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RESUMO

Chaves-Filho, A.B. Redox-triggered events in lipid biology: thiol modification and
lipidome alteration in ALS. 2018. 117p. Tese - Programa de Pos-Graduacdo em Ciéncias

Biologicas (Bioguimica). Instituto de Quimica - Universidade de Séo Paulo - Sdo Paulo.

Os lipideos abrangem uma ampla gama de moléculas hidrofobicas presentes nas células. As
caracteristicas moleculares dos lipidios determinam sua localizacdo celular e funcéo
bioldgica. Em geral, os lipidios sdo considerados componentes essenciais de membranas,
reservatorios de energia e moduladores de vias de sinalizacdo ligadas ao metabolismo celular,
sobrevivéncia, entre outros. Em mamiferos, grande parte dos lipidios € esterificada em acidos
graxos poli-insaturados (PUFAS), especialmente os acidos docosahexaendico (DHA) e
araquidénico (ARA), essenciais para varios processos fisiologicos, incluindo o
desenvolvimento normal do cérebro. No entanto, os PUFAs sdo muito suscetiveis a oxidacédo
por espécies reativas de oxigénio (ROS) geradas endogenamente. Uma vez oxidados, lipidios
sdo capazes de modificar grupos tiois de peptideos e proteinas, levando a modulacao das vias
de sinalizacdo e alterando o balango redox celular. No capitulo 1, foram investigados os
mecanismos envolvidos na modificacdo de grupos tiois de peptideos e proteinas por produtos
de auto-oxidacdo de PUFAs. Com as analises realizadas foi possivel identificar varios adutos
de glutationa (GSH) covalentemente modificados por endoperoxidos ciclicos derivados de
DHA e ARA. Uma anélise detalhada dos espectros de MS/MS dos adutos de GSH revelou
que GSH e endoperdxidos ciclicos sdo provavelmente ligados através de uma ligagdo quimica
de enxofre-oxigénio, em uma reacdo que envolve um ataque nucleofilico do anion tiolato.
Além disso, sugerimos que a eficiéncia da modificacdo do tiol por endoperoxidos ciclicos
também é dependente da reatividade do tiol, como demonstrado pela modificacdo covalente

do residuo de cisteina mais reativo (Cys111) da enzima antioxidante superoxido dismutase 1



(SOD1). ModificacBes quimicas de tidis por endoperoxidos ciclicos podem modular a
agregacao proteica e o status redox celular, produzindo adutos de GSH capazes de modular a
inflamac&o, como relatado para os conjugados de GSH gerados enzimaticamente. No capitulo
2, n6s investigamos o papel dos lipidios na esclerose lateral amiotrofica (ALS), uma vez que a
inflamagé&o e o estresse oxidativo nos neurdnios motores contribuem para o desenvolvimento
desta doenca neurodegenerativa. Usando uma abordagem lipidomica nédo direcionada baseada
em espectrometria de massa acoplada a cromatografia liquida (UHPLC-MS/MS), nos
investigamos o metabolismo lipidico no cdrtex motor e na medula espinhal de um modelo de
ratos com ALS. A andlise do cortex motor mostrou que as principais alteracdes lipidicas
foram dependentes da idade e ligadas ao metabolismo dos esfingolipidios. Em contraste, as
principais alteracdes lipidicas na medula espinhal foram encontradas no grupo sintomatico da
ALS, sendo o metabolismo de ceramidas, ésteres de colesterol e cardiolipinas os mais
afetados. De acordo com os resultados obtidos e dados relatados na literatura, propusemos um
mecanismo baseado em neuroprotecdo que envolve o acUmulo de ésteres de colesterol
esterificados em PUFAs em astrocitos. Coletivamente, nossos achados sugerem que 0s
lipidios desempenham um papel crucial na modulacdo de processos celulares ligado a

oxidacdo de tidis e a neurodegeneracao.

Palavras-chave: Lipidios, peroxidacdo lipidica, tidis, estresse oxidativo, esclerose lateral

amiotréfica, espectrometria de massas.



ABSTRACT

Chaves-Filho, A.B. Redox-triggered events in lipid biology: thiol modification and
lipidome alteration in ALS. 2018. 117p. PhD Thesis - Graduate Program in Biochemistry.

Instituto de Quimica - Universidade de S&o Paulo - Sdo Paulo.

Lipids encompass a wide range of hydrophobic molecules present in cells. The molecular
characteristics of lipids determine their cellular localization and biological function. In
general, lipids are regarded as essential components of membranes, as energy reservoir and
modulators of signaling pathways linked to cellular metabolism and survival, among others.
In mammals, a large part of the lipids are esterified to polyunsaturated fatty acids (PUFAS),
especially docosahexaenoic (DHA) and arachidonic (ARA) acids, essential for several
physiological processes, including normal brain development. However, PUFAs are very
susceptible to oxidation by reactive oxygen species (ROS) generated endogenously. Once
oxidized, lipids are able to modify thiol groups of peptides and proteins leading to modulation
of signaling pathways and cellular redox balance. In the chapter 1, we investigated the
mechanisms involved in modification of thiol groups of peptides and protein by autoxidation
products derived from PUFAs. Here, we identified several glutathione (GSH) adducts
covalently modified by hydroxy-endoperoxides derived from both DHA and ARA. Detailed
inspection of MS/MS spectra of GSH-adducts revealed that GSH and hydroxy-endoperoxides
are likely bonded through a sulfur-oxygen chemical bond in a reaction which involves a
nucleophilic attack by the thiolate anion. Also, we suggest that the efficiency of modification
of thiol by hydroxy-endoperoxides are also dependent of the thiol reactivity, as demonstrated
by covalent modification of the most reactive cysteine residue (Cys111) of the antioxidant
enzyme Cu,Zn-superoxide dismutase (SOD1). Chemical modifications of thiol groups by

hydroxy-endoperoxides may modulate protein aggregation and cellular redox status, yielding



GSH adducts capable to modulate inflammation, as reported for the enzymatically generated
counterparts. In the chapter 2, we investigated the role of lipids in amyotrophic lateral
sclerosis (ALS), since inflammation and oxidative stress in motor neurons are hallmarks of
this neurodegenerative disease. Using an untargeted lipidomics approach based on mass
spectrometry coupled to liquid chromatography (UHPLC-MS/MS), we investigated the lipid
metabolism in motor cortex and spinal cord tissues of a rodent model of ALS. Analysis of the
motor cortex showed that the main lipid alterations were age-dependent and linked to
metabolism of sphingolipids. In contrast, the major lipid alterations in the spinal cord were
found in ALS symptomatic group, being the metabolism of ceramides, cholesteryl esters and
cardiolipin the most affected. According to our findings and data reported in the literature, we
proposed a mechanism based on neuroprotection that involves accumulation of cholesteryl
esters esterified to PUFAs in astrocytes. Collectively, our findings suggest that lipids play a
crucial role in modulation of cellular process linked to thiol metabolism and

neurodegeneration.

Keywords: Lipids, lipid peroxidation, thiols, oxidative stress, amyotrophic lateral sclerosis,

mass spectrometry.
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1. INTRODUCTION
1.1. Lipid diversity in mammalian cells

Lipids encompass a diverse group of compounds soluble in organic solvents and
insoluble in water. According to their molecular characteristics, lipids can be subdivided in
several classes of which glycerophospholipids (GPs), glycerolipids, sphingolipids, free fatty
acids (FFA) and sterols are some of the best known components (Fahy et al. 2005, 2009). GPs
are composed by two fatty acids bonded to a glycerol backbone at sn-1 and sn-2 positions. At
sn-1 position, the fatty acyl chains can be linked by an ester, ether or vinyl-ether bond. At sn-
3 position, the glycerol backbone is substituted by a phosphoric group and a specific head
group. According to the head group, GPs are generally divided into phosphatidylcholine (PC),
phosphatidylethanolamine  (PE), phosphatidylserine (PS), phosphatidylinositol (PI),
phosphatidylglycerol (PG), cardiolipin (CL), among others (Fig. 1) (Fahy et al. 2005, 2009;

Han and Gross 2005).
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Figure 1. General structures of glycerophospholipids. According to the head group, GPs
are generally divided into (PA) phosphatidic acid; (PC) phosphatidylcholine, (PE)
phosphatidylethanolamine, (PS) phosphatidylserine, (Pl) phosphatidylinositol, (PG)
phosphatidylglycerol, (CL) cardiolipin.

Unlike GPs, the sn-3 position of glycerolipids can be substituted by another fatty acid,
providing more hydrophobicity to this lipid class. The glycerolipids are defined as mono-, di-
or triacylglycerols according to the number of fatty acids bonded to their structures (Fig. 2)
(Lehner and Kuksis 1996). In mammalian cells, the term “sterols” is mainly applied to
cholesterol and those products derived from it, especially 24-hydroxycholesterol and
cholesteryl ester (Lutjohann and von Bergmann 2003; Schwartz et al. 2004). Cholesterol is
composed by a sum of four fused rings containing only one double bond between the carbons
5 and 6, a hydrocarbon tail and a hydroxyl group at carbon 3 (Fig. 2) (Harayama and Riezman
2018). Sphingolipid chemical diversity is linked to the length and type of the sphingoid base,
n-acyl chain and head group (Merrill 2008). The sphingoid base is composed by a
hydrocarbon chain (usually 18 carbons) with presence (ceramide) or absence
(dihydroceramide) of a double bond between carbons 3 and 4, and also a hydroxyl group at
the carbon 2 (Pruett et al. 2008). Usually, the n-acyl chain found in sphingolipids is longer
(from 16 to 30 carbons) and less unsaturated (one or two double bonds) than those found in
GPs and glycerolipids (Harayama and Riezman 2018). Similarly to GPs, the head group of
sphingolipids defines their subclasses as ceramide (Cer), sphingomyelin (SM), sphingosine-1-
phosphate (CerP) galactosylceramide (GalC), glucosylceramide (GIcC), sulfatide,

glycosylated m-acyl-ceramide, among others (Fig. 3) (Fahy et al. 2005).
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Figure 2. General structures of storage lipids. According to the number of acyl chains,
glycerolipids can be divided into mono-, di- or triacylglycerols. Cholesteryl esters can be
esterified with SFA, MUFA or PUFA.

[ Sphingoid base backbone ] OH

/\/\/\/\/\/\/\)\/\O/R

\/\/\/\A/\AM(NH
N-acyl chain o

OH Q
Sphingosine-1- /\/\/\/\/\/\/\)\g/\o«g\w
Phosphate (CerP) \WAMNH H H
0 o o
Sphingomyelin A/\A/\/\/\/\)T/\ 5 R NH
(SMm) \/\/\/\/\/\/\/\/\H/NH 6 HO o o
° /
OH oH
NN NN NN PN
Glucosylceramide ol OH
\/\/\/\/\/\/\/\/\n/ 'OH
(GlcC) i
OH o OH
. /\/\/\/\/\/\/\)\/\O HO H
Galactosylceramide " 0. .
\/\/\/\/\/\/\/\/\n/ H
(GalC) i .
OH 0 on
/\/\/\/\/\/\/\/\/\ HO
Sulfatide \/\/\/\/\/\/\/\/\H/ﬁm °\ww
o
OH H
/\/\/\/\/\/\/\)\/\OHO 5 o
NH .
Glycosylateq 0(\/\/\/\/\/\/\/\/\(]; OH Ceramide Hydroxy- Dlhydro-
w-acyl-ceramide T T TN NN ceramide ceramide



20

Figure 3. General structures of sphingolipids. The head group of sphingolipids defines
their subclasses as (CerP) sphingosine-1-phosphate, (SM) sphingomyelin, (Cer) ceramide,
(GalC) galactosylceramide, (GIcC) glucosylceramide, sulfatide and glycosylated w-acyl-

ceramide.

The molecular characteristics of fatty acids directly affect the biological properties of
the lipids bonded to them. Because free fatty acids are usually toxic to the cells, especially the
saturated ones, they are mainly found esterified to triacylglycerols, GPs and sterols (Cnop et
al. 2001; Miller et al. 2005). Fatty acids can be classified according to degree and position of
the double bonds and chain length. Regarding the chain length, fatty acids up to 36 carbons
have been detected in mature spermatozoa, retina and also in the brain (Leonard et al. 2004).
According to the number of double bonds fatty acids are subdivided into saturated (SFA; with
no double bonds), monounsaturated (MUFA; one double bond) or polyunsaturated (PUFA;
two or more double bonds). Usually, the sn-1 position of GPs is esterified to a SFA or MUFA,
whereas the sn-2 position is more often esterified to MUFA or PUFA (Yamashita et al. 2014).

Among the unsaturated fatty acids, they can be further classified by the position of the
double bond closest to the methyl-end group, being the omega-3 (n-3) and omega-6 (n-6) fatty
acids some of the most important lipids for mammalian cells. Mammals can synthesize SFA
and MUFAs, however, they do not express the enzymes responsible to catalyze the synthesis
of n-3 and n-6 fatty acids. Thus, essential fatty acids like a-linolenic (ALA; C18:3n-3) and
linoleic (LA; C18:2n-6) acids have to be obtained from the diet (Poudyal et al. 2011). From
ALA, cells are able to synthesize others n-3 fatty acids like eicosapentaenoic (EPA; C20:5n-
3) and docosahexaenoic (DHA; C22:6n-3) acids by reactions catalyzed by elongases and
desaturases. Meanwhile, arachidonic (ARA; C20:4n-6) and adrenic (AdA; C22:4n-6) acids,
two of the most important n-6 fatty acids in mammals, can be synthesized from LA by the

same enzymatic machinery (Fig. 4) (Galano et al. 2015).
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Figure 4. General structures of fatty acids. (SFAs) saturated fatty acids; (MUFAS)

monounsaturated fatty acids; (PUFAs) polyunsaturated fatty acids.

