental groups of BAEC: control, H2O2-, glucose-, and HNE-treated. The PCA showed that all the
groups were separated from each other in a two-dimensional score plot which represented the analyses describing
66.8% of the total variance, including principal component 1 (51.1%) and principal component 2 (15.7%), where
principal component 1 was the major discriminating component (Fig. 2). From the loading values, PE (34:3), PE
(36:2), PE (38:2), PE (36:1) and PE (36:3) were the major contributors from component 1, whereas PI (36:2), PE
(34:1), PC (O-32:0), PI (36:1) and PG (34:2) were the main contributors for component 2. Control samples were
scattered on the central region of the plot. Glucose or HNE-treated samples were scattered on the left region of
the plot according to the order: glucose, HNE. Interestingly, H2O2-treated samples formed the only group that
was scattered on the right region of the plot.
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Figure 3. Hierarchical cluster analysis of the phospholipid profiles obtained from BAEC treated with glucose,
H2O2 or HNE. Control, vehicle medium; Glucose, 25 mM glucose; H2O2, 1 mM hydrogen peroxide; HNE, 10 µM
4-hydroxy-2-nonenal. All samples were analysed after 24 hours of treatment.

Additionally, we carried out a hierarchical clustering analysis (HCA) on the phospholipid data sets from the
four conditions (Fig. 3). The resulting HCA dendrogram depicted a noticeable separation of the four data sets of
control, H2O2, glucose, and HNE. The first level of separation was evidenced between H2O2-treated samples and
the remaining conditions. The second level of separation distinguished control samples from the two remaining
groups (glucose and HNE-treated). However, glucose- and HNE-treated cells differentiated in two clusters in the
third level of separation.
Then, we performed a projection to latent structures discriminant analysis (PLS-DA) in order to maximize the
phenotypic classification of samples, which showed the performance statistics of R2X = 0.94241, R2Y = 0.96805
and a high prediction parameter Q2 of 0.80026 (X) and 0.90986 (Y). The four groups were well separated in
the resulting two-dimensional score plot (Fig. 4). The PLS-DA score plot described 65.8% of the total variance,
including component 1 (16.8%) and component 2 (49%). Along with component 2, control samples were scattered at the central region of the plot. Glucose- and HNE-treated samples were scattered on the top region of the
plot. H2O2-treated samples formed the only group that was scattered at the bottom region of the plot. Along with
component 1, control- and glucose-treated samples were scattered at the left side of the plot, while HNE- and
H2O2-treated samples were scattered on the right side of the plot.
Besides multivariate statistical analyses, we used another approach to facilitate the interpretation of the extensive dataset produced in the present study, namely the analysis of semi-quantitative phospholipidomic features
across distinct depths of detail.
For a clearer overview of the phospholipidome, we included the analysis of PL by features, assessing the adaptation of all the PL species bearing the same number of unsaturation, or bearing the same total carbon chain
length, as already performed by other authors25. Therefore, the cumulative levels of all the PL species comprised of
the same number of unsaturation, ranging from zero, one, two, three and four double bonds, were summarized in
the singular lipidomic features PL-DB0, PL-DB1, PL-DB2, PL-DB3, and PL-DB4, respectively. When comparing
globally the degree of unsaturation observed for BAEC PL upon the four tested conditions (control, H2O2, glucose
and HNE), the highest cumulative levels of (poly-)unsaturated species (PL-DB1, PL-DB2, PL-DB3, and PL-DB4)
were always observed after the treatment with H2O2 (Fig. 5). Conversely, treatment of BAEC with glucose and
HNE downregulated the levels of PL-DB1, PL-DB2, PL-DB3 and PL-DB4 when compared with control (Fig. 5).
Only when comparing HNE with control, changes in PL-DB4 were not statistically significant.
Analogously, the cumulative levels of all the PL species comprised of the same number of carbons in their
hydrocarbon chain were summarized in the singular lipidomic features PL-C32, PL-C34, PL-C36, PL-C38, and
PL-C40, respectively. Regardless of the treatment, PL-C36 species were always the most abundant in BAEC.
Treatment of BAEC with H2O2 lead to an increase of the features PL-C34, PL-C36, and PL-C38 when compared with control (Fig. 5). Conversely, we observed a downregulation of PL-C32, PL-C34, PL-C36, PL-C38, and
PL-C40 for BAEC treated with glucose, and a downregulation PL-C32, PL-C34, PL-C36, and PL-C40 for BAEC
treated with HNE, in comparison with control (Fig. 5). We did not observe any statistically significant variation
for PL-C32 and PL-C40 after treatment with H2O2, nor for PL-C38 after treatment with HNE.
For a more detailed interpretation of the data, we further addressed the adaptation of single PL species
induced by the different stressing treatments. The most abundant PC molecular species was PC (34:1) followed
by PC (36:2), in all the conditions. We observed a statistically significant increase of the levels of PC (34:1), PC
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Figure 4. Projection to latent structures discriminant analysis score plot of the phospholipid profiles obtained
from BAEC treated with glucose, H2O2 or HNE. Control, vehicle medium; Glucose, 25 mM glucose; H2O2,
1 mM hydrogen peroxide; HNE, 10 µM 4-hydroxy-2-nonenal. All samples were analysed after 24 hours of
treatment.

Figure 5. (A) Phospholipid species comprised of the same number of unsaturation on the fatty acyl chains,
given as normalized XIC area for each category (the contribution of CL is not included for clarity). (B)
Phospholipid species comprised of the same number of carbon atoms on the hydrocarbon chains, given
as normalized XIC area for each category (the contributions of CL and LPC are not included for clarity).
*,**,*** Statistically significant variation between selected conditions (p < 0.05, p < 0.01 and p < 0.001,
respectively).
(34:2) and PC (36:4) in cells treated with H2O2, when compared to control cells (p < 0.05). On the other hand, we
observed a statistically significant decrease of the levels of PC (30:0) and PC (32:0) in H2O2-treated cells in comparison with control. Interestingly, all these five PC molecular species, PC (34:1), PC (34:2), PC (36:4), PC (30:0)
and PC (32:0), were decreased in high glucose-treated cells when compared to control cells (p < 0.05). PC (30:0),
PC (32:0) and PC (34:1) were also decreased in cells treated with HNE in comparison with controls (p < 0.05).
No significant alterations between HNE-treated cells and control cells were observed for PC (34:2) and PC (36:4)
(Fig. 6 and Table 1).
In all the conditions, PE (36:2) was the most abundant PE molecular species followed by PE (36:3). The levels
of PE (36:3), along with PE (34:3), PE (38:6), PE (36:2) and PE (38:3), were increased in H2O2-treated cells when
compared to controls (p < 0.05). Conversely, we observed a statistically significant down-regulation for all these
five PE species in both glucose- and HNE-treated cells compared to controls (p < 0.05) (Fig. 6 and Table 1).
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Figure 6. Box plots of the 24 most discriminant PL molecular species from BAEC treated with glucose, H2O2 or
HNE. CTL, vehicle medium; GLU, 25 mM glucose; H2O2, 1 mM hydrogen peroxide; HNE, 10 µM 4-hydroxy-2nonenal. All samples were analysed after 24 hours of treatment.

When comparing cells treated with H2O2 with controls we found that PS (38:5), PS (38:4) and PS (40:7) levels
were increased, while PS (36:2) and PS (40:5) were decreased (p < 0.05). We also observed a significant decrease
of PS (36:2), PS (40:5) and PS (36:1) in both glucose and HNE-treated cells compared with controls (p < 0.05)
(Fig. 6 and Table 1).
A significant increase of the levels of PI (38:5), PI (38:6), PI (36:2) and PI (38:3), and a significant decrease
of PI (36:1), were observed in cells treated with H2O2 compared to control cells (p < 0.05). When comparing
glucose-treated cells with controls, the levels of PI (38:5), PI (38:6), PI (38:3) were decreased while PI (36:1) and
PI (36:2) were increased (p < 0.05). We also observed a statistically significant decrease for all these five PI species
in cells treated with HNE when compared with controls (p < 0.05) (Fig. 6 and Table 1).
The treatment of cells with H2O2 induced a decrease on the levels of PG (32:1), PG (34:1) and PG (40:6),
compared to controls (p < 0.05). We also observed decrease of the levels of PG (34:1) and PG (40:6), along with
PG (38:4) and PG (36:0), in glucose-treated cells when compared with controls. The levels of five PG molecular
species - PG (32:1), PG (34:1), PG (40:6), PG (38:5) and PG (36:0) – were found to be decreased in cells treated
with HNE compared to controls (p < 0.05) (Fig. 6 and Table 1).
The most abundant SM molecular species in all conditions was SM (34:1). We observed increased levels of the
species SM (34:2), SM (36:2), SM (38:2), SM (40:2) in cells treated with H2O2, compared to controls (p < 0.05).
Conversely, all these five species of SM were decreased in glucose-treated cells, when compared to controls
(p < 0.05). Treatment of cells with HNE also decreased the levels of the species SM (34:2), SM (36:2), SM (38:2),
in comparison with controls (Fig. 6 and Table 1).
We did not observe any statistically significant difference for the levels of the molecular species belonging to
the CL and LPC classes.
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H2O2 vs. control
Class

PC

PE

Adaptation

Fold
change

30:0

↓

32:0

↓

34:1

Glucose vs. control
Adaptation

Adaptation

Fold
change

1.60

↓

1.13

↓

1.30

1.64

↓

1.47

↓

1.38

↑

0.87

↓

1.09

↓

1.13

36:4

↑

0.70

↓

1.44

34:2

↑

0.75

↓

1.21

34:3

↑

0.73

↓

1.21

↓

1.13

38:6

↑

0.90

↓

1.79

↓

1.22

36:3

↑

0.79

↓

1.37

↓

1.15

36.2

↑

0.82

↓

1.29

↓

1.16

38:3

↑

0.84

↓

1.48

↓

1.26

↓

1.49

↓

1.25

↓

1.36

38:5
PG

PS

PI

SM

HNE vs. control

Fold
change

Species
(C:N)

