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RESUMO

Pinto, I.F.D. Explorando o Papel dos Lipideos na Modificacdo de Proteinas e Esclerose
Lateral Amiotrdéfica (175p). Tese (Doutorado) — Programa de Pos-Graduacdo em Ciéncias

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

Os lipideos s@o moléculas que possuem varias fungdes bioldgicas importantes, atuando como
componente de membranas celulares, servindo com fonte de reserva de energia e participando
de vias de sinalizacdo. Os acidos graxos poli-insaturados esterificados aos fosfolipideos, por
exemplo, sdo potenciais alvos para o ataque de radicais livres gerando produtos oxidados que
sdo capazes de modificar residuos de aminoacidos em proteinas levando a modulagéo das vias
de sinalizacdo e balanco redox. Por outro lado, alteracdo na homeostase do metabolismo dos
lipideos esta relacionada ao desenvolvimento e progressdo de doengas neurodegenerativas.
Tendo em vista a importancia dos lipideos nos processos biologicos, 0s objetivos desse estudo
foram (i) investigar o papel dos lipideos na agregacdo proteica (capitulo 1 e 2), (ii) investigar
as alteracdes na composicao lipidica do plasma de rato modelo SOD1G93A de esclerose
lateral amiotrofica (ELA) (capitulo 3) e (iii) investigar o efeito da suplementacdo de dietas
hiperlipidicas na composicéo lipidica do plasma de rato modelo SOD1G93A (capitulo 4). No
capitulo 1 e 2, a interacdo do citocromo ¢ (citc) com hidroperdxido de cardiolipina (CLOOH)
e hidroperoxido de colesterol (ChOOH) promove a agregacdo covalente do citc. Analise por
nLC-MS/MS dos peptideos digeridos identificou residuos de lisina (K72) e histidina (H26)
modificado por 4-hidroxininenal (4-HNE), enquanto os residuos K27, K73 e K88 foram
modificados por 4-oxinonenal (4-ONE). Pela primeira vez, nos caracterizamos ditirosinas
(Y48-Y74, Y48-97 e Y74-Y97) na reagdo do citc com CLOOH. Também foram
caracterizadas ditirosinas envolvendo os residuos Y48-Y48, Y48-Y74 e Y48-Y97 na reagdo
com ChOOH. Esses resultados corroboram com estudos anteriores que sugerem um

mecanismo de agregacéo proteica envolvendo a perda da carga positiva de lisina e formacéo



de ditirosina pela combinagdo de radicais de tirosil. No capitulo 3, a analise da composi¢ao
lipidica do plasma de ratos SOD1G93A utilizando LC-MS/MS revelou alteracdes
significativas na composicao de triglicérides, glicerofosfolipideos e esfingolipideos em ratos
sintomaticos comparado com os assintomaticos. E importante destacar que pela primeira vez
acilceramidas foram identificadas em plasma de rato modelo para ALS. Anélise da
composicdo lipidica de lipoproteinas isoladas, maior fonte de lipideos circulantes no plasma,
mostraram alteracGes de triglicérides e glicerofosfolipideos em VLDL. As acilceramidas e as
hexosilceramidas, por sua vez, foram encontradas em maior abundancia em HDL. No capitulo
4, a suplementacdo com dietas hiperlipidicas (rica em banha de porco e 6leo de peixe) alterou
significativamente o perfil lipidico do plasma em relacdo a doenca. Contudo, ndo foi
observado aumento significativo na sobrevida dos ratos ALS comparado com dieta controle.
Independente da dieta, a concentracdo plasmatica de acilcarnitina, hexosilceramidas e
acilceramidas foram significativamente aumentadas em ratos ALS comparado com WT. A
analise do perfil lipidico do plasma mostrou que a acilceramida d18:1/24:1+20:4 pode ser um
potencial marcador de progressdo da ALS. Dessa forma, os resultados mostrados fornecem
uma visdo enriquecedora sobre o evento a nivel molecular que conduz a desregulacéo lipidica
na ELA. Coletivamente, nossos resultados reforcam a importancia dos lipideos na modulacao

dos processos celulares ligados a agregacédo de proteinas e na neurodegeneracao.

Palavras-chaves: dityrosine, lipidémica, dieta hiperlipidica, esclerose lateral amiotrofica,

espectrometria de massas.



ABSTRACT

Pinto, I.LF.D. Exploring the Role of Lipids in Protein Modification and Amyotrophic
Lateral Sclerosis. (175p). PhD Thesis — Graduate Program in Biochemistry. Instituto de

Quimica, Universidade de Sédo Paulo, Sdo Paulo.