1.2. Cellular localization and biological function of lipids

Lipids are the main components of plasma membrane and also organelles such as
mitochondria, peroxisome and endoplasmic reticulum (ER). The majority of membranes are
composed of GPs, sphingolipids and cholesterol (Van Meer et al. 2008). The plasma
membrane is asymmetric, that is, the inner and outer leaflets do not have exactly the same
lipid composition. For instance, sphingolipids are usually found at the outer leaflet of plasma
membranes, whereas PS is found only in the inner leaflet (Hishikawa et al. 2014).
Interestingly, some structures or organelles have specific lipids in their composition, as

reported for cardiolipin in the inner membrane of mitochondria (Paradies et al. 2014).
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Although the majority of lipids are found in membranes, neutral lipids like triacylglycerol and
cholesteryl esters are important for storage and transport of fatty acids (Van Meer et al. 2008).
However, the functions of lipids go beyond regulating the entrance and exit of molecules
through the cell membranes and storing energy.

Lipids are reported by their ability to participate in a wide range of cellular events
including inflammation, metabolism and proliferation (Hannun and Obeid 2008; Wymann
and Schneiter 2008). Particularly, the association of sphingolipids and cholesterol in
microdomains of the plasma membrane called lipid rafts are essential for anchorage of
proteins, regulation of lipid trafficking, cell signaling and modulation of membrane fluidity
(Dupree and Pomicter 2010). Sphingolipids like galactosylceramide (GalC) and sulfatides are
essential for myelin stabilization, a membrane that insulates neurons, ensuing a fast
transmission of the electrical signal (Aggarwal et al. 2011). Ceramides, for instance, are
linked to cell signaling by regulation of apoptosis, cell differentiation and autophagy (Grésch
et al. 2012). Cholesterol is an essential precursor for synthesis of steroid hormones, bile salts
and important carrier of fatty acids in blood circulation (Payne and Hales 2004). Polar lipids
like GPs also participate in signaling pathways linked to cell growth and differentiation,
exocytosis and apoptosis as reported for PS and PI (Schink et al. 2013; Hishikawa et al. 2014;
Kim et al. 2014).

Despite the head group of lipid subclasses determining the function and cellular
localization, the molecular characteristics of the fatty acids bonded to GPs and sphingolipids
may affect the biophysics properties of membranes (Dunbar et al. 2014). For instance, GPs
esterified with short chain fatty acids or PUFAs provide more membrane fluidity than those
bonded to long chain fatty acids or MUFAs (Maulucci et al. 2016). Furthermore, fatty acids
esterified in GPs at the inner leaflet of plasma membrane can be hydrolyzed by

phospholipases in response to cellular stimulus like calcium influx (Balsinde and Balboa
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2005). Once released in the cytosol, FFA can modulate cellular events linked to signaling and
inflammation (Balsinde and Balboa 2005). DHA itself can lead to downregulation of genes
linked to expression of pro-inflammatory proteins, by activation of the peroxisome
proliferator-activated receptor alpha (PPAR-a) (Forman et al. 1997). PUFAs can also serve as
substrates for oxygenases like lipoxygenases (LOX) and cyclooxygenases (COX) leading to
synthesis of biological active molecules (Phillis et al. 2006; Schneider et al. 2007). For
instance, ARA and DHA are precursors of a wide range of oxygenated products called
eicosanoids and docosanoids, respectively. Some of the most known eicosanoids are
prostaglandins, leukotrienes, thromboxanes and prostacyclins (Fig. 5) (Wang et al. 2014).
Eicosanoids derived from ARA are mostly related to inflammatory and allergic processes,
platelet aggregation and recruitment of immune cells (Ricciotti and Fitzgerald 2011). On the
other hand, docosanoids have been described as anti-inflammatory molecules, with maresins,
neuroprotectins and resolvins among the most known (Fig. 6) (Bazan et al. 2010; Serhan
2014). Maresin 1 and its sulfide conjugates are reported by their ability to induce tissue
regeneration in planaria (Serhan et al. 2012; Dalli et al. 2016). Another well-characterized
enzymatic product of DHA is neuroprotectin D1, which possesses a protective role in the
CNS reducing stress pathways that lead to cell death and increasing cell survival (Serhan
2014). Nonetheless, PUFAs are only not oxidized by enzymatic pathways, but also by free
radicals via autoxidation processes. As a consequence, a wide range of non-stereospecific
oxidized products can be formed and contribute to the modulation of several cellular

processes (Leonarduzzi et al. 2000; Yin et al. 2011).
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Figure 6. Docosanoids derived from DHA.

1.3. Reactive oxygen species (ROS), lipid peroxidation and oxidative stress

The term “reactive oxygen species” (ROS) is applied to molecules derived from
oxygen metabolism, which possess high reactivity, such as the radicals hydroxyl (HO") and
superoxide anion (O,7), as well as non-radical molecules like hydrogen peroxide (H,O,)
(Valko et al. 2007). Endogenously, ROS such as superoxide anion can be formed by oxidant
enzymes such as NADPH oxidase and cytochrome P450 enzymes (CYP), in response to

pathogens and xenobiotics, respectively (Robertson et al. 2004; Chrissobolis and Faraci
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2008). Since approximately 85-90% of oxygen is used by mitochondria (Barber et al. 2006),
it is during the transfer of electron in the mitochondrial respiratory chain where the highest
production of superoxide anion usually occurs (Finkel and Holbrook 2000). Among the most
accepted hypothesis, leakage of electrons from the intermediate semiquinone radical from
ubiquinone can readily transfer an electron to oxygen, leading to formation of superoxide
anion (Finkel and Holbrook 2000). Also, stimulation of lipid f-oxidation in mitochondria may
contribute for leakage of electrons, since it requires more oxygen than glucose for its total
oxidation (Schonfeld and Reiser 2013). The superoxide anion can be readily converted to
hydrogen peroxide in a reaction catalyzed by the mitochondrial enzyme Mn-superoxide
dismutase (SOD2) (Fukai and Ushio-Fukai 2011). If the hydrogen peroxide is not degraded
by peroxidases, it may cross membranes and propagate oxidation beyond mitochondria (Fukai
and Ushio-Fukai 2011). In reaction catalyzed by ferrous ion (Fe?*), hydrogen peroxide can be
converted into hydroxyl radical (HO"), the most reactive oxidant generated in biological
systems (Niki 2009). At low concentrations, free radicals such as superoxide anion can play a
pivotal role in cell defense against pathogens (Garthwaite and Boulton 1995; Chrissobolis and
Faraci 2008). However, at high concentrations, free radicals can oxidize proteins, DNA and
lipids. Consequently, cellular events linked to cell death and tissue dysfunction can be
triggered (Murphy et al. 2011).

Because PUFAs like DHA and ARA are highly unsaturated, they are common targets
of oxidation by ROS, in a process called autoxidation or lipid peroxidation (Fig. 7) (Yin et al.
2011). Oxidation of unsaturated fatty acids can lead to formation of a wide range of non-
stereospecific and complex oxidized products (Yin et al. 2011). The first step of lipid
peroxidation is the abstraction of a bis-allylic hydrogen in the lipid structure by a free radical,
yielding a lipid radical (L¢). Next, this lipid radical can easily react with oxygen, generating a

lipid peroxyl radical (LOQO¢) (Niki 2009). The lipid peroxyl radical, in turn, is able to abstract
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a proton from another PUFA triggering a chain reaction (Spiteller 2006). Still, lipid peroxyl
radical can undergo intra-molecular cyclization yielding isofuranes or react with more oxygen
molecules, yielding complex cyclic hydroperoxy-endoperoxide structures (Yin et al. 2011).
The propagation of lipid peroxidation can be stopped by antioxidant molecules like a-
tocopherol (vitamin E) resulting in the formation of lipid hydroperoxides (LOOH) (Gaschler
and Stockwell 2017). Lipid hydroperoxides, in turn, can be readily reduced to less toxic
alcohol derivatives by thiol and selenium groups of intracellular antioxidants, like glutathione
(GSH) and glutathione peroxidase 4 (GPX4) (Ursini et al. 1982; Yuan and Kaplowitz 2009).
Furthermore, lipid hydroperoxides can be converted into reactive ketones or even broken into
short-chain aldehydes like 4-hydroxy nonenal (4-HNE), malondialdehyde (MDA) and

acrolein (Siddiqui et al. 2008).
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A considerable amount of side-chains of GPs is composed of PUFAs, which are very
susceptible to oxidation by ROS. As a consequence, oxidation of these lipids can contribute to
alterations in permeability and stability of membranes (Catala 2009). Oxidized lipids are well
known to augment oxidative stress by shifting the balance between production of oxidants
and the antioxidant capacity of cells to eliminate these reactive molecules (Circu and Aw
2010). Oxidized lipids are also known to promote modification of proteins by reacting with

histidine, lysine and cysteine residues (Hauck and Bernlohr 2016). Chemical modifications of
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proteins may result in alterations of folding and biological function, leading to loss of cellular
homeostasis (Hauck and Bernlohr 2016).

Thiol groups usually participate in processes that involve enzymatic activity, signal
transduction, protein folding and antioxidant system (Winterbourn and Hampton 2008;
Hansen and Winther 2009). Therefore, chemical modification of cysteine residues may
modulate these cellular events and trigger the onset of pathological conditions (Fra et al.
2017; Valle and Carri 2017). In a recent study performed by our group, it was demonstrated
that DHA and its hydroperoxides induce SOD1 aggregation (Appolinario et al. 2015), a
hallmark of amyotrophic lateral sclerosis (ALS) (Valentine et al. 2005). In this study, it was
demonstrated that protein aggregation is tightly linked to the cysteine residues of SOD1 (Cys6
and Cys111). More recently, it has been proposed that accumulation of lipid hydroperoxides
in the presence of metal ions induces ferroptosis, a regulated form of cell death linked to
pathological conditions, like cancer (Yang and Stockwell 2016; Stockwell et al. 2017).

Ferroptosis is characterized by the loss of the activity of glutathione peroxidase 4
(GPX4), a selenocysteine enzyme responsible for reducing toxic lipid hydroperoxides (Yang
and Stockwell 2016). In this context, some oxidized lipids can be important for activation of
signaling pathways linked to antioxidant system. For instance, ketones derived from DHA are
reported as modulators of Nrf2 pathway, which lead to upregulation of genes linked to
synthesis of glutathione and others antioxidants (Groeger et al. 2010). In experiments
performed with B-amyloid proteins, it was demonstrated that 4-hydroxy-2-nonenal (HNE), an
a,p-unsaturated aldehyde derived from lipid peroxidation of n-6 PUFAs, induces amyloid
protein aggregation, common in Alzheimer’s disease (AD) (Liu et al. 2008). On the other
hand, 4-hydroxy-2-hexenal (HHE), an analogue aldehyde derived from n-3 PUFAs, does not
induce peptide aggregation likely because its aliphatic chain is shorter by three methylene

groups when compared to HNE (Liu et al. 2008). Although it is clear that chemical
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modification of thiol groups of proteins and peptides by oxidized lipids modulates redox
pathways, the role of autoxidized products of PUFAs in modifying thiols is still unknown. In
chapter 1 of this thesis we investigate the mechanisms by which cyclic endoperoxides derived
from ARA and DHA may modify cysteine residues of peptides (glutathione) and proteins
(SOD1).

1.4. Neurodegenerative diseases and alterations in the lipidome

Neurodegeneration is a process that occurs in the central nervous system (CNS)
characterized by loss of neuronal structure and function. Neurodegenerative disorders are
generally age-dependent, such as in Alzheimer's disease (AD), multiple sclerosis, Parkinson's
disease (PD) and amyotrophic lateral sclerosis (ALS), negatively affecting mental and
physical functions (Chen et al. 2016). The majority of neurodegenerative diseases shares a
common etiology, being the causes and molecular mechanisms involved in neurodegeneration
usually similar (Pierpaoli 2005). Among them, chronic inflammation and oxidative stress,
which are both strongly linked to the metabolism of lipids (Andersen 2004; Halliwell 2006).
It is well described that aging is clearly associated with increased production of ROS, leading
to the development of chronic oxidative stress (Poon et al. 2004; Halliwell 2006). As
consequence, oxidative stress may lead to alterations in the lipid metabolism of the CNS by
regulation of pathways linked to lipid synthesis, transport and also peroxidation (Cutler et al.
2002; Adibhatla and Hatcher 2007; Arima et al. 2015).

As part of this thesis, we focused in understanding the mechanisms involved in lipid
metabolism of an ALS rodent model. ALS is a neurodegenerative disorder characterized by
death of motor neurons in brain and spinal cord. Dysfunction and death of motor neurons lead
to progressive muscle weakness, atrophy and paralysis followed by death between 3 and 5
years after symptoms onset (Gros-Louis et al. 2006). In a case study performed in USA, it

was reported that the incidence of ALS is about 5 cases per 100,000 people per year and ALS
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was more common among males between 60-69 years old (Mehta et al. 2016). Although the
etiology of ALS is not totally known, it is described that about 10% of the causes of ALS are
familiar with the majority being sporadic cases. From the familial ALS cases, 20% are
associated with mutations in the gene encoding the Cu,Zn-superoxide dismutase (SOD1)
(Naini et al. 2002).

SOD1 is a cytosolic metalloenzyme that plays a key role in antioxidant system,
converting superoxide anion into hydrogen peroxide and molecular oxygen, similarly to
SOD2 localized in mitochondria (Garcia-Ramirez et al. 2008). Among the hypothesis
associated to development of ALS by mutation of SOD1 gene, it is reported that mutant
SOD1 catalyze the synthesis of oxidant agents by gain of peroxidase activity (Liu et al. 1999).
Also, mutant SOD1 can undergo self oligomerization, leading to formation of cytotoxic
aggregates (Bruijn et al. 2004). Although the mechanisms are still unclear, it is reported that
neuronal mitochondrial dysfunction and protein aggregation contribute to ROS production in
ALS (Jaarsma et al. 2000; Vandoorne et al. 2018). In ALS, it is proposed that ROS can
inhibit glutamate uptake through the EAAT2 transporter in glial cells leading to calcium
accumulation in mitochondria and ROS production in neurons (Barber et al. 2006). Thus,
alterations in lipid metabolism may be expected in ALS, either by direct oxidation of
unsaturated fatty acids or by modulation of enzymes linked to synthesis and degradation of
lipids.