32:1

↓

1.40

34:1

↓

1.53

↓

1.27

↓

1.59

40:6

↓

1.87

↓

2.14

↓

1.32

36:0

↓

1.34

↓

1.44

36:1

↓

0.91

↓

2.61

36:2

↓

1.30

↓

1.06

↓

1.56

40:5

↓

3.57

↓

1.85

↓

4.40

38:4

↑

0.26

40:7

↑

0.29

38:5

↑

0.95

↓

1.38

↓

1.26

38:6

↑

0.79

↓

1.36

↓

1.30

36:1

↓

1.20

↑

0.75

↓

1.55

36:2

↑

0.91

↑

0.82

↓

1.39

38:3

↑

0.85

↓

1.29

↓

1.23

34:2

↑

0.81

↓

1.21

↓

1.10

36:2

↑

0.78

↓

1.32

↓

1.14

38:2

↑

0.79

↓

1.70

↓

1.17

40:2

↑

0.82

↓

1.36

Table 1. Summary of the alterations observed in the molecular species of PC, PE, PG, PS, PI, and SM from
BAEC comparing control with H2O2-treated, control with glucose-treated and control with HNE-treated cells,
along with their respective fold changes. All the alterations are significant at the p < 0.05 level. CTL, vehicle
medium; GLU, 25 mM glucose; H2O2, 1 mM hydrogen peroxide; HNE, 10 µM 4-hydroxy-2-nonenal. All samples
were analysed after 24 hours of treatment.

Discussion

Lipids have been highlighted as biomolecules involved in the onset of CVDs, a family of chronic inflammatory
diseases in which vascular pathobiology is associated with endothelial dysfunction. Cellular lipid profiling can
provide evidence at the molecular level for the role of lipids in these diseases. In our study, we performed a
phospholipidomic profiling on BAEC subjected to H2O2, glucose, or HNE treatment, aiming to elucidate the
adaptations in the PL of EC upon three models of biochemical stress associated with the onset and/or progression
of CVDs.
In a first instance, the multivariate analyses that we performed (PCA, PLS-DA, and HCA) indicated that the
phospholipid profiles of BAEC were significantly altered in response to each one of the induced biochemical
stresses (H2O2, glucose or HNE). The two-dimensional plots of PCA (Fig. 2) and PLS-DA (Fig. 4), along with
the dendrogram of HCA (Fig. 3), showed that the most evident differentiation of the BAEC-treated phospholipidome, in comparison with controls, occurred in the model of oxidative stress, 24 h after exposure to 1 mM H2O2.
This suggests that the H2O2-mediated toxicity induced more particular and specific changes in the PL profile of
BAEC when compared with glucotoxicity and lipotoxicity, presumably due to the adaptation mechanisms established by the cells to survive the exposure to oxidative stress. Yang and co-authors24 studied a hybrid cell line (EA.
hy296) subjected to oxidative stress, and using phospholipidomic data found that samples were clearly clustered
depending on the different exposure times to 0.2 mM H2O2 (0, 1, 2, 3 and 6 h).
Besides the present study, no other published works have reported the adaptation of the phospholipid profile of EC upon hyperglycemia. In our study, BAEC treated with 25 mM glucose for 24 h showed a significant
alteration of the phospholipidome. PCA, HCA and PLS-DA (Figs 2, 3 and 4, respectively) all exhibited good
clustering of the phospholipid profile of glucose-treated samples when compared to controls, differing from the
trend observed for H2O2-treated samples. The clustering evidenced by HCA, in which high glucose samples are
relatively closer to controls in comparison to H2O2 samples, suggests that the cellular effects mediated by glucose
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affected the phospholipid profile of BAEC via less harsh changes when compared to a directly induced acute
oxidative stress.
In this study, we also assessed the phospholipidome of BAEC upon HNE exposure. Although the biological
effects of HNE on several EC types have already been widely studied (as reviewed by Chapple and co-authors12),
this is also the first study that aimed to evaluate the variations in the phospholipid profile of EC treated with an
ALPP. In this study, we used 10 µM HNE, a concentration in the range of those measured in disease states12.
BAEC treated for 24 h with HNE showed a significant phenotypical differentiation of their phospholipid profile,
as shown in Figs 2, 3 and 4.
Treatment of BAEC with H2O2 increased the cumulative levels of (poly-)unsaturated PL species PL-DB1,
PL-DB2, PL-DB3, and PL-DB4, in comparison with control (Fig. 5). Remarkably, it had been previously described
that direct oxidative stress (H2O2 1 mM) induced PL peroxidation within the first hours of treatment26, while
along 24 hours of treatment, BAEC may have established an adaptive mechanism of re-acylation of unsaturated fatty acyl chains in the PL pool, aimed to counteract the ROS-mediated peroxidation. An increase in
(poly)-unsaturated PL species was also reported by Peterson and co-authors27, in primary neurocortical cells
incubated with H2O2 for 24 h. Hence, this is in agreement with our results that show augmented levels of
(poly)-unsaturated species in H2O2-exposed BAEC. The amount of (poly)-unsaturated PL species in the plasma
membrane is known to be an effective modulator of its physical properties, as phase transition temperature28. In
our study, the up-regulation observed for the (poly)-unsaturated species of BAEC subjected to oxidative stress
might have resulted in increased membrane fluidity. We found this adaptation of interest since an augmented
membrane fluidity was also observed by Sergent29 in rat primary hepatocytes subjected to ethanol-induced oxidative stress, which would be by our conjectures. However, it is important to remark that in the present study the
phospholipidome composition was not strictly studied for the plasma membrane. Hence PL (poly)-unsaturated
species might also belong to other cellular organelles. Additionally, other lipids that were not analysed in the
present study (e.g., cholesterol) are also regulators of membrane fluidity.
The attempt to evaluate significant changes in both high and low abundant PL molecular species led us to
perform a univariate statistical analysis using autoscaled data. Importantly, whereas highly abundant PL species
are central for maintaining structural and biophysical properties, lower abundant PL species might more likely
act as mediators of signalling functions.
Treatment with H2O2 resulted in a decrease of two PC molecular species esterified to saturated fatty acids,
namely PC (30:0) and PC (32:0), along with an increase of three (poly)-unsaturated PC molecular species, namely
PC (34:1), PC (34:2) and PC (36:4) (Fig. 6 and Table 1). First, these results reflect the general increase of PL-DB1,
PL-DB2, PL-DB3, and PL-DB4. More deeply, Cai and Harrison26 reviewed the regulation of EC by H2O2 and
highlighted the fundamental role of this ROS in promoting the inflammatory state of the endothelium. In our
conditions, treatment of BAEC with H2O2 led to the upregulation of PC (34:1), a ligand of the nuclear receptor
PPARα30, that upon activation regulates several anti-inflammatory genes31. Thus, the up-regulation of PC (34:1)
could be part of a protective strategy adopted by the cells in response to the inflammatory state promoted by
oxidative stress.
We observed a significant up-regulation in the molecular species PE (34:3), PE (38:6), PE (36:3), PE (36:2)
and PE (38:3) in BAEC treated with H2O2. PE is the second most abundant PL class in mammalian cells32, hence
the increase of singular unsaturated molecular species correlates with the increase that we observed for PL-DB1,
PL-DB2, PL-DB3, and PL-DB4. Due to the relatively small head group and the high unsaturation degree characterizing PE molecules, significant changes in the composition of PE species may affect the curvature of the
cell membrane and contribute to an increase in its fluidity33,34 Of interest, Hailey and co-authors35 found mitochondrial PE to be the recruiters of autophagy markers in starved mammalian cells, while Rockenfeller and
co-authors36 highlighted that increased levels of PE enhanced the lifespan of cultured mammalian cells via promotion of autophagy. Since high levels of H2O2 are known to induce apoptosis in cultured EC26, we postulate
that the up-regulation of PE species herein observed is an adaptive mechanism of survival adopted by the cells in
response to the early apoptotic signals triggered by the H2O2 treatment.
Curiously, H 2O 2 treatment led to a complex regulation of (poly)-unsaturated PS species in BAEC,
since PS (38:4) and PS (40:7) were up-regulated, while PS (36:2) and PS (40:5) were down-regulated. The
anti-inflammatory properties of PS in mammalian cells have recently been highlighted37, hence the increase of
PS (38:4) and PS (40:7) could represent a mechanism promoted by BAEC to compensate the inflammatory state
triggered by H2O226. Since the formation of ox-PS in mammalian cell membranes is a hallmark of apoptosis38,39,
we interpret that the decrease in (poly)-unsaturated PS is a consequence of the early apoptotic signals that might
have been triggered by incubation with H2O2.
Five SM species were up-regulated after treatment with H2O2, namely SM (34:2), SM (36:2), SM (38:2) and
SM (40:2). In eukaryotic cells, SM is known to co-localize and associate with sterol lipids and display structural
roles related to cholesterol homeostasis and membrane distribution40. The interaction between SM and cholesterol forms ordered domains that are primarily involved in the regulation of cell membrane fluidity. In this sense,
the oxidative stress-induced up-regulation of SM species observed in this study might reflect a mechanism of
perturbation in the fluidity of the plasma membrane of treated BAEC. Nevertheless, there are other SM cellular
functions that deserve discussion. Yang et al.41 treated yeast cells with increasing H2O2 concentrations and found
that cell death effects were strongly abrogated in cells expressing sphingomyelin synthase 1 (SMS1), the principal
enzyme catalysing the synthesis of cellular SM species. Since BAEC always maintained cell viability along the 24 h
treatment with H2O2 (no cell death was observed), the significant increase in SM molecular species might represent an augmented SMS1 activity, adopted by the cells to abolish the cell death signals induced by H2O2.
Altogether, the significant variations herein observed for several PL and SM molecular species might arise
from a wide array of BAEC adaptive mechanisms occurring upon H2O2-induced stress, which include response
to inflammation, impaired membrane fluidity, and cell death. However, it is important to remark that none of the
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above-listed responses was measured in the present study, hence future works will be necessary to validate what
has been herein conjectured.
The global observation of PL features highlighted that the treatment with glucose reduced the levels of
PL-DB1, PL-DB2, PL-DB3, and PL-DB4 when compared with control (Fig. 5). A similar trend was observed for
PL-C32, PL-C34, PL-C36, and PL-C38 (Fig. 5). To the best of our knowledge, the effects of hyperglycemia on the
phospholipidome of EC have never been reported before. In this regard, it is interesting to pinpoint the experiments of Mīinea et al.42, which found a diminished Δ5 desaturase activity and a markedly decreased biosynthesis
of arachidonic acid-containing PL in Schwann cells grown in 30 mM glucose.
The majority of the PL species that showed significant variation, reported in Fig. 6 and Table 1, were
down-regulated after the treatment with glucose. The alterations induced by high glucose may reflect several
mechanisms including biological signalling, redox imbalance and formation of advanced glycation end products
(AGEs). Hempel and co-authors43 observed an increased EC permeability mediated by the activation of PKC,
upon hyperglycemia. Duffy and co-authors reported that 72 h hyperglycemia induced apoptosis in human aortic
EC (HAEC)44. Noteworthy, an excess of glucose can lead to NADPH consumption and formation of sorbitol,
which in turn can induce oxidative and osmotic stress, respectively45. Several authors have reported the promotion of ROS generation and the redox imbalance mediated by high glucose in EC46–48. The ability of high glucose
to induce 12/15-lipoxygenase (12/15-LOX) in mesangial cells49 and in EC50 was also highlighted. Glucose is also
known to modify proteins51 and aminophospholipids (PE and PS)52. Altogether, these mechanisms are referred
as glucotoxicity53 and contribute to the endothelial dysfunction that occurs in diabetes54. However, the cellular mechanisms linking glucotoxicity and PL turnover in mammalian cells are still unclear. On one hand, the
formation of aminophospholipid-AGEs could have contributed to the decreased levels observed for PE and PS
species; additionally, PE AGEs were found to trigger oxidative stress55, which can be a further explanation of the
down-regulation of (poly)-unsaturated PL species observed in glucose-treated BAEC. On the other hand, the
decrease of (poly)-unsaturated PL species may have been induced by the radical-based oxidative stress promoted
by the 24 h exposition to high glucose. However, the ability of 12/15-LOX to oxidize (poly)-unsaturated fatty acid
esterified to PL has recently been suggested56, hence a glucose-induced up-regulation of 12/15-LOX could be
another explanation for the decrease in (poly)-unsaturated PL.
We analysed the global changes occurring in the PL features of BAEC after the treatment with HNE. The levels
of PL-DB1, PL-DB2, and PL-DB3, along with the levels of PL-C32, PL-C34, PL-C36, and PL-C40 were downregulated when compared with controls (Fig. 5). Our work constitutes the first report on the effects of HNE on the
phospholipidome of BAEC. The treatment with HNE also led to a down-regulation of all the PL molecular species
reported in Fig. 6 and Table 1. HNE induces several intracellular cascades in EC, as reviewed by Chapple and
co-authors12. Increased levels of this ALPP (1–100 µM) were found in disease states, mediating cellular-damaging
pathways, including increased ROS generation57 and endoplasmic reticulum (ER) stress, altogether leading to EC
dysfunction. Although the interplay between HNE-mediated toxicity (lipotoxicity) and the alteration of EC lipidome is mostly unknown at present, the ER stress induced by HNE in EC58 should be carefully considered, since
this organelle is directly involved in the biosynthesis of several PL classes32. The down-regulation that we observed
for all the PL species can be due to a HNE-induced perturbation of the PL biosynthetic pathways in the ER.
However, BAEC treated with HNE were also found to suffer increased intracellular ROS levels, increased apoptosis and down-regulation of antioxidant defences57. This oxidative stress response triggered by HNE in BAEC
can finally lead to membrane PL peroxidation, which would explain the decreased levels of (poly)-unsaturated
PL species that were herein observed. Moreover, similarly to glucose, HNE is able to form covalent adducts with
nucleophilic sites in aminophospholipids59,60, which could further explain the decrease of PS and PE molecular
species in HNE-treated BAEC.
In summary, the results from the present study point out that the phospholipidome of BAEC suffers statistically significant changes upon different biochemical stresses (H2O2, glucose, and HNE). For the first time, the
phopsholipidomic profiling of BAEC was compared between homeostasis, oxidative stress, glucotoxicity and
lipotoxicity, and specific lipidome alterations were reported for all the tested conditions. The molecular adaptation observed for the treatment with H2O2 was distinctive when compared with the alterations induced by glucose
or HNE. More deeply, we found H2O2 to increase the cellular levels of (poly)-unsaturated PL molecular species,
while the same species were down-regulated after the treatment with glucose or HNE. These evidences highlight
that PL are fundamental players in the response of vascular cells to such external stresses. A specific adaptation of
the whole PL profile of EC can represent a cellular hallmark for the onset and the development of CVDs, atherosclerosis, and diabetes. Nevertheless, the biochemical mechanisms adopted by BAEC that lead to the alteration
of the phospholipidome are still unclear, particularly in the case of glucolipotoxicity, and a considerable gap of
knowledge exists regarding the lipid profiling of EC in non-homeostatic or pathological conditions. These results
open new avenues of research towards further studies necessary to unveil the interplay between biochemical
stress, PL turnover, and onset of cardiovascular pathologies and diabetic complications.

Methods

Reagents/chemicals. Phospholipid internal standards 1,2-dimyristoyl-sn-glycero-3-phosphocholine (dMPC),

1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (dMPE), 1,2-dimyristoyl-sn-glycero-3-phospho-(10-rac-)
glycerol (dMPG), 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine (dMPS), tetramyristoylcardiolipin (TMCL),
1,2-dipalmitoyl-sn-glycero-3-phosphatidylinositol (dPPI), N-palmitoyl-D-erythro-sphingosylphosphorylcholine
(NPSM), 1-nonadecanoyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC) were purchased from Avanti Polar Lipids,
Inc. (Alabaster, AL). Chloroform, methanol and acetonitrile were purchased from Fisher scientific (Leicestershire,
UK); all the solvents were of high performance liquid chromatography (HPLC) grade and were used without further
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purification. All the other reagents and chemicals used were of the highest grade of purity commercially available.
The water was of Milli-Q purity (Synergy1, Millipore Corporation, Billerica, MA).

Cell culture and treatments. Bovine aortic endothelial cells (BAEC) were obtained from Lonza, Inc.,
(Walkersville, MD) and cultured in RPMI1640 medium supplemented with antibiotics (100 U/mL penicillin
and 100 µg/mL streptomycin) and 10% calf serum from Gibco (Life Technologies). For each experiment, BAEC
were used between passages 8 and 16 and were grown to near confluence for experiments (80–90% density).
Milli-Q water was used as a solvent throughout the experiments (H2O2, glucose, HNE). Treatment of BAEC
with the different stressing agents (H2O2, glucose, HNE) was carried out in serum-free medium. This induces a
near-quiescent state and does not reduce cell viability61. Control cells received an equivalent amount of water as
required. Cells were subjected to biochemical stress with 1 mM H2O2, 25 mM glucose, or 10 µM HNE during 24 h.
After treatment, cells were collected by scraping in PBS on ice and centrifuged at 1000 rpm for 5 min. Cell pellets
were stored at −80 °C. The whole experimental procedure, including cell culture and treatments, lipid extraction
and analysis, was repeated four times.
Lipid extraction and quantification of phospholipid content. Thereafter, total lipids were extracted

using the Bligh and Dyer method62, and the phospholipid (PL) amount in each lipid extract was quantified with
the phosphorus assay, performed according to Bartlett and Lewis63. For the detailed experimental procedures of
lipid extraction and PL quantification, the reader is referred to a previously published work in which the same
methodologies were applied64.

HPLC-ESI-MS and MS/MS analysis. Phospholipids were separated by hydrophilic interaction liquid chromatography (HILIC-LC-MS) using a high performance-LC (HPLC) system (Thermo scientific AccelaTM) with an
autosampler coupled online to the Q-Exactive hybrid quadrupole Orbitrap mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany). The solvent system consisted of two mobile phases as follows: mobile phase A [acetonitrile:methanol:water 50:25:25 (v/v/v) with 1 mM ammonium acetate] and mobile phase B [acetonitrile:methanol 60:40 (v/v) with 1 mM ammonium acetate]. Initially, 0% of mobile phase A was held isocratically for 8 min,
followed by a linear increase to 60% of A within 7 min and a maintenance period of 15 min, returning to the initial
conditions in 10 min. A volume of 5 µL of each sample containing 5 µg of phospholipid extract, 4 µL of phospholipid standards mix (dMPC - 0.02 µg, dMPE - 0.02 µg, NPSM - 0.02 µg, LPC - 0.02 µg, TMCL - 0.08 µg, dPPI 0.08 µg, dMPG - 0.012 µg, dMPS - 0.04 µg) and 91 µL of eluent B was introduced into the Ascentis Si column
(15 cm × 1 mm, 3 µm, Sigma-Aldrich) with a flow rate of 40 µL min−1 and at 30 °C. The mass spectrometer with
Orbitrap technology operated simultaneously in positive (electrospray voltage 3.0 kV) and negative (electrospray voltage −2.7 kV) modes with a high resolution of 70,000 and AGC target 1e6. The capillary temperature was
250 °C and the sheath gas flow was 15 U. No intensity threshold was used during full MS acquisitions. PC and LPC
species were analysed in the LC-MS spectra in the negative ion mode as acetate anions adducts [M + CH3COO]−.
PE, PS, PI, PG and CL species were also analysed in the LC-MS spectra in the negative ion mode, as [M − H]−
ions. SM molecular species were analysed in the LC-MS spectra in positive ion mode as [M + H]+ ions. In MS/MS
experiments, a resolution of 17,500 and AGC target of 1e5 were used and the cycles consisted of one full scan
mass spectrum and ten data-dependent MS/MS scans that were repeated continuously throughout the experiments, with the dynamic exclusion of 60 seconds and intensity threshold of 1e4. Normalized collision energy
(CE) ranged between 25, 30 and 35 eV. At least one blank run was performed between different treatment samples
to prevent cross-contamination. Data acquisition was carried out using the Xcalibur data system (V3.3, Thermo
Fisher Scientific, USA).