It is reported that in ALS, oxidation of PUFAs leads to protein modification by short
chain aldehydes like HNE, derived from oxidation of omega-6 fatty acids (Pedersen et al.
1998; Perluigi et al. 2005). Also, decreased DHA content in phospholipids such as PC further
suggests oxidation of this lipid subclass (Arima et al. 2015). In addition, eicosanoids derived
from ARA, like prostaglandin E2 (PGEZ2), are increased in ALS (Almer et al. 2002). PGE2, in

turn, can stimulate the release of glutamate from astrocytes leading to increased influx of
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calcium and superoxide anion production in neurons of the CNS (Bezzi et al. 1998).
Moreover, it was demonstrated that inhibition of COX-2 prolongs survival in a model of ALS
mouse (Drachman et al. 2002). Together, these findings suggest that oxygenases like COX
play an important role in the pathogenesis of ALS by increasing the levels of pro-
inflammatory compounds like PGE2.

Targeted lipidomics analysis of spinal cord of ALS mouse model revealed alterations
in the metabolism of ceramides and storage lipids like cholesteryl esters (Cutler et al. 2002).
As suggested by these authors, ceramide synthesis by cleavage of sphingomyelin leads to
synthesis of cholesteryl ester in ALS via acyl-CoA: cholesterol acyltransferase (ACAT).
Ceramides and glucosylceramides are increased in cerebrospinal-fluid, spinal cord tissue and
skeletal muscle of ALS patients and rodent models (Dodge et al. 2015; Henriques et al. 2015;
Blasco et al. 2017). Furthermore, it has been demonstrated that glycosylated ceramides slow
down the symptom progression of the disease in a rodent model of ALS (Dodge et al. 2015).
Taken together, the data reported in the literature suggest that alterations in sphingolipid
metabolism in CNS are directly associated with ALS. Nevertheless, it is clear that a more
detailed characterization of the lipidome in the CNS will be required to a deeper
understanding of alterations in lipid metabolism linked to neurodegenerative disorders such as
ALS.
1.5. Analytical techniques for analysis of lipids

As described in the section 1.1, lipids comprise a large class of biomolecules
characterized by high diversity in chemical structures and biological functions. Thus, the
development of robust techniques for accurate identification and quantification of lipid are
required to capture this variety of structures. One of the simplest methods used to characterize
lipids, and still very useful today, is thin layer chromatography (TLC) (Carrasco-Pancorbo et

al. 2009). Using TLC, it is possible to separate, identify and quantify lipid subclasses such as
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TAG, specific phospholipids and sphingolipids. Here, subclasses are isolated and analyzed as
a whole rather than individual lipids. Other assays based on enzymatic reactions coupled to
chromophore groups are used to identify lipid classes like glycerolipids (Warnick 1986).
Nuclear magnetic resonance (NMR) can be also used for characterization of purified lipids,
but this method requires high purity and milligram amounts of target compounds, making this
technique unsuitable for whole lipidome analysis (Carrasco-Pancorbo et al. 2009).
Techniques based on liquid (LC) or gas (GC) chromatography are frequently used for lipid
analysis. However, LC analysis coupled to UV/detection provides low specificity for lipid
identification, especially when the compounds display absorbance at similar wavelengths.
Although GC coupled to mass spectrometry (MS) is a powerful tool for quantitative and
qualitative (structural elucidation) analysis of fatty acids and sterols, it is limited to volatile
lipids entering the gas phase and those amenable to derivatization (Quehenberger et al. 2011).
With the discovery of the electrospray ionization technique (ESI), non-volatile lipids such as
phospholipids and sphingolipids could be finally loaded as intact molecules into a MS (Pulfer
and Murphy 2003). This technique has emerged as the main tool for analysis of cellular
lipidome due its capacity to provide accurate information about the mass and fragmentation
profile of the analytes (Wenk 2005).

Analysis of a vast number (hundreds to thousands) of molecular species of lipids by
mass spectrometry are usually performed by direct infusion or coupled to ultra-high
performance liquid chromatography (UHPLC) (Wenk 2010). Although lipidomics analysis
performed by direct infusion in MS are usually faster and provide general information about
sample composition, this approach can suffer interferences like ion suppression caused by co-
elution of compounds and low resolution for identification of isobaric compounds (Carrasco-
Pancorbo et al. 2009). Despite the drawback for method optimization and time of analysis,

liquid chromatography coupled to MS (UHPLC-MS/MS) represents an alternative to improve



33

both sensitivity and specificity of lipid analysis through separation of the compounds
according to their chemical characteristics. Another challenge in working with ESI-MS is that
each compound tends to ionize with distinct efficiencies. To cope with this issue, the use of
internal standards can correct for loss of analytes during sample preparation and distinct
ionization efficiencies, making the analysis of lipids by ESI-MS semi-quantitative. The semi-
quantitation of lipids is due to their structural diversity and the unlikelihood of using internal
standards for each compound. Finally, MS is usually a technique that requires high
investment for maintenance and high expertise.

Although there are some relevant challenges in the use of UHPLC-MS/MS, it is the
most robust technique for a comprehensive analysis of lipids. The identification based on
fragmentation profiles of analytes reduces drastically the false discovery rates providing a
precise identification of compounds. Also, a large number of analytes can be analyzed in a
single run in untargeted and targeted analysis, even those molecules present in very low
picogram concentrations. Thus, UHPLC-MS/MS emerged as a powerful tool for analysis of
cellular lipidomes and has been providing essential information about the roles of lipids in

biological systems.
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2. OBJECTIVE

2.1. General objective

Investigate redox-triggered events in lipid biology.

2.2. Specific objectives

Chapter 1: Elucidate mechanisms by which auto-oxidized ARA and DHA may modify
cysteine residues of peptides (GSH) and proteins (SOD1).

Chapter 2: Characterize lipidome alterations in brain and spinal cord of a rodent model of

amyotrophic lateral sclerosis (ALS).
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Abstract

Polyunsaturated fatty acids (PUFA) are converted to a series of oxygenated cyclic products
upon enzymatic and non-enzymatic oxidation. Even though the mechanisms by which poly-
oxygenated cyclic products are formed is well described, their reactivity towards
biomolecules, particularly those containing thiol groups are less explored. Using an
untargeted high resolution LC-MS/MS approach, we identified a series of glutathione (GSH)-
conjugates with poly-oxygenated cyclic products derived from docosahexaenoic (DHA) and
arachidonic (ARA) acid. MS/MS spectra obtained from GSH-conjugates revealed that GSH
are bonded to hydroxy-endoperoxides through a thioperoxide (RS-OR) linkage. Here, we
suggest that hydroxy-endoperoxides undergo a nucleophilic attack by the thiolate anion to
form a sulfenate ester bond. In experiments performed with GSH and DHA in the presence of
the radical initiator AAPH, we observed conjugates of DHA covalently linked to GSH, likely
derived from a thiol-ene reaction where thiyl radical (GS-) reacts with DHA double bonds.
Therefore, a mechanism of reaction involving cyclic endoperoxides and thiolate anion from
GSH is proposed. Assays performed with the enzyme superoxide dismutase 1 suggest that the
reactive thiol groups of proteins are also a target for modification by hydroxy-endoperoxides.
In summary, our data reveal novel DHA and ARA oxidation products that can modify the
thiol group of GSH and proteins yielding conjugates potentially relevant in redox and

inflammatory processes.

Keywords: Docosahexaenoic acid, arachidonic acid, hydroxy-endoperoxide, glutathione,

thiols, mass spectrometry.
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1. Introduction

Arachidonic (C20:4n-6, ARA) and docosahexaenoic (C22:6n-3, DHA) acids are two
of the most abundant polyunsaturated fatty acids (PUFAs) found in mammalian cells.
Usually, they are found esterified at sn-2 position of membrane phospholipids.™* Upon their
release by activated phospholipases, ARA and DHA may serve as substrates for oxygenases,
such as lipoxygenases (LOX), cyclooxygenases (COX) and cytochrome P450
monooxygenase.® The enzymatic products derived from ARA and DHA are commonly
known by the general terms “eicosanoids” and “docosanoids", respectively.4 Leukotrienes,
prostaglandins and thromboxanes are subclasses of eicosanoids that play an important role in
inflammatory processes by promoting neutrophil recruitment, inducing allergic reactions and
platelet aggregation.>” Docosanoids have received increased scientific attention due to their
role as anti-inflammatory agents. Among the latter, resolvins, maresins and neuroprotectins
are implicated in the inhibition of neuron death by apoptosis, in tissue regeneration and
downregulation of pro-inflammatory mediator levels.®

ARA and DHA are highly unsaturated lipids and may thus readily undergo oxidation,
thereby yielding peroxyl radicals, which in turn can be converted into hydroperoxides or into
a wide range of cyclic endoperoxides.** Since these primary oxidation products are relatively
unstable, they may be cleaved into short chain metabolites containing reactive carbonyl
groups.*? Ketones and aldehydes derived from PUFAs are remarkably reactive and may form
adducts with cysteine, lysine and histidine residues of proteins, via mechanisms like Michael
addition and Schiff base formation.***®> Thiol groups usually participate in processes that
involve enzymatic activity, signal transduction, protein folding and antioxidant system.™
Therefore chemical modification of cysteine residues may modulate these cellular events and

trigger the onset of pathological conditions."®
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Oxidative stress and chronic inflammation are hallmarks of neurodegenerative
diseases, such as amyotrophic lateral sclerosis (ALS), Parkinson’s (PD) and Alzheimer’s
(AD) diseases, and may contribute to formation of reactive compounds derived from ARA
and DHA."*? These latter fatty acids are the most abundant PUFAs in the brain,?® and their
oxidation modulates signaling pathways linked to cell defense, as reported for the Nrf2-Keapl
pathway and the upregulation of antioxidant proteins genes.* Thiol groups of peptides like
glutathione (GSH), an intracellular antioxidant, can also serve as substrate for enzymatic
synthesis of bioactive conjugates with eicosanoids or docosanoids, namely leukotriene C4
(LTC,4) and MCTR1, respectively. Although the latter compounds are both linked to a
molecule of GSH, LTC, is related to allergic response in pulmonary diseases,” whereas
MCTR1 has been implicated in promoting tissue regeneration.?* That is, chemical
modifications of peptides and proteins may trigger differential biological effects according to
the oxidized PUFAs linked to them.

Thus far, modifications of thiol groups by ketones and aldehydes derived from PUFAs
have been relatively well studied.*>?*? However, to the best of our knowledge, chemical
modifications of peptides or proteins by cyclic PUFA’s oxidation products have never been
reported. Here, we investigate the mechanisms by which auto-oxidized ARA and DHA may

modify cysteine residues of a peptide (GSH) and a protein (SOD1).

2. Experimental section
2.1. Chemicals and reagents

L-glutathione reduced, docosahexaenoic and arachidonic acids were purchased from
Sigma (St. Louis, USA). The leukotriene C4 was obtained from Cayman (Ann Arbor, USA).
Proteomic grade trypsin and RapiGest SF surfactant were acquired from Promega (Madison,

USA) and Waters (Milford, USA), respectively. 2,2’-Azobis(2-methylpropionamidine)
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dihydrochloride (AAPH) was obtained from Wako (Osaka, Japan). Solvents (HPLC grade)
were purchased from J.T. Baker (Avantor Performance Materials, Mexico). All other reagents
were purchased from Sigma (St. Louis, USA). Aqueous solutions were prepared with
ultrapure water purified by a Direct-Q3 system (Merck Millipore, Germany).
2.2. Incubation between GSH and PUFAs

Samples were prepared with 10 mM GSH in presence of Methanol (10 %, v/v), 100
uM DHA or 100 uM ARA previously stored at -20 °C for at least 5 years. All incubations
were performed in 200 mM sodium phosphate buffer (pH 7.4) for 1h at 37 °C. After that,
incubations were analyzed by LC-MS/MS.
2.3. LC-MS/MS method for analysis of GSH-adducts

Samples were analyzed by ESI-TOF-MS (Triple TOF 6600, Sciex, Concord, US)
interfaced with a high-performance LC (UHPLC Nexera, Shimadzu, Kyoto, Japan). The
GSH-adducts were separated chromatographically through a C18 column (Kinetex C18 100A,
100 x 2.1 mm, 2.6 um, Phenomenex Inc., Torrance, CA) with a flow rate of 0.2 mL mint.
The auto injector and column temperature were maintained at 4 °C and 25 °C, respectively.
The mobile phase A consisted of water, while mobile phase B was composed of acetonitrile.
Mobile phases A and B contained formic acid (at a final concentration of 0.005 %). The linear
gradient during analysis was as follows: hold at 1 % B from 0-5 min.; from 1 to 80 % B over
7 min., hold at 80 % B from 7-12 min., decreased from 80 to 1 % B during 12-13 min., and
hold at 1 % B from 13-20 min. The injection volume was set at 5 pL.
The ESI-TOF-MS was operated in negative ionization mode, and the scan range set at a mass-
to-charge ratio of 200-2000 Da. Data for RSH-adducts identification was obtained by
Information Dependent Acquisition (IDA®). Data acquisition was performed with a period
cycle time of 0.650 s with 0.100 s acquisition time for MS1 scan and 0.050 s acquisition time

to obtain the top 10 precursor ions. Data acquisition was performed using Analyst® 1.7.1 with
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an ion spray voltage of -4.5 kV, cone voltage at -80 V and collision energy was set at -30 eV.
The curtain gas was set at 25 psi, nebulizer and heater gases at 45 psi and interface heater of
450 °C. The mass spectra were analyzed with PeakView®. For semi-quantification, the area of
each GSH adduct was obtained by MS data from MultiQuant®.
2.4. Purification of auto-oxidized fatty acids by HPLC-DAD

Highly oxidized DHA or ARA stored at -20 °C for at least 5 years were purified using
LC system coupled to a diode array detector (DAD) (HPLC Prominence, Shimadzu, Kyoto,
Japan). The fractions were separated chromatographically using a semi-preparative C18
column (Luna C18, 250 x 10 mm, 5.0 um, Phenomenex Inc., Torrance, CA) with a flow rate
of 4.7 mL min™. The auto injector and column temperature were maintained at 4 °C and 25
°C, respectively. The mobile phase A consisted of water, while mobile phase B was composed
of acetonitrile. Mobile phases A and B contained formic acid (at a final concentration of 0.005
%). The linear gradient during analysis were as follows: hold at 70 % B from 0-15 min.; from
70 to 99 % B over 16 min., hold at 99 % B from 16-23 min., decreased from 99 to 70 % B
during 23-24 min., and hold at 70 % B from 24-30 min. Fractions were collected in a single
injection each (100 pL) of 10 mM DHA or 10 mM ARA, according to their absorption
spectrum in UV/Vis. After collected, lipid fractions (F1 to F9) were partially dried under N,
gas to remove the acetonitrile. The fraction correspondent to the non-oxidized lipid (F9) was
dried under N gas and dissolved in methanol.
2.5. LC-MS/MS method for characterization of cyclic endoperoxides derived from DHA
and ARA

The oxidized lipids were separated chromatographically through a C18 column
(Acquity UHPLC BEH C18 100A, 100 x 2.1 mm, 1.7 um, Waters, Milford, USA) with a flow
rate of 0.2 mL min™. The auto injector and column temperature were maintained at 4 °C and

30 °C, respectively. The mobile phase A consisted of water, while mobile phase B was
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composed of acetonitrile. Mobile phases A and B contained formic acid (at a final
concentration of 0.005 %). The linear gradient during analysis were as follows: hold at 1 % B
from 0-2 min.; increased from 1 to 40 % B over 3 min., from 40 to 55 % B during 3-11 min.,
increased from 55 to 90 % B during 11-12 min., hold at 90 % B from 12-14 min., decreased
from 90 to 1 % B during 14-15 min., and hold at 1 % B from 15-20 min. The injection
volume was set at 5 puL. The ESI-TOF-MS was operated in negative ionization mode, and the
scan range set at a mass-to-charge ratio of 200-1000 Da. Data for oxidized lipids
identification was obtained by Product lon analysis. Data acquisition was performed with a
period cycle time of 0.385 s with 0.025 s acquisition time for MS1 scan and 0.010 s
acquisition time to obtain precursor ions. Data acquisition was performed using Analyst®
1.7.1 with an ion spray voltage of -4.5 kV and the cone voltage at - 80 V. The curtain gas was
set at 25 psi, nebulizer and heater gases at 45 psi and interface heater of 450°C.
2.6. Stability assay of GSH-adducts

Samples were prepared with 1 mM GSH in presence of DHA-F3 (10 %); v/v) or ARA-
F2 (10 %; v/v). All incubations were performed in 200 mM sodium phosphate buffer (pH 7.4)
for 1h at 37 °C. After incubation, GSH-adducts were extracted using solid-phase extraction
(Discovery® DSC-18 SPE 500 mg column, Sigma) and eluted using methanol.* Samples
were dried under N, gas and suspended 200 mM sodium phosphate buffer (pH 7.4). Purified
GSH-adducts and LTC,4 (500 ng/mL) were added with H,O (control; final pH 7.4), HCI (0.2
%, vlv; final pH 3.0) or NaOH (153 mM; final pH 11.0). After that, the GSH-adducts and the
oxidized lipids derived from them were analyzed by LC-MS/MS as described in items 2.3 and

2.5, respectively.
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2.7. Human Recombinant SOD1 Expression and Purification and Preparation of apo-
SOD1WT

The enzyme was expressed in Escherichia coli and purified as previously described.?’
Purified protein was repeatedly washed and concentrated by ultrafiltration filter cut off 30
kDa (Amicon Ultra Centrifugal Filter) in 5 mM phosphate buffer pH 7.4, treated with Chelex-
100. Apo-form was prepared from SOD1 by repeated dialysis against: (1) 50 mM acetate
buffer pH 3.8 containing 10 mM EDTA, (2) 50 mM acetate buffer pH 3.8 containing 100 mM
NaCl to remove EDTA and (3) finally, against Milli-Q grade water, treated with Chelex-100
resin to remove traces of transition metals.”’
2.8. SOD1 Incubation, enzymatic digestion and peptide analysis

SOD1 WT (10 pM) in apo form was incubated in 50 mM phosphate buffer (pH 7.4)
containing 150 mM NacCl and 100 uM DTPA for 1 h at 37 °C in the presence of 100 uM
ARA. Control was performed in presence of methanol (10 %, v/v). SOD1 samples were
digested for 18 h with proteomic grade trypsin (Promega) in a 1:100 (w/w) ratio at 37 °C with
aid of RapiGest SF Surfactant (Waters, Milford, USA). The resulting peptides were analyzed
by LC-MS/MS using a nanoAcquity UPLC system (Waters, United States) coupled to a
TripleTOF 6600 mass spectrometer (Sciex, United States). The peptides were separated
chromatographically through a C18 column (Acquity UPLC C18 100A, 20 mm x 180 um, 5.0
um, Waters, Milford, USA) with a flow rate of 0.4 uL min™. The auto injector and column
temperature were maintained at 4 °C and 35 °C, respectively. The mobile phase A consisted of
water, while mobile phase B was composed of acetonitrile. Mobile phases A and B contained
formic acid (at a final concentration of 0.1 %). The linear gradient during analysis was as
follows: from 1 to 35 % B over 60 min., from 35 to 90 % B over 61 min., hold at 90 % B
from 61-73 min., decreased from 90 to 1 % B during 73-74 min., and hold at 1 % B from 74-

97 min. The injection volume was set at 1 uL. Data for modified peptides identification was
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obtained by Information Dependent Acquisition (IDA®). The search for modified peptides
were performed by Mascot software and confirmed by checking the MS/MS spectra in
PeakView®. All mass assignments were performed using < 10 ppm as acceptable error.

2.9. Incubation of GSH with N-ethylmaleimide (NEM)

First, 1 mM GSH was incubated with H,O (control) or 5 mM NEM for 15 min at 37
°C. After that, the ARA-F2 (10 %; v/v) was added in the samples and incubated for 15 min at
37 °C. The levels of GSH-adducts were checked by LC-MS/MS.

2.10. Incubation with N-acetylcysteine (NAC)

Incubations were performed with 10 mM NAC in presence or absence of 100 uM
DHA. All incubations were performed in 200 mM sodium phosphate buffer (pH 7.4) for 1h at
37 °C. After that, incubations were analyzed by LC-MS/MS for identification of NAC-
adducts.

2.11. Incubation between GSH and DHA in presence of a free radical generator.

Incubations were prepared with 10 mM GSH and 100 uM DHA in presence of 50 mM
2,2-Azobis(2-methylpropionamidine) dihydrochloride (AAPH), a free radical-generating
compound. All incubations were performed in 200 mM sodium phosphate buffer for 1h at 37
°C. After that, incubations were analyzed by LC-MS/MS.

2.12. Data analysis

All data are presented as average + standard deviation (SD). Means were compared

using GraphPad Prism Software (La Jolla, USA) and differences were considered significant

atp <0.05.
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3. Results and discussions
3.1. GSH forms several adducts with oxygenated PUFA

To identify GSH-PUFA adducts we performed an untargeted analysis using high
resolution LC-MS/MS (Figure 1). Our global analysis identified several high-molecular
weight ions with m/z values above 650 Da (between 7.5 and 8.5 min, grey filled circles) with
intermediate polarity between GSH (1.5 min) and DHA (12 min) or ARA (12.5 min). MS/MS
data obtained for these species revealed that they are adducts formed by the conjugation of

one molecule of GSH (m/z 306.0765) with oxygenated derivatives of DHA (m/z 327.2330) or

ARA (m/z 303.2330).
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Figure 1. Incubations with PUFA and GSH yield new high molecular weight conjugates.
Incubations were performed in 200 mM phosphate buffer (pH 7.4) with 100 uM DHA (A) or
100 uM ARA (B) in presence or absence of 10 mM GSH. Only precursor ions with total ion
count (TIC) above 3 x 10* are shown in the figure. Each point in the map represents an ion
selected for auto fragmentation. Untargeted MS/MS data was acquired by information

dependent analysis (IDA).
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Detailed MS/MS spectra analysis, showed that they share a common fragment ion at
m/z 306.0765 as the most abundant ion, which corresponds to the mass-to-charge ratio of
GSH (Figure S1). By looking to this fragment we have identified seven GSH-oxygenated
DHA adducts (GSH-DHA-O,), and five GSH-oxygenated ARA adducts (GSH-ARA-O).
Adducts differed to each other by an increment of 16 Da indicating the incorporation of one
oxygen atom in the molecular structure of the adducts. Semi-quantitative analysis of GSH-
adducts, demonstrated that oxygenated forms containing 3, 4 and 5 oxygen atoms are more
abundant compared to those having more than 6 oxygens (Figure 2). The successive
increment in oxygen atoms led us to conclude that GSH-adducts are formed by the reaction of
GSH with a series of oxygenated fatty acid intermediates that typically arises from free
radical mediated lipid peroxidation. For PUFAs like ARA and DHA that contains more than
three double bonds, the radical chain reaction involves a series of successive peroxyl radical
cyclization and oxygen addition reactions, yielding monocyclic peroxides and serial cyclic

peroxides.™*
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Figure 2. GSH-adducts found in incubations are characterized by increment of oxygen
atoms in the PUFAs structure. The extracted-ion chromatogram (XIC) and area of each
GSH-adduct was plotted for incubations with 100 uM DHA (A) or 100 uM ARA (B) in
presence of 10 mM GSH. The sum of all GSH-adducts was defined as 100 % and the relative
percentage of each adduct was calculated. Data were expressed as average + standard

deviation (n = 3).

Although the mechanisms associated with formation of GSH-adducts derived from
highly oxidized PUFAs remain unclear, some of the glutathione conjugates derived from
enzymatic pathways are well described. One of the most known GSH-adduct is the
leukotriene C, (LTC,4), an enzymatic product derived from oxidative metabolism of ARA
synthesized by neutrophils and macrophages.?® The discovery of the first leukotrienes in 1938
represented a milestone in understanding the role of PUFAs regulating biological functions,
particularly those associated with inflammation and respiratory disorders.?**° It was only

recently, however, that 13,14-epoxy-Maresin, an enzymatic product derived from DHA, was
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reported as the precursor of an enzymatic GSH-adduct.?* In subsequent investigations, the
GSH-Maresin adduct namely 13-glutathionyl-14-hydroxy docosahexaenoic acid (MCTR1)
and derivatives thereof were reported as powerful tissue-regenerating mediators produced by
macrophages.®* In addition to these enzymatic GSH-adducts, glutathione conjugates with
ketones derived from DHA were implicated in multi-drug resistant protein-mediated export
and a redox signaling role.” In summary, data from the literature support the key role of
glutathione conjugates with PUFAs as modulators of inflammatory and redox processes.

3.2. GSH-adducts display MS/MS spectra that contrast to a similar enzymatically-
derived adduct (LTC,)

To provide detailed information on the GSH adducts formed with oxygenated DHA or
ARA we carried out a comprehensive structural study. For this purpose, we initially focused
on the characterization of the less oxygenated derivatives, namely GSH-DHA-(O3) (Figure
3A) and GSH-ARA-(O3) (Figure 3B). MS/MS spectra of these GSH-adducts showed
fragment ions that can be attributed to the oxidized DHA-(O3) (m/z 375.2177) and ARA-(O3)
(m/z 351.2177) and fragments at m/z 553.2589 and m/z 529.2589 derived from the cleavage of
the peptide bond of GSH-DHA-(O3) and GSH-ARA-(O3). More importantly, the ion at m/z
306.0765 is the most prominent fragment in both adducts, suggesting that the bond between
oxidized PUFAs and GSH is labile and can be easily broken during MS/MS experiments.

To check whether the GSH-oxygenated fatty acid adducts are somehow similar to the
known enzymatically generated GSH adduct, we have compared their MS/MS profile to that
of LTC,4 (Figure 3C). In contrast to the novel GSH-adducts identified in this study, MS/MS
spectrum of LTC, clearly displays a fragment ion at m/z 272.0888 as the most abundant ion
(Figure 3C). This fragmentation pattern of LTC, suggests that the bond between the sulfur
and carbon atoms (from GSH and ARA, respectively) is not labile enough to be cleaved

generating a major fragment ion at m/z 306.0765 as in GSH-DHA-(O3) and GSH-ARA-(O3)
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(Figure 3A and 3B). Moreover, a fragment corresponding to the intact oxidized ARA bonded
to a sulfur atom from GSH is observed at m/z 351.1999 (Figure 3C), which is absent in the
novel GSH-adducts. For instance, in MS/MS spectrum of GSH-ARA-O; it is possible to
observe a fragment ion at m/z 351.2195, which originates from the presence of 2 oxygen

atoms (m/z 351.2177, Figure 3B) instead of a sulfur atom in the ARA (m/z 351.1999).
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Figure 3. GSH-adducts display MS/MS spectra that contrast to LTC,. The fragmentation
profile of GSH-DHA-(O3) (A), GSH-ARA-(O3) (B) and Leukotriene C4 (C) were obtained
using the same parameters for ionization and fragmentation during LC-MS/MS analysis
(Declustering Potential = 80 V; Collision energy = 25 eV).