®

®

®

®

™

Data and statistical analysis.

Phospholipid peak integration and assignments were performed using
MZmine 2.3065. The software allows for filtering and smoothing, peak detection, peak processing, and assignment against an in-house database. During the processing of the raw data acquired in full MS mode, all the
peaks with raw intensity lower than 1e4 were excluded. For all assignments, peaks within 6 ppm of the lipid
exact mass were considered. Consequently, assigned PL were further validated by manual analysis of the MS/MS
data (Supplementary Table S1). Analysis of the MS/MS spectra acquired in positive ion mode was performed to
confirm the identity of the molecular species belonging to the PC, LPC, SM, and PE classes. The fragment ion at
m/z 184.07, when observed in the MS/MS acquired in the positive mode, indicates the presence of phosphocholine head group, allowing to identify the precursor ions as belonging to the PC, LPC and SM classes. The species
belonging to these three classes were further differentiated by the characteristic retention times. The neutral loss
of 141 Da, when observed in the MS/MS acquired in the positive mode, allows identifying precursor ions of the
PE class. The MS/MS spectra acquired in negative ion mode were used to confirm the identity of PG, PI and PS
phospholipids. In particular, the fragment ion at m/z 171.01 was used to confirm [M-H]− PG class precursor ions
and the fragment ion at m/z 241.01 was used to confirm [M − H]− PI class precursor ions. The neutral loss of
87 Da, when observed in the MS/MS spectra acquired in the negative mode, allows identifying precursor ions
belonging to the PS class. Negative ion mode MS/MS data were used to identify the fatty acid carboxylate anions
fragments RCOO−, which allowed the assignment of the fatty acyl chains esterified to the PL precursor. All the
MS/MS fragmentation patterns characteristic for the lipid classes analysed in the present study, acquired in positive and negative ion modes, are available online as supplementary information.
Relative quantitation was performed by exporting integrated peak areas values into a computer spreadsheet
(Excel, Microsoft, Redmond, WA). For normalization of the data, the peak areas of the XICs of the PL precursors
of each class (listed in Supplementary Table S1), (C:N composition), were divided for the peak area of the IS
selected for the class.
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Initial data assessment was performed using Metaboanalyst66. Shapiro-Wilk test was used for analysing the
normality of the BAEC treatment data. Univariate statistical analysis was performed using ANOVA test following
post hoc least significant difference (LSD) test, with Benjamin–Hochberg correction for the false discovery rate
(FDR). Univariate data processing and analyses were performed using the SPSS software package (IBM SPSS
Statistics Version 24). Principal component analysis (PCA), projection to latent structures discriminant analysis
(PLS-DA) and hierarchical clustering were performed on auto-scaled data using the R software (R version 3.4.2
downloaded from https://www.R-project.org) with the packages RFmarkerDetector, FactoMineR67, Factoextra68
and Ropls69. PCA was performed using the FactoMineR and ellipses were drawn assuming a multivariate normal
distribution. Hierarchical clustering was performed using Ward’s method using the method hclust. Boxplots were
created using the R package ggplot70. Bar graphs were created using the software GraphPad Prism 7.

Data availability. The datasets generated during and/or analysed during the current study are available
online as supplementary material.
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Supplementary Table S1: MS- and MS/MS-based identification of the phospholipid molecular species that were quantified in the present study
NA: not
analyzed
ND: not
determined
Error > 6 ppm
Molecular species
Class

CL

LPC

PC

C:N

Fatty acyl chains composition

Negative ion mode
m/z (experimental)

Positive ion mode

Error
(ppm)

NA

Error
(ppm)
ND

RT (min)

CL56:0

(14:0/14:0/14:0/14:0)

1239.836

CL72:9

(18:2/18:2/18:2/18:3) and (18:1/18:2/18:3/18:3)

1445.949

0.000

NA

ND

2.03

LPC16:0

(16:0)

554.347

1.804

496.339

-2.015

23.31

LPC18:0

(18:0)

582.379

3.434

524.371

-1.144

22.07

LPC19:0

(19:0)

596.395

3.353

538.386

-1.857

22.07

PC28:0

(14:0/14:0)

736.515

2.715

678.506

-1.474

14.06

PC30:0

(14:0/16:0)

764.545

1.308

706.538

-1.415

13.49

PC32:0

(16:0/16:0 ) and (14:0/18:0)

792.577

2.523

734.568

-2.723

13.17

PC32:1

(16:0/16:1) and (14:0/18:1)

790.562

2.530

732.553

-1.365

13.17

PC32:2

(16:1/16:1) and (14:0/18:2)

788.546

2.536

730.537

-2.738

13.05

PC34:0

(16:0/18:0)

820.603

-4.874

762.597

-5.245

12.80

PC34:1

(16:0/18:1)

818.593

2.443

760.584

-2.630

12.80

PC34:2

(16:0/18:2) and (16:1/18:1)

816.577

1.225

758.568

-2.637

12.80

PC36:0

(16:0/20:0) and (18:0/18:0)

848.634

-4.713

790.624

-11.383

12.29

PC36:1

(16:0/20:1) and (18:0/18:1)

846.622

0.000

788.614

-3.804

12.29

PC36:2

(16:0/20:2) and (18:0/18:2) and (18:1/18:1)

844.608

1.184

786.599

-2.543

12.10

PC36:3

(16:0/20:3) and (18:1/18:2) and (18:0/18:3)

842.592

1.187

784.584

-2.549

12.29

PC36:4

(16:0/20:4) and (16:1/20:3) and (18:1/18:3) and (18:2/18:2)

840.577

2.379

782.568

-2.556

12.29

208

-2.420

m/z
(experimental)

2.09

PE

PCo32:0

(O-16:0/16:0) and (O-15:0/17:0)

778.598

2.569

720.589

-2.775

13.68

PCo32:1

(O-14:0/18:1) and (O-16:0/16:1)

776.582

1.288

718.574

-1.392

13.36

PCo34:0

(O-17:0/17:0) and (O-16:0/18:0)

806.628

0.000

748.619

-4.007

13.17

PCo34:1 and PCp34:0
(O-16:0/18:1) and (P-16:0/18:0)

804.614

2.486

746.605

-1.339

13.23

PCo34:2 and PCp34:1
(O-16:1/18:1) and (O-16:0/18:2) and (P-16:0/18:1)

802.598

2.492

744.589

-2.686

13.11

PCo36:3 and PCp36:2
(O-16:0/20:3) and (O-18:0/18:3) and (O-18:1/18:2) and (P-18:0/18:2) and (P-18:1/18:1)
828.613

1.207

770.604

-2.595

12.73

PE28:0

(14:0/14:0)

634.447

3.152

636.459

-1.571

4.48

PE32:0

(16:0/16:0)

690.508

1.448

692.521

-2.888

4.41

PE32:1

(14:0/18:1) and (16:0/16.1)

688.493

1.452

690.505

-2.896

4.29

PE34:0

(16:0/18:0)

718.536

-4.175

720.544

-13.878

4.22

PE34:1

(16:0/18:1) and (18:0/16:1)

716.525

2.791

718.537

-2.783

4.22

PE34:2

(16:0/18:2)

714.509

2.799

716.522

-1.396

4.26

PE34:3

(16:0/18:3) and (16:1/18:2)

712.494

2.807

714.507

0.000

4.22

PE36:1

(16:0/20:1) and (18:0/18:1)

744.555

1.343

746.567

-4.018

4.22

PE36:2

(18:0/18:2) and (18:1/18:1)

742.540

1.346

744.552

-2.686

4.22

PE36:3

(18:0/18:3) and (18:1/18:2)

740.524

1.350

742.537

-2.693

4.22

PE36:4

(16:0/20:4) and (18:1/18:3)

738.508

1.354

NA

ND

4.16

PE38:2

(18:0/20:2)

770.569

-1.298

772.582

-5.177

4.16

PE38:3

(18:0/20:3)

768.554

0.000

770.567

-3.893

4.16

PE38:4

(18:0/20:4)

766.539

0.000

768.552

-2.602

4.10

PE38:5

(18:0/20:5)

764.524

1.308

766.537

-2.609

4.10

PE38:6

(16:0/22:6) and (16:1/22:5) and (18:1/20:5) and (18:2/20:4)

762.509

1.311

764.521

-2.616

4.10

PE40:3

(18:0/22:3) and (18:1/22:2) and (18:2/22:1) and (20:0/20:3)

796.583

3.766

798.598

-3.757

4.10

PEo34:3 and PCp34:2
(O-16:1/18:2) and (O-16:0/18:3) and (O-16:2/18:1) and (P-16:0/18:2) and (P-16:1/18.1)
698.514

1.432

700.527

-1.427

4.22

PEo34:2 and PEp34:1
(O-16:1/18:1) and (P-16:0/18:1)

700.529

1.427

702.542

-2.847

4.22

PEo36:3 and PEp36:2
(O-18:1/18:2) and (P-18:1/18:1)

726.545

1.376

728.557

-2.745

4.22
4.16

PEo38:6 and PEp38:5
(O-18:1/20:5) and (P-16:0/22:5) and (P-18:1/20:4)

748.528

0.000

750.542

-2.665

PEp38:6

(P-18:1/20:5) and (P-16:0/22:6)