Our findings thus suggest that the covalent linkage between GSH and DHA-(O3) or
ARA-(Og) is characteristic of a sulfur-oxygen chemical bond (also known as sulfanate ester

bond), which is more labile if compared to the sulfur-carbon bond present in LTC,. To ensure
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that the thiol group participates directly in the formation of GSH-adducts, we used n-
ethylmaleimide (NEM), an organic compound that blocks the chemical activity of thiol
groups (Figure S2). Pre-incubation of 1 mM GSH with 5 mM NEM clearly avoided formation
of adducts, confirming that thiol participates directly in the reaction.
3.3. Proposed mechanisms for cyclization of lipid peroxyl radicals and reaction between
cyclic endoperoxides and thiol groups

Taking into account the detection of a series of poly-oxygenated GSH-fatty acid
adducts we have envisaged a scheme whereby they could be formed. Scheme 1 illustrates how
oxidized products derived from ARA (and other PUFASs in general) could serve as precursors
of GSH-adducts according to mechanisms of lipid peroxyl cyclization described in the
literature.™ After abstraction of a PUFA’s hydrogen atom (Scheme 1 - Step 1), the resulting
carbon centered lipid radical can react with oxygen yielding a peroxyl radical (Scheme 1 -
Step 2). This peroxyl radical may abstract a hydrogen atom from another lipid to produce
lipid hydroperoxides (Scheme 1 - Step 3) or undergo a 5-exo cyclization step to yield a cyclic
peroxide (1,2-dioxolane) containing a carbon-centered radical (Scheme 1 - Step 4).
Sequentially, this radical reacts with another oxygen molecule yielding a peroxyl radical
(Scheme 1 - Step 5). From then on, this radical could either abstract a hydrogen atom from
another lipid to form a relatively stable hydroperoxide-endoperoxide (hydroperoxy-1,2-
dioxolane) product (red and green arrows, Scheme 1 - Step 6) or undergo bicyclization (the
isoprostane pathway, not shown here) and/or additional 5-exo cyclizations (blue arrow,
Scheme 1 - Step 7) yielding serial hydroperoxy-endoperoxide products (Scheme 1 - Step 8).**
The higher the number of double bonds present in the PUFA, the more oxygen atoms can be
added to its structure. Thus PUFA’s cyclization reactions generate oxygenated compounds
containing hydroperoxy-endoperoxide groups that can be reduced into hydroxy-

endoperoxides by reducing agents, like GSH (Scheme 1 - Step 9). Furthermore, the cyclic
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endoperoxide may undergo a nucleophilic attack by thiolate anion (GS"). Similar mechanism
has been proposed for the conversion of prostaglandin H, (PGH,) to prostaglandin D2/E,.* In
this process (Scheme 1 - Step 10), the hydroxyl group adjacent to the endoperoxide may pull
the electronic density, and as a consequence the closest oxygen atom in the cyclic structure
becomes more susceptible to react with thiolate anion. The proposed cyclization mechanism
supports the diversity of PUFA-derived GSH-adducts with additions of up to seven oxygen

atoms for ARA and nine for DHA (Figure 2, Figure S1).
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Scheme 1. Proposed mechanisms for cyclization of lipid peroxyl radicals and reaction

between hydroxyl-endoperoxides and thiolate anions (RS").

According to theoretical studies, GS™ is more nucleophilic than GSH to react with
cyclic endoperoxides given the relatively higher energy of activation necessary to start the
reaction.®® Due the low reactivity of the thiol in GSH (pKa = 8.8),** the formation of GSH-
adducts in physiological pH is not highly favorable. However, since GSH is usually reported

35,36

at millimolar concentration in mammalian cells, even very small amounts of GS™ could

react with cyclic peroxides. Additionally, enzymes like Glutathione S-transferase (GST),
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which converts GSH into GS",*” could be a new target for studies with cyclic endoperoxides
as a new substrate.
3.4. Highly polar autoxidation products of PUFA are the precursors of GSH-adducts

In order to get more details about the oxygenated PUFA substrates conjugated to
GSH-adducts we performed an extensive study involving fractionation and purification of the
oxidized fatty acids. For this purpose, we have isolated 9 fractions from oxidized DHA and
ARA (Figure 4A) by HPLC-DAD coupled to a fraction collector. The most polar fractions
(F1 to F4, named as DHA-Osq> and ARA-O3s,>) have a wide ultraviolet absorption from 200
to 350 nm, indicating the presence of resonance structures, like conjugated dienes, trienes and
tetraenes. Fractions (F5 to F8) displaying intermediate polarity are composed by mono-
hydro(pero)xides (DHA-O142 and ARA-O14r2), Which have maximum absorption at 235 nm
consistent with the presence of conjugated dienes. The fractions F9 correspond to the non-
oxidized/intact forms of DHA and ARA. All individual fractions were incubated with GSH
and then analyzed by LC-MS/MS to search for GSH-adducts (Figure 4B). Unlike fractions F1
to F4, the fractions F5 to F9 did not react with GSH confirming that only highly polar
oxidized PUFA fractions are precursors of GSH-adducts (data not shown). Relative
quantification of all GSH-adducts generated in presence of fractions F1 to F4 (Figure 4C)
showed that incubations performed with DHA-F1 and DHA-F2 vyields two of the most
oxidized GSH-adducts (GSH-DHA-Ogs and GSH-DHA-05). In contrast, the highest levels of
the less oxygenated GSH-adducts (GSH-DHA-O; and GSH-DHA-O4) were observed in
DHA-F3 and DHA-F4 fractions. Similar results were found for ARA purified fractions,
indicating that highly polar fractions contains poly-oxygenated fatty acids, most probably

hydroxy-endoperoxides, capable to react with GSH.
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Figure 4. Highly polar autoxidation products of PUFA are the precursors of GSH-
adducts. (A) Purification of auto-oxidized DHA and ARA was performed by HPLC-UV/Vis.
(B) Collected fractions of oxidized DHA and ARA (10 %; v/v) were incubated in presence of
1 mM GSH. (C) Profile of GSH adducts formed after incubation with DHA or AA fractions.
The profile and levels of GSH-adducts were analyzed by LC-MS/MS. Data were expressed as

average * standard deviation (n = 2).

3.5. Instability of GSH-adducts in basic pH suggests a mechanism of reaction based on
thiol-oxygen binding

To investigate the pH stability of the adducts, we first purified GSH-adducts from
DHA-F3 and ARA-F2. These fractions were chosen because they contained the highest
concentration of the tri-oxygenated adduct (GSH-DHA-O3; and GSH-ARA-O3) (Figure 4C).
The purified adducts were submitted to different pH conditions and compared to LTC,

(Figure 5). At pH 3.0, the GSH-DHA-(Oy4) and GSH-ARA-(O,) adducts remained stable,
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whereas the levels of LTC, decreased drastically by the acidic treatment relative to control
conditions at pH 7.4. On the other hand, at basic conditions (pH 11.0) the GSH-DHA-O, and
GSH-ARA-Oy adducts were readily degraded, whereas LTC, remained stable, confirming the

instability of the sulfanate ester bond (RS-OR) to base-catalyzed hydrolysis.*®
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Figure 5. Instability of GSH-adducts in basic pH suggests a mechanism of reaction based
on S-O bond formation. Incubations were performed with DHA-F3 (10 %; v/v) (A) or ARA-
F2 (10 %; v/v) (B) in presence of 1 mM GSH. After incubation, GSH-adducts were purified
from samples by SPE-C18 column. Purified GSH-adducts and LTC, (C) were added with
H.0O (control), HCI (0.2 %; v/v) or NaOH (153 mM).

Next, we aimed to get more detailed information on the structure of oxygenated fatty

acids attached to GSH by LC-MS/MS. Since the MS/MS spectra of the whole adduct gave
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limited information, we thought first to induce the release of the oxygenated fatty acid by
alkaline hydrolysis at pH 11.0 and them analyze the MS/MS spectra of the released product
(Figure 6). For both DHA-(O3) and ARA-(O3), MS/MS spectra showed major fragment ions
related to water molecule loss(es) and cleavage of the a-carbon adjacent to the carbonyl group
(followed by and additional decarboxylation). These fragment ions in DHA-O3 correspond
respectively to the ions at m/z 357.2071 [M-H-H,0], 339.1966 [M-H-2H,0], 287.1653 [M-H-
H,0-C4H;0] and m/z 243.1754 [M-H-CO,-H,0-C4H;O]. Correspondingly, the most intense
fragment ions observed in the ARA-O3 MS/MS spectrum were the ions m/z 333.2071 [M-H-
H,0], m/z 315.1966 [M-H-2H,0], m/z 221.1183 [M-H-C;H140,] and m/z 177.1285 [M-H-
CO,-C7H140,]. The structure of ARA-O3 characterized herein resembles the structure of a
recently identified dioxolane A3 (DXA;).*® DXA; is generated in platelets from prostaglandin
G2 via COX 1 and it could act as a neutrophil activator.*® Corroborating the oxidation origin
of ARA-Og, its fragmentation pattern (Figure 6B) is remarkably different from the isomeric,

but enzymatically-derived DXAg.*®
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Figure 6. The cleavage of GSH-adducts induced in basic pH yields free oxidized lipids
derived from hydroxy-endoperoxides. Incubations were performed in 200 mM sodium
phosphate buffer (pH 7.4) containing DHA-F3 (10 %; v/v) (A) or ARA-F2 (10 %; v/v) (B) in
presence of 1 mM GSH. After incubation, GSH-adducts were purified from samples by SPE-
C18 column and then incubated with H,O (control) or NaOH (153 mM). Specific fragments
for DHA-(O3) and ARA-(O3) are highlighted in red lines.

To summarize the results obtained up to here, we propose sequential steps involved in
the formation of thiol adducts and their cleavage at pH 11.0 (Scheme 2). As mentioned above,
the thiolate anion reacts with the hydroxyl-endoperoxide to form a mixed sulfide via a
nucleophilic attack. In the presence of hydroxide anions, there is a deprotonation of the
carbon holding the sulfur-oxygen bond, which undergoes a heterolytic cleavage thereby
yielding a free GSH and an oxidized PUFA with a ketone and hydroxyl group instead of the

cyclic structure. This proposed mechanism is built on studies performed with enzymes such as
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the microsomal PGE, synthase-1, which uses GSH to react with the cyclic endoperoxide
present in PGH,.* These authors verified that the sulfur-oxygen bond cleavage of the GSH-
PGH; conjugate is mediated by the bidentate complex Asp49 with Arg126, in which Asp49
acts as a hydroxide anion, deprotonating PGH, and yielding PGE; as end product. In another
study, the enzyme lipocalin type prostaglandin D synthase catalyzes the conversion of PGH,

into PGD,, an isomer of PGE,, by the same GSH-dependent mechanism.*

HO
R — o

1 0 s
R N\ _0)

2

Scheme 2. Proposed mechanism for GSH-adduct formation and its cleavage under
alkaline conditions.

3.6. Are thiols in proteins and small peptides also reactive toward hydroxy-
endoperoxides?

Because GSH has low reactivity against hydroxy-endoperoxides due its high pKa, we
sought to evaluate the capacity of these oxidized PUFAs to modify cysteine groups of

proteins containing thiol groups. For this purpose, we incubated the SOD1 enzyme in
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presence or absence of ARA. After incubation, SOD1 was digested by trypsin and the
peptides were analyzed by nano-LC-ESI-TOF-MS/MS (Figure 7). The SOD1 is a dimeric
protein that contains in each monomer four cysteine groups (Cys), two of them (Cys6 and
Cys111) present as free residues, and the other two participate of intramolecularly conjugated

by a disulfide bond (Cys57 and Cys146).**
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Figure 7. Proteomic analysis show that ARA-(Os) can modify the most reactive cysteine
of SOD1. (A) Extracted-ion chromatogram (XIC) of the SOD1 peptide modified by ARA-
(Os) (m/z”* 8104072 + 5 mbDa). (B) MS/MS spectrum of the peptide
H®VGDLGNVTADKDGVADVSIEDSVISLSGDHCIIGR™® modified by ARA-(Os) at
Cysl111.

Relative to the control, we identified a modification of only one peptide at Cys111 in
SOD1, which is described as the most susceptible cysteine residue to oxidation due its
exposure to solvent.* This modification, namely SOD1-Cys111-ARA-(Os) (m/z>* 810.4072)

is a product of reaction with penta-oxygenated ARA (Figure 7B), which is one of the three
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most abundant hydroxy-endoperoxide in ARA sample (Figure 1A). By comparing theoretical
fragments of the modified peptide against experimental fragments, we were able to attribute
the most abundant fragments (“b” and “y”, with an acceptable error of < 10 ppm) to the
SOD1-Cys111-ARA-(Os) structure.

Thiol groups of proteins usually participate in physiological and pathological
processes that involve enzymatic activity and protein folding.*® In pathological conditions like
ALS, SOD1 oligomerization/aggregation is reported to be dependent on cross-linking
between intermolecular disulfide bonds.*® In a recent study, our group has proposed that DHA
can induce SOD1 thiol-mediated aggregation.* In retrospect, hydroxy-endoperoxides derived
from DHA’s oxidation as observed here could contribute for triggering SOD1 aggregation.
Although protein aggregation is a hallmark of neurodegenerative diseases, some authors have
suggested that biological event induced by lipids could be rather important for ubiquitin-
proteasome system activation, leading to degradation of misfolded proteins.*® Also, it was
reported that ketones, derived from enzymatic oxidation of omega-3 PUFAs, activate the Nrf2
pathway and it may be assigned to the chemical modification of reactive cysteine residues in
Keapl protein.”> Modifications of thiol groups in Keapl results in the release of nuclear
factor Nrf2, which leads to the expression of enzymes linked to antioxidant defenses such as
SOD1, glutathione S-transferase (GST) and heme oxygenase-1.%*’

In addition to SOD1, we also performed experiments with n-acetylcysteine (NAC), a
small antioxidant peptide, in presence of DHA. Corroborating the results observed with GSH,
untargeted MS analysis revealed several NAC-adducts (Figure S3A). Relative quantification
of NAC conjugates showed the tri-oxygenated, NAC-DHA-(O3), and penta-oxygenated,
NAC-DHA-(Os), as the most abundant conjugates (Figure S3B). We analyzed the MS/MS
spectra of NAC-DHA-(O3) and NAC-DHA-(O,), and identified the fragments corresponding

to DHA-O3; (m/z 375.2177) and DHA-O, (m/z 391.2126), respectively (Figure S3C). In
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MS/MS spectra of both adducts we could attribute the fragment ion m/z 162.0230 to the intact
mass of NAC. In summary, while our data supports the fact that hydroxy-endoperoxides
could react with cysteines groups in peptides and also protein, it worth noting that the
efficiency of adduct formation depends directly on the reactivity of the thiol group,
particularly since not all cysteine residues in SOD1 were modified.
3.7. Experiments with free radical generator induced formation of GSH adducts
dependent on thiyl radical

In order to improve the yields of GSH-adducts and better understand the contribution
of radical mechanisms to their formation, we performed incubations with GSH and DHA in
the presence of AAPH, a free radical-generating azo compound. Untargeted MS analysis of
incubations with AAPH revealed new conjugates of GSH with non-oxidized DHA (GS-DHA,;
m/z 634.3168) and also two others molecules with addition of one (GS-DHA-(O;); m/z
650.3117) or two (GS-DHA-(0,); m/z 666.3066) oxygen atoms (Figure 8). For the GS-DHA
adduct, major fragment ions suggest that DHA is covalently bounded to GSH: m/z 505.2742
[M-H-CsH;NO3], m/z 361.2207 [M-H-CyoH3205S] and m/z 272.0888 [M-H-CyH3,055]
(Figure 8A). Similarly, the GS-DHA-(0O,) and GS-DHA-(0,) adducts displayed fragment ions
at m/z 521.2691 [M-H-CsH;NOs], m/z 377.2156 [M-H-CyH3,03S] and m/z 272.0888 [M-H-
CaoHs5204S] (Figure 8B), and at m/z 537.2640 [M-H-CsH;NO3], m/z 393.2105 [M-H-
Ca0H3203S] and m/z 272.0888 [M-H-CyoH3,0sS] (Figure 8C). This fragmentation pattern
resembles more the MS/MS spectrum of LTC, (Figure 3C) than the ones of GSH-adducts
described for the oxidation products (Figure 3A). Furthermore, the fragment ions m/z
272.0888, m/z 254.0782 and m/z 143.0462, all derived from the GSH structure, are also
characteristic ions in the MS/MS spectrum of LTC,4. Taken together, these data suggest that
GSH in the AAPH experiments, where high flux of radicals is generated, GSH can be bound

covalently to DHA and its oxidation products through a sulfur-carbon bond. Our findings thus
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support the proposition that the mechanism of reaction between GSH and hydroxy-
endoperoxides does not involve a radical mechanism, but instead a nucleophilic attack of the

anion thiolate on the oxygen atom of the peroxide group.
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Figure 8. Oxidation induced by AAPH yields GSH-adducts via thiol-ene reaction.
Incubations were performed with 10 mM GSH and 100 uM DHA in presence of 50 mM

AAPH.

To better understand how adducts can be formed between DHA and GSH in the

presence of AAPH, we proposed a mechanism illustrated in Scheme 3. When exposed to

48,49

heating, AAPH can be converted into two radicals molecules (6.5 x 107 s%),%8° which can be

converted in peroxyl radicals (2.9 x 10° M s™) in the presence of oxygen.”® As previously
reported, thiyl radicals can be formed from GSH in presence of peroxyl radicals (Scheme 3 -

Step 1) (1.2 x10? M s).* After initiation, thiyl radicals (GS’) can react with each other to
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form GSSG (Scheme 3 - Step 2) (1.5 x 10° M™ s™%) or even react with molecular oxygen in a
reversible process, as reported for 2-mercaptoethanol in H,O (Scheme 3 - Step 3) (Kag = 2 X
10° M™ s Kyg = 6 x 10° s7).%% Since the reverse reaction between thiyl radicals and oxygen
is rather fast, thiyl radicals may be added into double bonds of lipids to form a carbon
centered radical via a reversible process, namely thiol-ene reaction (Scheme 3 - Step 4).>® The
resulting radical may follow three pathways. First, it can abstract a hydrogen atom from
another molecule of thiol to yield a thio-ether product (Scheme 3 - Step 5),°* which
corresponds to the identified GS-DHA adduct (Scheme 3 - Structure A, Figure 8A). Second,
the carbon centered radical may react with oxygen yielding a peroxyl radical, a reaction
known as thiol-olefin cooxidation (Scheme 3 - Step 6).>* After formation of a peroxyl radical,
hydrogen abstraction from the thiol may result in a hydroperoxide (Scheme 3 - Step 7), as
illustrated by the GS-DHA-OOH (Scheme 3 - Structure B). The GS-DHA-OOH may be
readily reduced by a GSH molecule or undergo rearrangements into the corresponding
hydroxide sulfoxides at room temperature (Scheme 3 - Step 8),>* thereby yielding a GS-DHA-
(Oy) adduct (Scheme 3 - Structure C), which was detected in the AAPH experiments (Figure
8B). Finally, it has been reported that the carbon centered radical may suffer cis/trans

isomerization, yielding a stereospecific product (Scheme 3 - Step 9).>
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Scheme 3. Proposed mechanism for thiol-ene reaction. (A) GSH-DHA; (B) GSH-DHA-
(0,); (C) GSH-DHA-(0y).

4. Conclusion

In the present study, we investigated the reactivity of cyclic endoperoxides derived
from the autoxidation of ARA and DHA with thiol groups of peptides and proteins. Detailed
inspection of MS/MS spectra of GSH-adducts revealed that GSH and DHA-(O3or>) 0or ARA-
(Os0r>) are likely bonded through a labile sulfur-oxygen chemical bond. We suggest that the
reaction between GSH and hydroxy-endoperoxides involves a nucleophilic attack by the
thiolate anion instead of a radical addition mechanism. In experiments performed with the
SOD1 protein we identified a modification in the cysteine residue (Cys-111) by penta-
oxygenated ARA-(Os), supporting the idea that reactive thiols in proteins could be modified
by the cyclic peroxides described herein. Collectively, our findings bear evidence of chemical

modifications of thiol groups induced by hydroxy-endoperoxides, which may modulate the
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formation of GSH conjugates, protein aggregation and redox system, as reported for the

enzymatically oxidized PUFA’s.
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Figure S1. MS/MS spectrum of GSH-adducts shares the fragment ion correspondent to

GSH. The MS/MS spectrum of GSH-adducts were plotted for incubations with 100 uM DHA
(blue) or 100 uM ARA (red) in presence of 10 mM GSH.
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Figure S2. NEM avoid GSH-adducts formation when preincubated with GSH.
Incubations were performed with 1 mM GSH in presence or absence of 5 mM NEM for 15
min at 37 °C. After that, the ARA-F2 (10 %; v/v) was added in the samples and incubated for

15 min at 37 °C.
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Figure S3. Formation of NAC-adducts confirms that small molecules which contain thiol

groups can be modified by cyclic endoperoxides. (A) Untargeted MS/MS data acquired by
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information dependent analysis (IDA). (B) Extracted-ion chromatogram (XIC) and area of
NAC-adducts. (C) MS/MS spectra of NAC-adducts. Incubations were performed with 100
UM DHA in presence or absence of 10 mM NAC. Only species with total ion count (TIC)

above 3 x 10* are shown in the figure.
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Abstract

Lipids are essential components of the central nervous system (CNS) because they participate
in a wide range of membrane structures, including lipid rafts, and also modulate cellular
events such as differentiation, autophagy and apoptosis. Thus, alterations in the metabolism of
lipids in CNS, induced by aging and/or increased oxidative stress, may lead to development of
neurodegenerative disorders. Using a rodent model of amyotrophic lateral sclerosis (ALS), a
neurodegenerative disease that affects motor neurons, we performed an untargeted lipidomics
analysis in brain and spinal cord tissues of asymptomatic and symptomatic ALS rats
(SOD1%%*). Our results revealed that major lipidome alterations in the brain were linked to
higher amounts of sulfatides, galactosyl-ceramides and glycosylated w-acyl-ceramides
associated with aged animals rather than disease. In contrast, drastic alterations of ceramides,
cardiolipin and cholesteryl esters were exclusively found in the spinal cord of ALS
symptomatic rats. Increased cholesteryl esters and decreased cardiolipin (CL) levels are
consistent with recent literature demonstrating the role of neuron-to-glial lipid transport for
neuroprotection against elevated oxidative stress in neurons. Here, we demonstrate that a
precise analysis of molecular lipid species may provide valuable information on the role of

lipid metabolism in aging and neurodegenerative diseases.

Keywords: Lipidomics, Amyotrophic lateral sclerosis, cholesterol ester, sphingolipids,

neurodegeneration, mass spectrometry.
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1. Introduction

The central nervous system (CNS) is characterized by the presence of high amounts
and wide variety of lipids (1). According to their molecular characteristics and cellular
localization, lipids play a critical role in the CNS through control of membrane fluidity (2),
improving transmissions of electrical signals and serving as precursors for various second
messengers (1). Although molecular alterations in CNS at different stages of life are part of
the physiological development (3), aging can modulate alterations in the lipidome, especially
in response to increased reactive oxygen species (ROS) (4, 5). As consequence, the alteration
of lipid metabolism in CNS could contribute to the onset of neurodegenerative disorders (6).

For instance, levels of phospholipids such as phosphatidylethanolamine (PE) esterified
to docosahexaenoic (DHA; C22:6n-3) and arachidonic (ARA; C20:4n-6) acids are decreased
in the hippocampus of patients with Alzheimer’s disecase (AD) (7). Because polyunsaturated
fatty acids such as DHA and ARA are highly susceptible to peroxidation, their depletion may
indicate increased oxidative stress during AD. Increased sphingolipid content with age in the
CNS has been attributed to myelination of neurons as the brain develops (8). Not surprisingly,
impairment of motor neurons in neurodegenerative diseases has been associated with
significant alterations in the metabolism of sphingolipid, as reported in Parkinson’s disease,
multiple sclerosis and amyotrophic lateral sclerosis (ALS) (9-12). Dysregulation of
cholesterol homeostasis in the brain (especially high concentrations of both cholesterol and
cholesteryl esters) is also being increasingly linked to neurodegeneration (13, 14). Given this
association, it is proposed that inhibition of synthesis of cholesteryl ester may serve as
therapeutic target for AD treatment (15, 16).

In this paper, the focus is ALS, a neurodegenerative disorder characterized by loss of
motor neurons in CNS. Symptomatic stage of ALS leads to muscular atrophy, paralysis and

death at most 5 years after onset of symptoms (17). Among the familiar cases described for
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ALS, G93A mutation in the gene of the antioxidant enzyme Cu/Zn-superoxide dismutase
(SOD1%%*) is one of the most studied models (18). The putative mechanisms involved in
ALS disease progression consist of protein aggregation and gain of toxic function of mutant
SOD1, abnormal production of ROS and alterations in mitochondrial functions (19, 20).
Lipidome alterations in ALS have been mainly investigated through targeted analysis of
sphingolipids and cholesterol. Historically, a pioneer study by Cutler et al. (2002) revealed
aberrant synthesis of ceramides based on targeted analysis of sphingolipids in spinal cord of
ALS mice model (21). In addition, these authors suggested that ceramide synthesis by
cleavage of sphingomyelin leads to modulation of enzymes linked to synthesis of cholesteryl
esters in ALS. Alterations in sphingolipid metabolism were emphasized in studies of the
skeletal muscle and spinal cord of SOD1 mice model (12, 22, 23). These authors evidenced an
increase in hydroxylated ceramide and others sphingolipids like GalC and GlcC in advanced
stages of ALS.

Although relatively well-studied, the CNS in ALS has never been investigated by an
untargeted lipidomic approach based on accurate mass identification. Using this technique, we
sought to capture further details in lipidome alteration in response to disease progression. For
this purpose, we performed an untargeted mass spectrometry-based lipidomics analysis in
brain and spinal cord tissues from SOD1°%** symptomatic and asymptomatic rats. Our
analysis revealed drastic changes in lipid metabolism in the CNS both according to aging and
disease progression. We propose a model in which lipid metabolism alteration in motor

neurons of the spinal cord reflects the increased oxidative stress associated with ALS.
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2. Materials and methods
2.1. Chemicals and reagents

The lipids used as internal standards N-decanoyl-D-erythro-sphingosine (Ceramide
d18:1/10:0), 1-heptadecanoyl-2-hydroxy-sn-glycero-3-phosphocoline (LPC 17:0), 1,2-
diheptadecanoyl-sn-glycero-3-phosphate (PA 17:0/17:0), 1,2-diheptadecanoyl-sn-glycero-3-
phosphocholine (PC 17:0/17:0), 1,2-diheptadecanoyl-sn-glycero-3-phosphoethanolamine (PE
17:0/17:0), 1,2-diheptadecanoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (PG 17:0/17:0) and
N-heptadecanoyl-D-erytro-sphingosylphosphorylcholine (SM d18:1/17:0) were obtained from
Avanti Polar Lipids, Inc. (Alabaster, AL. USA). Ammonium formate and ammonium acetate
were obtained from Sigma-Aldrich (St Louis, MO, USA). All organic solvents were of HPLC
grade obtained from Sigma-Aldrich (St Louis, MO, USA).
2.2. Animals

Male Sprague Dawley rats overexpressing SOD1%%* obtained from Taconic were
used in this study. Genotyping was performed for detecting exogenous hSODL1 transgene, by
amplification of ear DNA at 20 days of age by PCR. Rats were housed under controlled
laboratory conditions, including room temperature, a 12 hour light/12 hour dark cycle with
food and water ad libitum. Asymptomatic SOD1%%** rats (ALS-Asymp.; n = 7) and their wild
type (WT) control (CTR-Asymp.; n = 7) were sacrificed at 73 + 4 days of age, while
symptomatic SOD1%%** rats (ALS-Symp.; n = 13) and their WT control (CTR-Symp.; n = 15)
were sacrificed at 122 + 6 days of age. The criteria for sacrifice of symptomatic SOD1°%#
rats were loss of 15% of maximum body weight. Rats were fasted for 6 h and anesthetized by
isoflurane inhalation at dose of 4% for induction and 2% for maintenance. Motor cortex and
spinal cord were collected and stored at -80 °C until further processing. All procedures were
performed in accordance with the local Animal Care and Use Committee (Comiss&o de Etica

em Cuidados e Uso Animal) (Permit number: 14/2013).
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2.3. Lipid extraction

Lipid extraction was performed according to the method established by Yoshida et al.
(2008) (24). Motor cortex and spinal cord tissues (200 mg) were homogenized in ice by using
a tissue grinder in 1 mL of 10 mM phosphate buffer (pH 7.4) containing deferoxamine
mesylate 100 uM. Briefly, 100 uL of motor cortex or spinal cord (20 mg) were mixed with
400 pL of phosphate buffer, 400 uL of ice-cold methanol and 100 uL of internal standards
(Supplementary Table 1). Next, 1.5 mL of chloroform/ethyl acetate (4:1) was added to the
mixture, which was thoroughly vortexing for 30 s. After centrifugation at 1500 g for 2 min at
4 °C, the lower phase containing the total lipid extract (TLE) was transferred to a new tube
and dried under N, gas. Dried TLE were redissolved in 100 pL of isopropanol and the
injection volume was set at 1 L.
2.4. Lipidomics analysis

TLE were analyzed by ESI-TOFMS (Triple TOF 6600, Sciex, Concord, US)
interfaced with a high-performance LC (UHPLC Nexera, Shimadzu, Kyoto, Japan). The
samples were loaded into a CORTECS® (UPLC® C18 column, 1.6 pum, 2.1 mm i.d. x 100
mm) with a flow rate of 0.2 mL min-1 and the oven temperature maintained at 35 °C. For
RPLC, mobile phase A consisted of water/acetonitrile (60:40), while mobile phase B
composed of isopropanol/acetonitrile/water (88:10:2). Mobile phases A and B contained
ammonium acetate or formic acid (at a final concentration of 10 mM) for experiments
performed in negative or positive ionization mode, respectively. The linear gradient during
RPLC were as follows: from 40 to 100% B over the first 10 min., hold at 100% B from 10-12
min., decreased from 100 to 40% B during 12-13 min., and hold at 40% B from 13-20 min.