746.514

1.340

748.527

-1.336

4.16

PEo40:6 and PEp40:5
(O-18:1/22:5) and (P-18:0/22:5)

776.560

1.288

778.573

-2.569

4.10

PEp40:6

(P-18:0/22:6) and (P-18:1/22:5)

774.545

1.291

776.557

-2.575

4.10

PG28:0

(14:0/14:0)

665.441

3.006

NA

ND

2.03

PG32:1

(16:0/16:1)

719.487

1.390

NA

ND

2.09

PG34:1

(16:0/18:1)

747.519

1.338

NA

ND

1.99

209

PG

PI

PS

PG34:2

(16:1/18:1) and (16:0/18:2)

745.503

1.341

NA

ND

1.97

PG34:3

(16:0/18:3)

743.487

PG36:0

(18:0/18:0)

777.561

1.345

NA

ND

2.03

-5.144

NA

ND

4.10

PG36:1

(18:0/18:1)

775.549

0.000

NA

ND

2.03

PG36:4

(16:0/20:4) and (18:2/18:2) and (18:1/18:3)

769.503

1.300

NA

ND

1.97

PG38:3

(18:0/20:3)

799.549

0.000

NA

ND

2.03

PG38:4

(18:1/20:3) and (18:0/20:4)

797.534

1.254

NA

ND

2.03

PG38:5

(16:1/22:4)

795.519

1.257

NA

ND

1.97

PG40:6

(18:0/22:6)

821.531

-2.434

NA

ND

2.03

PI32:0

(16:0/16:0)

809.519

1.235

NA

ND

2.03

PI34:0

(16:0/18:0)

837.546

-3.582

NA

ND

2.09

PI34:1

(16:0/18:1)

835.535

1.197

NA

ND

2.03

PI34:2

(16:0/18:2) and (16:1/18:1)

833.519

1.200

NA

ND

4.04

PI36:1

(18:0/18:1)

863.565

0.000

NA

ND

2.03

PI36:2

(18:0/18:2)

861.551

2.321

NA

ND

2.09

PI36:3

(16:0/20:3) and (18:1/18:2) and (18:0/18:3)

859.535

1.163

NA

ND

2.09

PI36:4

(16:0/20:4) and (18:1/18:3) and (18:2/18:2)

857.519

1.166

NA

ND

2.09

PI36:5

(16:0/20:5)

855.503

1.169

NA

ND

2.09

PI38:1

(16:0/22:1)

891.592

-4.486

NA

ND

2.03

PI38:2

(18:0/20:2)

889.578

-3.372

NA

ND

2.03

PI38:3

(18:0/20:3)

887.562

-3.380

NA

ND

2.09

PI38:4

(18:0/20:4) and (18:1/20:3)

885.549

0.000

NA

ND

2.03

PI38:5

(18:0/20:5) and (18:1/20:4)

883.535

1.132

NA

ND

2.03

PI38:6

(18:1/20:5) and (18:2/20:4)

881.519

1.134

NA

ND

2.09

PI40:5

(18:0/22:5)

911.567

2.194

NA

ND

2.09

PS28:0

(14:0/14:0)

678.436

1.474

NA

ND

4.42

PS36:1

(18:0/18:1)

788.548

5.073

NA

ND

3.72

PS36:2

(18:0/18:2) and (18:1/18:1)

786.530

1.271

NA

ND

3.85

PS36:3

(16:0/20:3)

784.514

1.275

NA

ND

4.16

PS36:4

(16:0/20:4)

782.497

0.000

NA

ND

4.42

PS38:3

(18:0/20:3) and (18:1/20:2) and (18:2/20:1)

812.545

1.231

NA

ND

4.16

PS38:4

(18:0/20:4)

810.529

0.000

NA

ND

2.09

PS38:5

(18:1/20:4) and (18:0/20:5)

808.514

2.474

NA

ND

4.29

210

SM

PS40:5

(18:0/22:5) and (18:1/22:4)

836.545

1.195

NA

ND

3.85

PS40:6

(18:0/22:6)

834.528

-1.198

NA

ND

4.16

PS40:7

(18:1/22:6)

832.511

-2.402

NA

ND

3.98

SM34:0

/

763.592

-5.238

705.589

-2.835

17.62

SM34:1

/

761.582

1.313

703.576

1.421

17.62

SM34:2

(16:0/d18:2)

759.566

1.317

701.560

0.000

17.62

SM35:1

(17:0/d18:1)

775.597

0.000

717.591

1.394

17.42

SM36:0

/

791.623

-6.316

733.624

2.726

17.12

SM36:1

/

789.613

1.266

731.607

0.000

17.12

SM36:2

(18:0/d18:2)

787.597

0.000

729.592

1.371

17.12

SM36:4

/

783.559

-7.657

725.557

-4.135

17.12

SM38:1

/

817.644

0.000

759.639

1.316

16.42

SM38:2

(20:0/d18:2)

815.629

1.226

757.623

1.320

16.55

SM38:3

/

813.616

4.916

755.603

-5.294

16.99

SM38:4

/

/

/

753.588

-3.981

17.12

SM40:0

/

847.681

-10.617

789.686

1.266

16.10

SM40:1

/

845.675

0.000

787.670

1.270

16.10

SM40:2

/

843.659

0.000

785.654

0.000

16.10

SM40:3

/

841.643

-1.188

783.635

-3.828

16.10

SM42:0

/

875.714

-9.135

817.713

-3.669

15.44

SM42:1

/

873.704

-2.289

815.699

-2.452

15.59

SM42:2

/

871.691

1.147

813.685

0.000

15.59

SM42:3

/

869.675

0.000

811.670

1.232

15.59

SM44:1

/

901.738

1.109

843.729

-3.556

14.78

SM44:2

/

899.721

-1.111

841.715

-1.188

14.78

SM44:5

/

NA

ND

835.667

-2.393

15.10
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Supplementary Table S2: intensitites of the peaks of all the PL species identified by the HILIC-MS method used in the present study - normalized dataset.
Sample

24hC271

24hC272

24hC273

24hC274

24hG31

24hG32

24hG33

24hG34

24hHX211

24hHX212

24hHX213

24hHX214

24hHN211

24hHN212

24hHN213

24hHN214

Label

Control

Control

Control

Control

Glucose_24h

Glucose_24h

Glucose_24h

Glucose_24h

H2O2_24h

H2O2_24h

H2O2_24h

H2O2_24h

HNE_24h

HNE_24h

HNE_24h

HNE_24h

CL72:9

0.12

0.15

0.30

0.07

0.05

0.11

0.08

0.06

0.04

0.10

0.08

0.09

0.07

0.11

0.10

0.03

CL56:0

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

LPC16:0

0.31

0.25

0.25

0.25

0.30

0.29

0.29

0.17

0.33

0.34

0.24

0.32

0.24

0.27

0.24

0.24

LPC18:0

0.91

0.84

0.85

0.83
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0.05

0.05

0.06

0.05

SM38:5

0.02

0.02

0.02

0.02

0.01

0.01

0.01

0.01

0.03

0.03

0.03

0.03

0.01

0.02

0.02

0.01

SM40:0

0.17

0.19

0.19

0.18

0.16

0.16

0.16

0.16

0.16

0.17

0.17

0.16

0.16

0.17

0.22

0.17

SM40:1

1.37

1.46

1.45

1.42

1.15

1.15

1.15

1.14

1.33

1.34

1.33

1.35

1.30

1.32

1.70

1.35

SM40:2

0.90

0.93

0.92

0.90

0.67

0.66

0.68

0.67

1.10

1.11

1.11

1.11

0.79

0.79

1.00

0.80

SM40:3

0.12

0.12

0.12

0.12

0.07

0.07

0.07

0.07

0.17

0.17

0.17

0.17

0.11

0.11

0.14

0.11

SM42:0

0.09

0.09

0.10

0.09

0.10

0.10

0.10

0.10

0.06

0.06

0.06

0.06

0.07

0.07

0.10

0.07

SM42:1

0.83

0.90

0.90

0.89

0.83

0.82

0.89

0.82

0.62

0.60

0.61

0.67

0.72

0.71

0.96

0.72

SM42:2

2.79

2.84

2.84

2.81

2.61

2.56

2.69

2.60

2.75

2.74

2.78

2.76

2.64

2.56

3.35

2.62

SM42:3

1.30

1.33

1.31

1.29

1.14

1.14

1.18

1.16

1.68

1.67

1.69

1.70

1.31

1.27

1.65

1.30

SM44:2

0.05

0.05

0.05

0.05

0.05

0.05

0.04

0.04

0.04

0.03

0.04

0.04

0.04

0.04

0.05

0.04

SM44:5

0.15

0.13

0.13

0.13

0.14

0.14

0.14

0.14

0.15

0.15

0.15

0.15

0.13

0.13

0.17

0.13

SM34:0

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
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Phospholipidome of endothelial cells shows a different adaptation response upon oxidative, glycative and lipoxidative stress.
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Supplementary Table S2: intensitites of the peaks of all the PL species identified by the HILIC-MS method used in the present study - non-normalized dataset.
Sample

24hC271

24hC272

24hC273

24hC274

24hG31

24hG32

Label

Control

Control

Control

Control

Glucose_24h

24hG33

Glucose_24h

24hG34

Glucose_24h

Glucose_24h

24hHX211

24hHX212

24hHX213

24hHX214

24hHN211

24hHN212

24hHN213

24hHN214

H2O2_24h

H2O2_24h

H2O2_24h

H2O2_24h

HNE_24h

HNE_24h

HNE_24h

HNE_24h

CL72:9

2.42E+06

3.45E+06

7.58E+06

1.68E+06

1.28E+06

3.02E+06

1.97E+06

1.52E+06

3.70E+05

1.05E+06

8.87E+05

9.54E+05

1.44E+06

2.57E+06

2.40E+06

7.87E+05

CL56:0

1.95E+07

2.35E+07

2.56E+07

2.44E+07

2.49E+07

2.63E+07

2.60E+07

2.46E+07

9.26E+06

1.07E+07

1.10E+07

1.02E+07

2.21E+07

2.37E+07

2.37E+07

2.47E+07

LPC16:0

9.84E+07

7.05E+07

7.18E+07

7.32E+07

6.74E+07

7.15E+07

7.16E+07

2.96E+07

7.05E+07

8.76E+07

7.01E+07

6.82E+07

6.55E+07

6.82E+07

6.70E+07

6.64E+07

LPC18:0

2.91E+08

2.35E+08

2.44E+08

2.40E+08

2.01E+08

2.16E+08

2.05E+08

1.49E+08

1.75E+08

2.13E+08

1.80E+08

1.75E+08

2.30E+08

2.24E+08

2.28E+08

2.37E+08

LPC19:0

3.21E+08

2.80E+08

2.88E+08

2.91E+08

2.25E+08

2.45E+08

2.44E+08

1.75E+08

2.11E+08

2.56E+08

2.19E+08

2.13E+08

2.74E+08

2.83E+08

2.79E+08

2.83E+08

PC(O-32:0)

6.03E+08

5.79E+08

5.70E+08

5.65E+08

5.09E+08

5.41E+08

5.19E+08

5.08E+08

3.94E+08

4.68E+08

4.02E+08

3.99E+08

4.15E+08

4.09E+08

4.03E+08

4.33E+08

PC(O-32:1) and PC(P-32:0)

9.41E+08

9.44E+08

9.37E+08

9.18E+08

7.28E+08

8.21E+08

7.68E+08

7.58E+08

9.19E+08

1.05E+09

9.20E+08

9.08E+08

7.97E+08

7.72E+08

7.90E+08

8.20E+08

PC(O-36:3) and PC(P-36:2)

1.27E+08

1.22E+08

1.16E+08

1.12E+08

8.50E+07

9.63E+07

8.91E+07

8.64E+07

1.37E+08

1.58E+08

1.44E+08

1.42E+08

1.07E+08

9.95E+07

1.00E+08

1.08E+08

PC(O-34:2) and PC(P-34:1)

2.84E+08

2.72E+08

2.68E+08

2.65E+08

1.99E+08

2.14E+08

2.15E+08

2.02E+08

2.75E+08

3.27E+08

2.87E+08

2.78E+08

2.23E+08

2.19E+08

2.19E+08

2.27E+08

PC(O-34:0)

5.45E+08

5.43E+08

5.41E+08

5.32E+08

4.03E+08

4.29E+08

4.43E+08

4.19E+08

3.56E+08

4.21E+08

3.74E+08

3.63E+08

3.72E+08

3.49E+08

3.60E+08

3.75E+08

PC(O-34:1)

4.37E+08

3.17E+08

3.12E+08

3.09E+08

3.10E+08

3.31E+08

3.05E+08

2.94E+08

3.14E+08

3.66E+08

2.66E+08

3.08E+08

2.45E+08

2.45E+08

2.44E+08

3.62E+08

PC30:0

1.42E+09

1.42E+09

1.44E+09

1.43E+09

1.01E+09

1.08E+09

1.11E+09

1.04E+09

5.75E+08

6.68E+08

5.93E+08

5.69E+08

9.57E+08

9.44E+08

9.88E+08

1.01E+09

PC32:0

1.58E+09

1.86E+09

1.89E+09

1.92E+09

1.02E+09

1.10E+09

8.89E+08

9.25E+08

7.22E+08

8.45E+08

6.83E+08

7.24E+08

1.00E+09

1.16E+09

1.23E+09

1.26E+09

PC32:1

2.06E+09

1.98E+09

1.87E+09

1.90E+09

1.54E+09

1.65E+09

1.58E+09

1.53E+09

1.45E+09

1.69E+09

1.45E+09

1.46E+09

1.64E+09

1.57E+09

1.57E+09

1.65E+09

PC34:0

1.23E+09

1.32E+09

1.29E+09

1.28E+09

8.23E+08

9.13E+08

8.95E+08

8.52E+08

7.91E+08

9.32E+08

8.19E+08

7.96E+08

8.55E+08

8.56E+08

8.85E+08

9.21E+08

PC34:1

6.62E+09

6.47E+09

6.24E+09

6.10E+09

4.65E+09

4.93E+09

4.75E+09

4.58E+09

4.71E+09

5.52E+09

4.79E+09

4.79E+09

5.00E+09

4.88E+09

4.87E+09

5.12E+09

PC34:2

2.55E+09

2.69E+09

2.51E+09

2.49E+09

1.52E+09

1.71E+09

1.63E+09

1.53E+09

2.19E+09

2.55E+09

2.29E+09

2.19E+09

2.00E+09

1.99E+09

2.02E+09

2.17E+09

PC36:0

5.32E+08

5.08E+08

4.92E+08

4.90E+08

3.20E+08

3.38E+08

3.22E+08

3.09E+08

3.05E+08

3.56E+08

3.14E+08

3.10E+08

3.65E+08

3.66E+08

3.66E+08

3.85E+08

PC36:1

2.85E+09

2.96E+09

2.88E+09

2.83E+09

1.80E+09

1.92E+09

1.89E+09

1.76E+09

1.78E+09

2.08E+09

1.82E+09

1.81E+09

2.17E+09

2.22E+09

2.25E+09

2.33E+09

PC36:2

5.59E+09

5.61E+09

5.44E+09

5.39E+09

3.47E+09

3.71E+09

3.78E+09

3.58E+09

4.21E+09

4.90E+09

4.14E+09

4.25E+09

4.57E+09

4.28E+09

4.19E+09

4.44E+09

PC36:3

2.94E+09

2.91E+09

2.81E+09

2.75E+09

1.52E+09

1.62E+09

1.58E+09

1.51E+09

2.43E+09

2.85E+09

2.47E+09

2.47E+09

2.34E+09

2.27E+09

2.27E+09

2.38E+09

PC36:4

1.17E+09

1.22E+09

1.18E+09

1.18E+09

5.62E+08

6.06E+08

6.05E+08

5.82E+08

1.08E+09

1.26E+09

1.10E+09

1.10E+09

9.42E+08

9.12E+08

9.03E+08

9.31E+08

PC32:2

6.08E+08

6.17E+08

6.03E+08

6.11E+08

4.81E+08

5.33E+08

4.98E+08

4.43E+08

2.73E+08

3.74E+08

2.79E+08

2.66E+08

3.24E+08

4.00E+08

4.16E+08

4.25E+08

PC28:0

4.72E+08

4.53E+08

4.60E+08

4.58E+08

3.43E+08

3.86E+08

3.85E+08

3.67E+08

2.98E+08

3.46E+08

3.05E+08

2.93E+08

4.05E+08

3.95E+08

4.08E+08

4.23E+08
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PE(O-34:3) and PE(O-34:2)

6.01E+07

6.25E+07

6.67E+07

6.50E+07

5.41E+07

5.79E+07

5.75E+07

5.74E+07

5.79E+07

7.82E+07

6.48E+07

6.36E+07

6.04E+07

5.79E+07

5.95E+07

5.92E+07
1.70E+08

PE(O-34:2) and PE(O-34:1)

1.67E+08

1.65E+08

1.67E+08

1.74E+08

1.62E+08

1.74E+08

1.80E+08

1.77E+08

1.53E+08

2.19E+08

1.91E+08

1.81E+08

1.79E+08

1.75E+08

1.64E+08

PE(P-38:5) and PE(O-38:6)

1.23E+09

1.29E+09

1.32E+09

1.31E+09

8.02E+08

8.85E+08

8.85E+08

8.87E+08

8.00E+08

1.09E+09

9.49E+08

9.22E+08

1.01E+09

9.67E+08

9.38E+08

9.62E+08

PE(O-40:6) and PE(P-40:5)

1.09E+09

1.15E+09

1.15E+09

1.16E+09

6.15E+08

6.46E+08

6.93E+08

6.84E+08

6.32E+08

8.66E+08

7.49E+08

7.11E+08

7.22E+08

7.56E+08

7.57E+08

7.72E+08

PE(P-40:6)

4.70E+08

4.81E+08

4.78E+08

4.83E+08

2.81E+08

2.96E+08

3.16E+08

2.44E+08

2.77E+08

3.58E+08

3.16E+08

3.04E+08

3.82E+08

3.75E+08

3.56E+08

3.61E+08

PE(P-36:2) and PE(O-36:3)

1.27E+08

1.37E+08

1.41E+08

1.45E+08

1.22E+08

1.32E+08

1.33E+08

1.37E+08

1.22E+08

1.67E+08

1.48E+08

1.35E+08

1.21E+08

1.22E+08

1.21E+08

1.25E+08

PE(P-38:6)