The MS was operated in both positive and negative ionization modes, and the scan
range set at a mass-to-charge ratio of 200-2000 Da. Data for lipid molecular species

identification and quantification was obtained by Information Dependent Acquisition
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(IDA®). Data acquisition was performed with a period cycle time of 1.05 s with 100 ms
acquisition time for MS1 scan and 25 ms acquisition time to obtain the top 36 precursor ions.
Data acquisition was performed using Analyst® 1.7.1 with an ion spray voltage of -4.5 kV
and 5.5 kV (for negative and positive modes, respectively) and the cone voltage at +/- 80 V.
The curtain gas was set at 25 psi, nebulizer and heater gases at 45 psi and interface heater of
450 °C.
2.5. Data processing

The MS/MS data was analyzed with PeakView®, and lipid molecular species were
identified by an in-house manufactured Excel-based macro. Area of each lipid species were
obtained by MS data from MultiQuant®. For quantification, the area ratio of each lipid
species was calculated by the peak area of each lipid species divided by the peak area of the
corresponding internal standard. The concentration of each lipid species was calculated by the
area ratio multiplied by the internal standard amount. The total amount of lipids was
expressed in pg/g of tissue extracted. Data are presented as mean + SEM (calculated by
summing of the individual lipid species within each class).
2.6. Statistical analysis

All  statistical analyses were performed with Metaboanalyst (website:
www.metaboanalyst.ca). In brief, data were log transformed, and the statistical significance (p
< 0.05) evaluated by one-way ANOVA followed by Turkey’s post-test. Next, we performed a
heatmap analysis using only lipids that were statistically altered in the different groups. For
the comparison of ALS symptomatic rats with their respective controls, we conducted a t-test
(p < 0.05) and evaluated the differences through a volcano plot. Throughout our analysis, we

followed the protocols by Xia and others (25).



79

3. Results
3.1. Sphingolipids are modulated according to aging and slightly with disease

1%%%A rats

progression in motor cortex of SOD

Alterations in the lipid metabolism of the CNS are usually associated with
development of neurodegenerative process. In order to investigate how lipids are affected in a
model of ALS, we performed a comprehensive lipidomics analysis of motor cortex and spinal
cord from asymptomatic (73 + 3 days old) and symptomatic (122 + 6 days old) ALS rats, and
their respective age matched control groups. Using non-targeted lipidomics approach we
identified and quantified 285 molecular lipid species in the motor cortex, which were sorted
into 26 lipid subclasses (Fig. 1A). Among the major lipid classes, glycerophospholipids (n =
120) followed by sphingolipids (n = 78), glycerolipids (n = 63) and fatty acids (n = 14)
showed the most diversity of individual lipid molecular species. Together, plasmenyl and
diacyl phosphatidylethanolamine (pPE and PE) encompass about 70% in mass of the total
identified lipid molecular species in motor cortex of SOD1%%** rats (Fig. 1B). The remaining

30% of lipids are mainly composed of phosphatidylserine (PS), diacylglycerol (DAG), free

fatty acids (FFA), among others.
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Figure 1. Profile of the lipid molecular species identified in motor cortex of SOD1%%4
transgenic rat model. (A) Number of the identified lipid molecular species sorted into their
respective lipid subclasses. (B) Relative percentage of lipid subclasses identified in motor

cortex.

Heatmap of motor cortex lipidome shows that 31 lipid molecular species are altered
when all experimental groups were compared (Fig. 2). The increased levels of galactosyl
ceramides (GalC; 14 species), sulfatide (10 species) and glycosylated w-acyl-Ceramides (-
acyl-Cer; 8 species) in both ALS and CTR symptomatic groups suggest that age is an
important factor for lipidome alterations in motor cortex and not the disease per se. The
altered lipids show high diversity in composition of sphingosine base, hydroxylation and
chain length (Fig S1). Once our data suggest that sphingolipids are positively modulated,
especially in older animals, we investigated the components of this lipid class. Among them,
GalC, glycosylated w-acyl-Cer and sulfatide are increased in the ALS and CTR symptomatic
groups (Fig. S2). Furthermore, GalC and glycosylated w-acyl-Cer are significantly increased
in the ALS symptomatic group when compared to the others. This finding suggests that age is

the main responsible for modulation of sphingolipid metabolism.
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Figure 2. Heatmap of the most significantly different lipid molecular species in motor
cortex of SOD1°%* transgenic rat model. In total 31 lipid molecular species are shown in
rows and sample in column. Statistical significance was evaluated by one way ANOVA
followed by Tukey’s post-test (p < 0.05) using Metaboanalyst. Distance was measured in
Pearson, and Ward’s clustering algorithm. Each colored cell on heatmap corresponds to

normalized concentrations. Log transformation was used for data normalization value.

3.2. Ceramides, cholesteryl esters and cardiolipin are altered in spinal cord of SOD1%%4

rats

Lipidomics analysis of spinal cord uncovered 406 molecular lipid species that could be
sorted into 33 lipid subclasses. Glycerophospholipids (n = 177) followed by sphingolipids (n
= 101), glycerolipids (n = 81) and seminolipids (n = 22) showed the most diversity of

individual lipid molecular species found in spinal cord (Fig. 3A). Analysis of the relative
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percentage of the identified lipid subclasses revealed that PE and PS encompass little more
than 50 % in mass of the total identified lipid molecular species (Fig. 3B). Among the
sphingolipids, the most abundant lipid subclasses are composed by sphingomyelins (SM) and

sulfatides, whereas triacylglycerol (TAG) is the most abundant storage lipid.
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Figure 3. Profile of the lipid molecular species identified in spinal cord of SOD1%%4

transgenic rat model. (A) Number of the identified lipid molecular species sorted into their

respective lipid subclasses. (B) Relative percentage of lipid subclasses present in spinal cord.

Heatmap of the most significant alterations in lipidome of spinal cord revealed
alterations in the metabolism of sphingolipids as reported for ceramides (3 species),
glycosylated w-acyl-Cer (4 species) and SM (1 specie) (Fig. 4). While alterations in
glycosylated w-acyl-Cer and SM species seem to be increased with age, two molecular
species of ceramides are increased only in ALS symptomatic rats. Notably, not only
metabolism of sphingolipids is altered in the spinal cord, but also all cholesteryl esters (8
species) are drastically increased in ALS symptomatic rats, suggesting alterations in the
metabolism of storage lipids. Because the main lipid alterations with age are linked to
sphingolipid metabolism we investigated the total levels of glycosylated w-acyl-Cer,

ceramides and SM. As described for motor cortex, the levels of glycosylated w-acyl-
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ceramides were increased in both ALS and CTR symptomatic groups suggesting that

alterations in sphingolipid metabolism are mainly associated with aging (Fig. S3).
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Figure 4. Heatmap of the most significantly altered lipid molecular species in spinal cord
of SOD1%%* transgenic rat model. In total 16 lipid molecular species are shown in rows and
sample in column. Statistical significance was evaluated by one way ANOVA followed by
Tukey’s post-test (p < 0.05) using Metaboanalyst. Distance was measured in Pearson, and
Ward’s clustering algorithm. Each colored cell on heatmap corresponds to normalized

concentrations. Log transformation was used for data normalization value.

Since we detected a modulation of the lipid metabolism in spinal cord of ALS
symptomatic rats, we investigated in more details the differences when compared to its
control group through a volcano plot (Fig. 5). Analyzing these data we see a decrease in
cardiolipin contents whereas cholesteryl ester contents are increased in the ALS symptomatic
group. Minor alterations were detected for TAGs and ceramides. Although the total level of
TAGs and ceramides were not altered in ALS symptomatic group, the molecular
characteristics of ceramides were drastically changed (Fig. S4). The ratios of
hydroxylated/non-hydroxylated (OH/n-OH) and very long chain/long chain (VLC/LC)

ceramides were increased, whereas the ratio ceramide/dihydroceramide (Cer/dh-Cer) was
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reduced in ALS symptomatic group. Therefore, the remodeling of molecular characteristics of

ceramides is specific for ALS symptomatic group.

ALS sympt./ CTR sympt.

-log;, (P)

Log, (FC)

Figure 5. Volcano plot of the lipid molecular species altered in spinal cord of ALS
symptomatic group. The log, (Fold change) of ALS symptomatic / CTR symptomatic group
was plotted versus the —log;o (p). Statistical significance was evaluated by t-test (p < 0.05) and
fold change threshold was set as 1.5. In red are represented the significant altered lipid

molecular species.

The main positive alterations in lipidome of spinal cord were found in cholesteryl
esters and cardiolipins (Fig. 6). We confirmed that the total contents of cholesteryl esters were
increased by 6 fold in ALS symptomatic groups (Fig. 6A). Among the composition of the
fatty acids, the polyunsaturated fatty acids arachidonic (ARA; C20:4n-6), eicosapentaenoic
(EPA; C20:5n-3) and adrenic (AdA; C22:4n-6) acids were the most abundant (Fig. 6B). Also,
we investigated the molecular characteristics of cardiolipins, since 10 out of 32 lipid
molecular species were decreased in spinal cord of ALS symptomatic rats (Fig. S5). Statistical
analysis showed that total levels of cardiolipin are decreased in ALS symptomatic group when

compared to its control (Fig. 6C). Also, the fatty acid composition of cardiolipin showed that
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estearic (C18:0), oleic (C18:1), palmitic (C16:0), y-linolenic (C20:3n-6) acids, ARA and

DHA are decreased in ALS symptomatic rats (Fig. 6D).
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Figure 6. Profile of cholesteryl esters and cardiolipins identified in spinal cord of
SOD1°%%* transgenic rat model. (A) Concentration of total cholesteryl esters. (B) Fatty acid
composition of cholesteryl esters. (C) Concentration of total cardiolipins. (D) Fatty acid
composition of cardiolipins. Data are shown as mean + SEM. Statistical significance was

evaluated by t-test (p < 0.05) using Metaboanalyst. (*) Different when compared to the ALS
symptomatic group.

4. Discussion

Lipids play a critical role in the structure of the CNS through control of membrane
fluidity, improving transmission of electrical signals and stabilizing synapses (2, 26).
Alterations of lipid metabolism in neurons and glial cells (astrocytes, oligodendrocytes and
microglia) modulate processes linked to aging and neurodegenerative diseases (27, 28). In
order to investigate alterations in the lipidome of motor cortex and spinal cord of SOD1%%4
transgenic rat model for ALS, we performed an untargeted analysis using high resolution

UHPLC-TOF-MS based lipidomics approach. Manual identification based on MS/MS profile



86

of molecular ions allowed us to identify a wide range of lipid molecular species in motor
cortex (Fig. 1) and spinal cord (Fig. 3) which were sorted into 26 and 33 lipid subclasses,
respectively. Whereas in the motor cortex the main alterations in sphingolipid metabolism
were linked to age, the spinal cord alterations showed to be strongly associated with ALS in a
symptomatic stage. Moreover, not only sphingolipids, but also cholesteryl ester and
cardiolipin metabolism are modified in ALS symptomatic animals, suggesting that alterations
in the mitochondrial metabolism is linked to the disease progression. Taken together, our
findings suggest that spinal cord seems to be more susceptible than the motor cortex to lipid
alterations during ALS symptomatic stage. However, it is important to mention that aging and
neurodegenerative diseases are intimately linked and alterations in lipidome profile according
to age could contribute to the onset of pathological events characteristic of most
neurodegenerative process.

Alterations in the lipids from the motor cortex were mostly related to sphingolipids,
namely GalC, sulfatide and glycosylated w-acyl-Cer (Fig. 2). Despite the young age of the
animals (about 70 and 120 days old), these alterations seem to be more linked to aging than to
disease progression. Our findings are in line with the active production of myelin by adults,
either from newly formed oligodendrocytes or new membrane production by existing cells,
reflecting the constant increase in levels of sphingolipids with age (8). Interestingly, the
increased content of glycosylated w-acyl-Cer observed in motor cortex of older animals was
also observed in spinal cord tissues (Figs. S2 and S3). These sphingolipids are signature lipids
of the epidermis and appear to correlate with water protection in this tissue (29). To our
knowledge, glycosylated w-acyl-Cer have never been reported in the CNS and their
modulation with age together with GalC and sulfatide suggest a link of these sphingolipids

with myelination and brain development.
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Dramatic differences in lipidome profiles were observed in the spinal cord of ALS
symptomatic rats (Fig. 4). The latter comparison revealed major alterations related to
cholesteryl esters and cardiolipin levels and to a minor extent to the amounts of hydroxylated
dihydroceramides and TAG. Differences in the metabolism of ceramides have been
repeatedly reported in spinal cord tissues of ALS patients and rodent models (12, 21-23).
Hydroxylated ceramides are essential for the stability of the myelin, and a knockdown of the
enzyme responsible for the hydroxylation (fatty acid 2-hydroxylase) results in neural
impairments in mice (30). Ceramides have also been implicated in cellular signaling (31), and
in ALS they are thought to activate the oxysterol-binding protein (OSBP) (21). According to
these authors, OSBP binds and delivers oxysterols to the endoplasmic reticulum thereby
activating acylcoenzyme A:cholesterol acyltransferase (ACAT) yielding cholesteryl esters as
products. Accumulation of either hydroxylated ceramides or dihydroceramides could trigger
cell survival events such as autophagy (32, 33). Since one of the hallmarks of ALS is the
presence of cytoplasmic inclusions or SOD1 aggregates in affected motor neurons (34), the
stimulation of autophagic process by these ceramides could be a potential pathway for
elimination of protein aggregates and damaged organelles.