2.62E+08

2.75E+08

2.78E+08

2.87E+08

1.67E+08

1.76E+08

1.75E+08

1.77E+08

2.00E+08

2.64E+08

2.27E+08

2.25E+08

2.04E+08

2.15E+08

2.03E+08

2.15E+08

PE32:1

3.84E+07

3.91E+07

3.90E+07

3.75E+07

3.68E+07

3.95E+07

3.76E+07

3.87E+07

2.18E+07

3.08E+07

2.53E+07

2.53E+07

3.12E+07

3.40E+07

3.24E+07

3.35E+07

PE34:1

2.96E+08

2.82E+08

2.95E+08

2.96E+08

2.51E+08

2.64E+08

2.66E+08

2.67E+08

2.08E+08

2.86E+08

2.43E+08

2.43E+08

2.71E+08

2.67E+08

2.48E+08

2.60E+08

PE34:2

2.31E+08

2.25E+08

2.37E+08

2.35E+08

1.74E+08

1.88E+08

1.86E+08

1.87E+08

1.76E+08

2.37E+08

2.02E+08

1.94E+08

2.13E+08

2.07E+08

2.02E+08

1.97E+08

PE34:3

9.66E+07

9.28E+07

9.72E+07

9.99E+07

6.24E+07

6.40E+07

6.95E+07

6.84E+07

7.92E+07

1.10E+08

9.37E+07

8.94E+07

9.09E+07

8.58E+07

8.50E+07

8.54E+07

PE36:4

1.64E+09

1.75E+09

1.77E+09

1.79E+09

1.55E+09

1.02E+09

4.00E+08

1.23E+09

4.78E+08

1.69E+09

5.66E+08

1.62E+09

1.50E+09

1.66E+09

1.72E+09

1.70E+09

PE38:6

3.72E+08

3.89E+08

3.98E+08

3.99E+08

1.84E+08

1.93E+08

1.92E+08

1.98E+08

2.64E+08

3.59E+08

3.04E+08

2.95E+08

3.19E+08

3.26E+08

3.22E+08

3.28E+08

PE36:3

1.78E+09

1.84E+09

1.87E+09

1.88E+09

1.13E+09

1.22E+09

1.18E+09

1.20E+09

1.34E+09

1.95E+09

1.65E+09

1.64E+09

1.61E+09

1.64E+09

1.62E+09

1.64E+09

PE38:4

1.47E+09

1.51E+09

1.54E+09

1.54E+09

7.13E+08

7.67E+08

7.57E+08

7.59E+08

9.64E+08

1.31E+09

1.13E+09

1.11E+09

1.21E+09

1.22E+09

1.19E+09

1.22E+09

PE40:3

3.65E+07

3.65E+07

3.64E+07

3.86E+07

2.09E+07

2.36E+07

2.33E+07

2.06E+07

3.11E+07

3.80E+07

3.55E+07

3.26E+07

3.02E+07

2.98E+07

3.11E+07

3.00E+07

PE32:0

3.79E+06

3.69E+06

7.85E+06

8.73E+06

3.18E+06

5.00E+06

5.42E+06

2.22E+06

4.98E+06

5.90E+06

3.58E+06

3.36E+06

1.77E+06

3.74E+06

4.06E+06

5.03E+06

PE34:0

3.17E+07

3.35E+07

3.50E+07

3.49E+07

2.68E+07

2.94E+07

2.81E+07

2.84E+07

2.36E+07

3.15E+07

2.68E+07

2.72E+07

2.88E+07

2.97E+07

2.76E+07

2.79E+07

PE36:1

1.14E+09

1.17E+09

1.18E+09

1.23E+09

8.27E+08

8.92E+08

8.60E+08

8.73E+08

8.38E+08

1.19E+09

1.04E+09

1.02E+09

1.03E+09

1.04E+09

1.01E+09

1.03E+09

PE36:2

2.71E+09

2.74E+09

2.81E+09

2.79E+09

1.82E+09

1.93E+09

1.89E+09

1.90E+09

1.99E+09

2.78E+09

2.44E+09

2.38E+09

2.42E+09

2.42E+09

2.37E+09

2.43E+09

PE38:2

1.02E+08

9.95E+07

1.02E+08

1.05E+08

6.84E+07

7.31E+07

7.08E+07

7.49E+07

8.21E+07

1.11E+08

9.48E+07

9.24E+07

9.15E+07

9.48E+07

9.03E+07

9.25E+07

PE38:3

4.10E+08

4.01E+08

4.11E+08

4.10E+08

2.31E+08

2.50E+08

2.46E+08

2.47E+08

2.90E+08

4.00E+08

3.38E+08

3.36E+08

3.37E+08

3.31E+08

3.17E+08

3.28E+08

PE38:5

1.20E+09

1.27E+09

1.29E+09

1.30E+09

6.04E+08

6.36E+08

6.62E+08

6.38E+08

8.13E+08

1.13E+09

9.69E+08

9.27E+08

9.61E+08

9.92E+08

9.78E+08

9.98E+08

PE28:0

2.97E+08

2.91E+08

3.11E+08

3.07E+08

2.51E+08

2.64E+08

2.74E+08
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Supplementary Information
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Supplementary Figure S1. A). ESI-MS/MS spectrum (HCD fragmentation) of the [M+H]+ ion of
PC 34:2 (m/z 758.5). B) ESI-MS/MS spectrum (HCD fragmentation) of the [M+CH3COO]- ion of PC
34:2 (m/z 816.5). Fragment ions characteristic for the PC class were highlighted in red.
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Supplementary Figure S2. A). ESI-MS/MS spectrum (HCD fragmentation) of the [M+H]+ ion of
PE 34:1 (m/z 718.5). B) ESI-MS/MS spectrum (HCD fragmentation) of the [M-H]- ion of PE 34:1
(m/z 716.5). Fragment ions characteristic for the PE class were highlighted in red.
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Supplementary Figure S3. ESI-MS/MS spectrum (HCD fragmentation) of the [M-H]- ion of PG
34:2 (m/z 745.5). The fragment ion characteristic for the PG class was highlighted in red.
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Supplementary Figure S4. ESI-MS/MS spectrum (HCD fragmentation) of the [M-H]- ion of PI 34:1
(m/z 835.5). The fragment ion characteristic for the PI class was highlighted in red.
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Supplementary Figure S5. A). ESI-MS/MS spectrum (HCD fragmentation) of the [M+H]+ ion of
PS 36:2 (m/z 788.5). B) ESI-MS/MS spectrum (HCD fragmentation of the [M-H]- ion of PS 36:2 (m/z
786.5). Fragment ions characteristic for the PS class were highlighted in red.
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Supplementary Figure S6. A). ESI-MS/MS spectrum (HCD fragmentation) of the [M+H]+ ion of
LPC 18:0 (m/z 524.4). B) ESI-MS/MS spectrum (HCD fragmentation of the [M+CH3COO]- ion of
LPC 18:0 (m/z 582.4). Fragment ions characteristic for the LPC class were highlighted in red.
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Supplementary Figure S7 A). ESI-MS/MS spectrum (HCD fragmentation) of the [M+H]+ ion of
SM 34:2 (m/z 701.5). B) ESI-MS/MS spectrum (HCD fragmentation) of the [M+CH3COO]- ion of
SM 34:2 (m/z 759.4). Fragment ions characteristic for the SM class were highlighted in red.
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Supplementary Figure S8. ESI-MS/MS spectrum (HCD fragmentation) of the [M-H]- ion of CL
72:9 (m/z 1445.9).
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CHAPTER 7. CONCLUDING REMARKS
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The present Thesis has advanced the current understanding on the interaction between
biochemical stress and APL by using LC-MS/MS and lipidomic analytical approaches, along with
other related bioanalytical tools, namely electrochemistry and flow cytometry. In Chapter II, the
literature gathered until now on modified PE and PS was comprehensively reviewed. A critical eye
on the biological relevance of modified APL provided links to many studies published in the last
two decades, that reported the bioactivities of modified APL and their manifestation in
pathophysiological contexts. The principal analytical challenges concerning the analysis of
modified APL, such as the high structural complexity, overall indicated the importance of MS as a
technique of choice in the field. The explanation of LC-MS/MS data acquired in the last 30 years of
studies on modified APL, in vitro and in biological samples, pointed out a consistent amount of
literature published on the analysis modified PE. From the review of LC-MS/MS studies focused on
modified APL it also turned out that fewer research efforts have been carried out on the analysis of
modified PS when compared with modified PE. New insights in the bioanalytical characterization
of oxidized and glyco-oxidized PS were purposely addressed in the present Thesis.
Characterizing the structural heterogeneity of oxidized APL has become a matter of bioanalytical
relevance as the biological roles of these biomolecules have always gained more consideration in
pathophysiology (1–3). The acquisition of structural MS/MS fingerprints from in vitro-generated
oxidized APL is the starting point for developing targeted LC-MS/MS methods that detect and
eventually quantify these bioactive compounds in vivo. Thus, Chapter III addressed the use of an
electrochemical cell coupled on-line with ESI-MS/MS (EC-ESI-MS/MS) on three PE standards,
namely POPE, PLPE and PAPE, as an innovative biomimetic tool for reproducing in vitro the
peroxidation induced by •OH and promptly analyze the oxidized derivatives by MS and MS/MS.
The EC-ESI-MS/MS system achieved the generation of oxidized PE and the acquisition of MS and
MS/MS data within a few minutes from the injection of the non-modified standards, whereas other
oxidation systems, as the Fenton reaction, require typically several hours to days to induce a
consistent pattern of oxidation, depending on the unsaturation of the phospholipid (4–6). The ECESI-MS/MS system allowed the identification and characterization of a high number of long chain
and short chain oxidized products, with mono-oxygenated and di-oxygenated PE being the most
abundant products from POPE and PLPE, respectively. Poly-hydroperoxylated PE were the most
abundant products from PAPE, due to the higher unsaturation of the arachidonic acid esterified to
these PE (7,8). The online MS and MS/MS analyses highlighted a higher yield of poly-hydroperoxy
species produced by EC system when compared with other biomimetic systems for radical
peroxidation of PE (4,5). This observation was attributed to the speed of the on-line analysis, that
permits the products of radical peroxidation to be analysed straight after their generation in the EC
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cell and therefore favours the observation of primary oxidation products. EC-ESI-MS/MS was
previously tested in the prediction of the oxidative metabolism of fatty acid methyl esters (9),
cholesterol (10), drugs, and other biomolecules including peptides, proteins and nucleic acids (11).
The results presented in this Thesis report, for the first time, the use of EC-ESI-MS/MS not just in
the oxidation of PE, but rather in the oxidation of phospholipids in general. EC-ESI-MS/MS might
have a significant impact in the development of targeted MS analytical methods for detecting APL
in biological samples, principally because the in vitro optimization steps require fast production,
identification and structural characterization of the oxidized products. All these requirements were
successfully achieved by the EC-ESI-MS/MS system. This powerful biomimetic tool should,
therefore, be considered in future studies whose aim is to mimic an extensive radical peroxidation
of APL, without investing tens of hours in developing oxidation protocols, nor resorting to
extraction procedures before the analysis of the oxidized APL.
Besides radical oxidation, glycation and glyco-oxidation are reactions occurring during
biochemical stresses that induce chemical modifications in APL, contributing to a complex mosaic
of structures to identify and characterize (12–14). Overall, an MS analysis of complex mixtures of
modified APL within a phospholipidome faces issues such as ion suppression of low-abundant
species, and co-identification of functional and positional isomers. Previously published studies
used C5 (4,5,12,12) and C18 (15,1) in the analysis of modified APL, despite the fact that none of
these LC methods could achieve a separation of the analytes down to in-depth structural details
such as discrimination of positional isomers. Chapter IV addressed the use of an LC-MS/MS
analytical platform comprised of C30 reversed-phase LC, high-resolution MS, and HCD MS/MS on
oxidized, glycated and glyco-oxidized POPE, POPS, PLPE and PLPS. Different positional isomers
of oxygenated and glycated APL were separated and characterized by MS/MS, namely the ones
bearing the functional groups (hydroxy and/or hydroperoxy groups) in C8, C9, C10 C12, C13, C14
and C15 of the fatty acyl chains. Sets of reporter product ions formed upon HCD MS/MS
fragmentation were also provided for each specific functional and positional isomer, which
validated and completed the CID MS/MS fingerprints reported in previously published manuscripts
(4,5,12–14). C30 LC was never used for the analysis of modified APL before the present study was
performed. The results highlight it as a potent LC-MS tool that achieves the analysis of oxidized
and glyco-oxidized APL through progressively deeper levels of structural detail, allowing us to
discern functional and positional isomers. The necessity of distinguishing isomeric structures is
driven by the evidence showing that some biological activities such as modulation of the
inflammatory response (1), ferroptosis (3), and blood coagulation (16), are actually mediated by
specific positional isomers. The interfacing with high-resolution MS and MS/MS is necessary to
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unequivocally identify the exact mass of the modified APL separated on the C30 column, and
characterize the structural details that confer the different chromatographic behaviours. Overall, the
results illustrate how C30 LC high-resolution MS and HCD MS/MS can have a significant impact
in (glyco-)oxidative lipidomics. On the one hand, this method is entirely suitable for any additional
development of targeted approaches which perform accurate and sensitive analysis of modified
APL in biological and clinical samples. On the other hand, the possibility of distinguishing
positional isomers confers a strong selectivity to the method, that is important as it is progressively
accepted that a structure-function relationship might exist for different bioactive isomers of
modified APL. C30 LC, high-resolution MS, and HCD MS/MS form a high performing platform
that should be seriously considered in the future for any LC-MS/MS approach targeting oxidized,
glycated and glyco-oxidized PE and PS.
The experiments reported in Chapter V moved onto a more biologically-focused direction and
aimed to assess the correlation between in vitro-obtained oxidized arachidonoyl-APL and the
immune system. The oxidation of APL esterified with arachidonic acid was chosen since most of
the literature that studied the effects of oxidized phospholipids on the immune system used a
phosphatidylcholine esterified to arachidonic acid (PAPC) to obtain the oxidized products, namely
OxPAPC (17,18). Few studies were performed in the case of PE, and only used oxidized PE
esterified to oleic and linoleic acid, namely with OxPOPE and OxPLPE (19,20). However, the APL
congeners of bioactive OxPAPC, namely OxPAPE and OxPAPS, had only received secondary
attention in terms of their interplay with the immune system (21,22). Their modulatory effect in
human peripheral blood was explored for the first time in this study, revealing that OxPAPE
increased the frequencies of all the monocyte subsets producing TNF-α and IL-1β. It was proposed
that OxPAPE induced monocytes in a pro-inflammatory activated state through the stimulation of
the toll-like receptor 4 (TLR4) pathway, an interaction that has already been characterized for its
congener OxPAPC (23,24) The estimation is sustained by the preferential expression of TLR4 in
monocytes (25) and by the transcriptional pathways induced by its activation, which include NF-κB
and AP-1, and would explain the augmented percentage of monocytes expressing TNF-α and IL-1β
(26,27). On the other hand, it was seen that that OxPAPS decreased the release of TNF-α and IL-1β
from monocytes and mDC, in the presence of LPS. This might have happened since OxPAPS
antagonized the recognition of LPS by TLR4, as it was reported for OxPAPC, and for OxPAPS
itself (22). Another mechanism that can be hypothesized is the activation mediated by OxPAPS on
the CD36 receptor (28) expressed by monocytes (29) and mDC (30), which would trigger
intracellular signalling resulting in a decreased expression of pro-inflammatory cytokines as TNF-α
and IL-1β (31,32). The results indicated that oxidized APL modulate the activation state of
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peripheral blood immune cells. In this sense, oxidized phospholipids could represent a novel
molecular link connecting oxidative stress and the mediation of the immune response. The
increased frequency of monocyte subsets producing TNF-α and IL-1β observed in our results,
induced by OxPAPE in peripheral blood, highlighted it as a potential controlling factor that once
formed in vivo upon oxidative stress can promote a low-grade inflammatory state by increasing the
percentage of immune cells that produce pro-inflammatory cytokines. The results obtained for
OxPAPS showed an opposite trend when compared with OxPAPE since it mitigated the release of
TNF-α and IL-1β from monocytes and mDC when it was co-incubated with LPS in peripheral
blood. These pieces of evidence point to OxPAPS as a possible inflammation-containing factor that
might occur in vivo upon oxidative stress and subsequently repress the release of cytokines
occurring in either acute or low-grade chronic inflammation. Oxidized PE and PS were already
found to occur in pathologies sustained by oxidative stress and inflammation (1,33). It is to be
expected that OxPAPE and OxPAPS are specially formed to trigger or to mitigate the low-grade
inflammatory context, determining either a development or a resolution of the pathological state.
Future studies in this field will address the biological activities of fractionated species of OxPAPE
and OxPAPS in peripheral blood immune cells. There is a necessity for more targeted biological
studies, particularly those that will evaluate the functions mediated by specific positional isomers of
oxidized APL, and identify the receptors that, interacting with oxidized PE and PS, either stimulate
or mitigate the inflammatory response.
Chapter VI has provided an additional approach to the study of the effects of biochemical stress
on APL. Starting from the assumption that oxidative stress, glycative stress and lipoxidative stress
are the three biochemical stressors inducing molecular modifications on APL, it reported a
phospholipidomics profiling of PE, PS and six more phospholipid classes, in BAEC treated with
H2O2, high glucose, and HNE. When observing the results with multivariate models of statistical
analysis (PCA, PLS-DA and HCA), it appeared that the most distinctive changes in the amounts of
phospholipids of BAEC were induced by exposure to H2O2, whereas glucose and HNE induced less
evident, yet significant, adaptations. Unsaturated phospholipids species were found to be increased
in BAEC treated with H2O2 compared with controls, whereas they were downregulated after
treatment with high glucose and HNE. These observations on global phospholipid features were
confirmed by the analysis of phospholipid species. H2O2 was suggested as a factor inducing
membrane strain and cell-survival mechanisms, principally because of the upregulation of
unsaturated PE species that was induced in BAEC (34–37). Upregulation of some PS species was
cautiously correlated with the possible expression of anti-inflammatory PS mediators, as a mean for
BAEC to compensate the inflammation induced by H2O2 (38). On the other hand, the
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downregulation of other unsaturated PS species was suggested to result from the formation of
oxidized PS, consequently to the early-apoptotic signals that H2O2 is known to induce in BAEC
(28,39). The phospholipid profile of BAEC upon oxidative, glucotoxic and lipotoxic treatments was
never analysed before the present study. The results point out that BAEC, a widely used cellular
model of vascular biology, are sensitively responsive to external biochemical stressors as H2O2,
high glucose, and HNE, since specific molecular alterations were reported for all the conditions.
The concept that phospholipids mediate the adaptation of vascular cells to oxidative, glycative and
lipoxidative stress implies that, for future studies, changes in the phospholipid profile of EC might
be read as hallmarks of CVDs, atherosclerosis, and diabetes. However, additional biological studies,
providing the mechanistic elucidations underpinning the molecular changes, should complement the
classical LC-MS/MS approaches used to analyse the phospholipidome. The phospholipidomic
analysis will, therefore, shed new light on the relationship between the phospholipid composition of
mammalian tissues and the development of pathologies as CVD and diabetes.
In conclusion, the analytical know-how on modified APL and biochemical stress is still facing
considerable space for further research progress. The implementation and the amelioration of
innovative tools for APL modification will allow in vitro experiments to achieve a continuously
improved mimicking of the biological conditions occurring in vivo. Modified PE and PS shall be
consequently analysed with leading-edge LC-MS/MS methodologies achieving highly resolved
chromatographic separation, exact mass identification, and detailed MS/MS characterization of each
structural feature. Once finely optimized through in vitro experiments, LC-MS/MS methodologies
should be translated in the development of targeted analytical methods capable of detecting and
quantifying modified APL in biological and clinical samples with high robustness and
reproducibility. More biological studies on the roles of modified PE and PS, particularly in the
pathological mechanisms underlying inflammatory diseases, are also needed. In such cases, LCMS/MS will need to assist the characterization of modified APL used in biological studies,
providing the molecular characterization of the isomers being tested for a specific function. In
parallel, future studies in the field of phospholipidomics will further contribute to unveil how the
turnover of PE and PS in mammalian tissues is related to molecular signatures and hallmarks of
biochemical stress and disease. Overall, the correct combination of these bioanalytical approaches
will contribute to the characterization of modified APL as new pharmacological targets and earlydiagnosis biomarkers of several devastating inflammatory pathologies including CVD,
atherosclerosis, diabetes, cancers, cystic fibrosis, and neurodegenerative diseases.
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