As highlighted by our data, ALS symptomatic rats display elevated levels of
cholesteryl esters and decreased cardiolipin in spinal cord tissues, but not in motor cortex, as
the major lipid signatures of the disease (Fig. 6). This change in cholesterol metabolism seems
unrelated to alterations in the pools of free cholesterol (Fig. S6) or 24-hydroxycholesterol, the
latter only observed in trace amounts in the spinal cord (data not shown). That is, it appears
that cholesterol synthesis is upregulated but does not reflect in accumulation of free
cholesterol neither 24-hydroxycholesterol, which is generally more soluble and can cross the
brain-blood-barrier at a much faster rate than cholesterol (35). In order to understand why

cholesterol synthesis is altered during ALS, we borrowed a model born in the study of
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neuron-glia interaction in fruit flies (36, 37). These studies have postulated that neurons under
elevated ROS shuttle lactate for lipid synthesis rather than for energy generation through the
TCA cycle. As a consequence of this increased production of de novo synthesized lipids by
neurons, lipid droplets accumulate in glial cells. Interestingly, researchers from Uruguay have
recently reported that aberrant astrocytes derived from the spinal cord of rats carrying the
SOD1 mutation also accumulated significant amounts of lipid droplets in their cytosol (38).
Although the lipid composition of lipid droplets present in glial cells was not determined by
the autors, it is tempting to suggest that the neutral lipids accumulating in the lipid droplets
could be cholesteryl esters. Here, using the data provided by the above-cited authors we
attempted to formulate a model (Fig. 7) based on: 1) elevated ROS in ALS leading to
dysfunctional neuronal mitochondria; 2) upregulation of cholesterol synthesis due to altered
lactate metabolism in neuronal mitochondria; 3) accumulation of cholesteryl esters composed

of polyunsaturated fatty acids as a protective mechanism against elevated ROS in the CNS.
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Figure 7. Proposed model for neuroprotection by accumulation of lipid droplets in

astrocytes (adapted from Liu et al., 2017).

A growing body of evidence implicates impaired energy metabolism in ALS patients
and models (20). In this respect, ROS generation and mitochondrial dysfunction in motor
neurons represent a clinical hallmark of ALS (39-42). Whether elevated ROS is caused by

SOD1 gain of function, SOD1 aggregation or glutamate accumulation leading to imbalanced
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calcium homeostasis in neurons remains still unanswered. Here the main point is elevated
ROS negatively impacting mitochondrial function, and leading to changes that range from
decreased energy metabolism to major morphological modifications. Reflecting dysfunctional
mitochondria, our data reveal a significant decrease in cardiolipin levels in ALS symptomatic
spinal cord when compared to control samples (Fig. 6). Cardiolipin is a major and specific
phospholipid of the inner mitochondrial membrane and their functions have been primarily
related to ATP production (43, 44), but especially to curvature stress control and mitochondria
cristae formation (45, 46). In support of our data, abnormal mitochondrial morphology has
been repeatedly observed in motor neurons of distinct familial cases of ALS models (47-51)
generally consisting of mitochondria clusters, swollen mitochondria, loss of cristae and
vacuoles derived from degenerating mitochondria. Given its function in structuring
morphology, we suggest that a decrease in cardiolipin levels may partially reflect the loss of
mitochondrial cristae and thus reflect dysfunctional mitochondria in the spinal cord of ALS
symptomatic rats.

It is generally assumed that the primary source of energy in the brain is blood-born
glucose, and glial cells are extremely efficient in its uptake. Glycolysis-derived lactate is
provided by glial cells to neurons (52, 53) that in turn use it to fuel glycolysis. By inducing
ROS formation in neurons, Liu et al. (2017) investigated the neuron-to-glia transport of
lactate in fruit flies and mouse (37). Their data is consistent with lactate being converted to
pyruvate and acetyl-CoA, with the latter generating fatty acids that are transported back to
glial cells for neuroprotection. The accumulation of lipids in glial cells was evidenced by
abundant lipid droplet formation, similar to data in aberrant astrocytes from the spinal cords
of ALS rats (38). According to our findings, neutral lipid accumulation was observed almost
exclusively as cholesteryl ester in the spinal cord of ALS symptomatic rats, with no major

alterations in the pool of TAG. A pertinent question is therefore why cholesteryl ester and not
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TAG are stored as neutral lipids in droplets? We hypothesize that the answer relies in part in
the efficiency by which lipid droplets can be shuttled from neurons to glial cells by
apolipoproteins for neuroprotection as demonstrated by Liu et al. (2017). As stated by these
authors any defect in apolipoprotein-driven lipid transport for neuroprotection may lead to
neurodegeneration.

Our data bear evidence for an accumulation of polyunsaturated fatty acids esterified to
cholesteryl esters. Since mammals cannot synthesize these fatty acids, this accumulation
likely reflects a protective mechanism against oxidative stress (54). That is, under elevated
ROS, neuronal cells store their highly susceptible membrane-bound fatty acids as cholesteryl
ester or TAG, avoiding lipid peroxidation. Once protected in lipid droplets, neutral lipids may
be shuttled to and undergo fatty acids beta-oxidation in glial cells (36, 37). Whether fatty
acids can be quantitatively used as fuel of energy by glial cells remains debatable (55), since
beta-oxidation requires more oxygen than glucose, and may deplete the demand of oxygen by
neurons (56). Furthermore, beta-oxidation also generates superoxide anion and may enhance
oxidative stress, and for this reason neurons likely rely on glial cells for storing excess lipids.
We suggest that a delicate balance between neuron-glia lipid transport and energy
metabolism, perhaps with significant contribution of beta-oxidation in both neurons and glial
cells (55), is likely relevant to this feedback loop for neuroprotection. In retrospect, any
perturbation of this feedback loop may contribute to neurodegeneration. Our findings are
consistent with the neuroprotective mechanism demonstrated in fruit flies (36, 37) and
support the accumulation of lipid droplets as cholesteryl ester in aberrant astrocytes from the
spinal cords of ALS mouse (38). The precise analysis of molecular species of lipids as
presented by our study may provide additional clues to the role of oxidative stress regulating

the lipid metabolism in aging and neurodegenerative diseases.
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Figure S1. Lipid molecular species of sphingolipids altered in motor cortex of SOD1%%4

transgenic rat model. (A) Lipid molecular species of sulfatides. (B) Lipid molecular species
of w-acyl-ceramides. (C) Lipid molecular species of galactosylceramdide (GalC). Data are
shown as the mean + SEM. Statistical significance was evaluated by one way ANOVA
fallowed by Turkey’s post-test using Metaboanalyst (p < 0.05). a = different when compared
to ALS symptomatic group; b = different when compared to CTR symptomatic group.
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Figure S2. Total levels of the altered sphingolipids in motor cortex of SOD1°%4
transgenic rat model. Data are shown as the mean + SEM. Statistical significance was
evaluated by one way ANOVA fallowed by Turkey’s post-test using Metaboanalyst (p <
0.05). a = different when compared to ALS symptomatic group; b = different when compared

to CTR symptomatic group.
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Figure S3. Total levels of the altered sphingolipids in spinal cord of SOD1%%* transgenic
rat model. Data are shown as the mean + SEM. Statistical significance was evaluated by one
way ANOVA fallowed by Turkey’s post-test using Metaboanalyst (p < 0.05). a = different
when compared to ALS symptomatic group; b = different when compared to CTR

symptomatic group.
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Figure S4. Profile of the altered ceramides and triacylglycerols in spinal cord of
SOD1%%* transgenic rat model. (A) Concentration of total ceramides. (B) Molecular
characteristics of ceramides. (C) Concentration of total TAGs. (D) Fatty acid composition of
TAGs. Data are shown as mean + SEM. Statistical significance was evaluated by t-test (p <

0.05) using Metaboanalyst. (*) Different when compared to the ALS symptomatic group.
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Figure S5. Lipid molecular species of cardiolipins in spinal cord of SOD1%%** transgenic
rat model. Data are shown as the mean + SEM. Statistical significance was evaluated by one
way ANOVA fallowed by Turkey’s post-test using Metaboanalyst (p < 0.05). (*) Different
when compared to ALS symptomatic group.
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Figure S6. Levels of cholesterol in spinal cord of SOD1°%** transgenic rat model. Data
are shown as the mean + SEM. Statistical significance was evaluated by t-test (p < 0.05) using

Metaboanalyst. (*) Different when compared to ALS symptomatic group.

Supplementary Table 1. Internal Standard used for the semi quantification.

Internal Work
concentration Quantified lipid classes
Standard (ng/uL)
Cer
(d18:1/10:0) 10 GalC, Cer, glycosylated w-acyl-Cer
CL (14:0x4) 20 CL
FFA, PC, pPC, oPC, PI, PE, Semino, 1G-AEG,
LPC (17:0) 20 Cholesterol, Cholesteryl ester, DAG, TAG,
Coenzyme
Sulfatide .
(d18:1/17:0) 20 Sulfatide
PG (17:0/17:0) 20 PG
PS (17:0/17:0) 20 PS, pPS
SM

(d18:1/17:0) 16 SM
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FINAL REMARKS

Lipids encompass a wide range of biomolecules with putative cellular functions such
as major components of membranes, energy reservoir and signaling pathways. Nonetheless,
there is a staggering number of studies evidencing that lipid functions are as diverse as their
huge structural variety (conservatively estimated at hundreds of thousand structures). In this
context, mass spectrometry-based lipidomics analysis uncovering hundreds to thousands of
individual molecular species of lipids has been deemed essential to allowing researchers to
work at the boundaries of the “actual” lipid diversity. In this thesis, liquid chromatography
coupled to mass spectrometry (UHPLC-MS/MS) was applied to investigate the mechanisms
involved in thiol modification by autoxidation products derived from PUFAs (Chapter 1) and
to study lipid metabolism alterations in the CNS of a rodent model of amyotrophic lateral
sclerosis (ALS) (Chapter 2).

In Chapter 1, several glutathione (GSH) adducts covalently modified by hydroxy-
endoperoxides derived from DHA and ARA, two of the most abundant PUFAs in mammals,
were discovered. Detailed inspection of MS/MS spectra of GSH-adducts revealed that GSH
and hydroxy-endoperoxides are bonded through a labile sulfur-oxygen chemical bond. We
suggest that the reaction between GSH and hydroxy-endoperoxides involves a nucleophilic
attack by the thiolate anion. In further experiments performed with SOD1 protein and n-acetyl
cysteine (NAC), modification in the cysteine residue (SOD1-Cys111) by penta-oxygenated
AA-(05) and formation of NAC-adducts with DHA, respectively, support the idea that
reactive thiols in proteins could be modified by the hydroxy-endoperoxides. Collectively, our
findings bear evidence of chemical modifications of thiol groups induced by hydroxy-
endoperoxides, which may modulate the formation of GSH conjugates, protein aggregation

and cellular redox status.
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Thus far, the great majority of studies has been focusing on enzymatically oxidized
PUFAs rather than autoxidation, specially in inflammation. In a broader perspective, because
DHA and ARA are highly enriched in the CNS and oxidative stress is constantly implicated
in neurodegenerative diseases, cyclic products derived from PUFAs autoxidation may be
important modulators of thiol-based signaling pathways involved in neurodegeneration. As
reported for LTC4 (sulfide conjugate derived from ARA) (Liu and Yokomizo 1970) and
MCTR1 (sulfide conjugate derived from DHA) (Dalli et al. 2014), modification of thiol
groups by hydroxy-endoperoxides either derived from n-6 or n-3 PUFAs may represent a
double edged sword for cellular homeostasis, triggering biological effects linked to cell
survival or even death (e.g. inflammatory or anti-inflammatory mediators). In this respect,
increasing the synthetic yield of hydroxy-endoperoxides and adducts is required for testing
the biological activity of these molecules. For instance, cell cultures of macrophages and
microglia could be used to assess the role of GSH-adducts in inflammatory processes.
Moreover, as lipid peroxidation has been linked to aging and neurodegeneration, it would be
interesting to probe the presence of GSH adducts in brain tissues of aged symptomatic
subjects.

In chapter 2, untargeted analysis performed by UHPLC-MS/MS and manual lipid
identification based on retention time and MS/MS profile of lipids, allowed us to characterize
the lipidome of motor cortex and spinal cord of SOD1G93A rats, a model for ALS. Analysis
of the motor cortex showed that the main lipid alterations were age-dependent and mostly
linked to metabolism of sphingolipids. In contrast, lipidomics analysis performed in spinal
cord tissues revealed major alterations in the levels of cholesteryl esters and cardiolipin in
ALS symptomatic rats. According to these findings and data reported in the literature (Liu et
al. 2015), a mechanism is proposed involving neuroprotection by accumulation of cholesteryl

esters esterified to PUFAS in astrocytes as a response to elevated ROS in neurons during ALS.
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In studies performed in models of Alzheimer’s disease (AD), it was suggested that inhibiting
the synthesis of cholesteryl esters via ACAT could be a target for treatment (Bryleva et al.
2010). The proposed mechanism evidenced in this thesis may put a new spin into this story, in
that any perturbation of the lipid transport between neurons and glial cells for neuroprotection
may rather result in augmented neurodegeneration. That is, accumulation of free fatty acids or
cholesterol in neurons may stimulate beta-oxidation, which in turn may increase the
generation of ROS.

It will be interesting to test whether neuroprotection via neuron-glia transport of
cholesteryl ester. Currently under investigation by our lab, we have analyzed the pre-frontal
cortex of 3-, 18- and 24-months old rats (data not shown). The unpublished results obtained
so far revealed increased amounts of sphingolipids and cholesteryl esters in 18- and 24-
months old animals, similar to the results reported in Chapter 2. Future investigations using
cells such as neurons and astrocytes lineages and primary cultures may help deciphering the
role of lipid metabolism in the CNS in response to elevated oxidative stress. Nonetheless, it is
worth highlighting that a precise analysis of molecular species by lipidomics analysis,
including peroxidation products of PUFAS, is strongly required to further knowledge in the

mechanisms involved in lipidome alterations in aging and neurodegenerative diseases.
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