Lipids are a diverse and ubiquitous group of compounds, which have several biological
functions such as structural components of cell membranes, energy storage, and participation
in signaling pathways. Free radicals or reactive oxygen species could attack polyunsaturated
fatty acid esterified to phospholipids generating oxidized products. Once oxidized, lipids are
able to modify amino acids residues in proteins leading to modulation signaling pathways and
cellular redox balance. Furthermore, alteration of lipid homeostasis is also linked to
development and progression of neurodegenerative diseases. The purposes of this study were
(i) to investigate the role of lipids in protein aggregation, (ii) to investigate the plasma
lipidome of an ALS rat model (SOD1G93A rats), and (iii) to investigate the effect of high-fat
diet in plasma lipidome of an ALS rat model. In chapters 1 and 2, the interaction between
cytochrome c¢ (cytc) and cardiolipin hydroperoxide (CLOOH), as well as cholesterol
hydroperoxide (ChOOH) promoted protein aggregation. Mass spectrometry analysis of tryptic
peptides from CLOOH-containing reaction revealed K72 and H26 consistently modified by 4-
hydroxynonenal (4-HNE). Further, adduction of K27, K73 and K88 were detected with 4-
oxynonenal (4-ONE). For the first time, we characterized the dityrosine cross-linked peptides
at Y48-Y74, Y48-97 and Y74-Y97 in oligomeric cytc. Similarly, ChOOH-containing reaction
showed dityrosine cross-linked peptides at Y48-Y48, Y48-Y74 and Y48-Y97 in dimeric cytc.
In accordance to previous studies, the proposed mechanism under covalent protein
oligomerization mediated by lipid hydroperoxide could be related to modification of lysine
and tyrosine residues. In chapter 3, we characterized the lipid composition of blood plasma in

amyotrophic lateral sclerosis (ALS), since dysregulation of lipid metabolism is increasingly



associated with neuropathology. Using untargeted lipidomics approach based on liquid
chromatography coupled to mass spectrometry, we found main alterations in triglycerides,
phospholipids and sphingolipids in symptomatic ALS rats relative to controls. Additionally,
for the first time we reported acylceramides species in the plasma. In order to investigate the
source of these lipid alterations, we analyzed the lipid content of fractioned lipoproteins.
Triglycerides and phospholipids were found in very low-density lipoprotein (VLDL), while
acylceramides and hexosylceramides were found enriched in high-density lipoprotein (HDL).
In chapter 4, high-fat diet containing lard or high-fish oil as much as 60% of total lipids has
both the largest change on plasma lipid composition. Overall survival was not statistically
different when compared to control diet. Increased levels of acylceramides, hexosylceramides
and acylcarnitines were observed in ALS rats fed a control diet or high-fat diet in comparison
to WT controls. Importantly, untargeted lipidomic analysis of blood plasma highlighted
acylceramide d18:1/24:1+20:4 as potential biomarkers of ALS progression. Thus, our
lipidomic analysis provides a novel insight into the molecular level event driving molecular
dysregulation in ALS. Additional research is needed to determine the effect of plasma lipid
alteration on motor neuron process and energetic metabolism. Collectively, our findings
reinforce the idea that lipids play a relevant role in modulating cellular processes linked to

protein aggregation and neurodegeneration.

Keywords: dityrosine, lipidomics, acylceramides, amyotrophic lateral sclerosis, mass

spectrometry
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1. Introduction

1.1. Lipids and their structural diversity

Lipids are defined as biological molecules that are generally hydrophobic in nature and in
many cases soluble in organic solvents (1). Thus, they represent a diverse group of
compounds, and their diversity is pivotal for their cellular functions. In fact, 5% of all human
genes are devoted to lipid synthesis (2). Therefore, it is crucial to understand the extent of the
structural diversity of lipids and how membranes differ in lipid composition before addressing
the biological consequences of lipid diversity (3). Broadly speaking, to facilitate international
communication, lipids can be classified into several categories, such as fatty acyls,
glycerophospholipids, glycerolipids, sterol lipids, sphingolipids, prenol lipids and

saccharolipids, whose structures is depicted in Figure 1 (1).

The huge structural diversity found in lipids arises from the biosynthesis of various
combinations of these building blocks. The fatty acyl structure represents the most
fundamental monomeric component of all lipid types. The fatty acyl group in the fatty acids
and conjugates class is characterized by a repeating series of methylene groups that terminates
in the carboxylic acid functional group. Fatty acids are categorized into different subclasses
based on the length of the carbon, number of double bond position and hydroxylation (4).
According to the number of double bonds fatty acids are classified in saturated (zero double
bond), monounsaturated (one double bond) and polyunsaturated (more than two double
bond). Among the unsaturated fatty acids, they can be further classified based on the position
of the first double bond from the omega end. For instance, in omega-3 fatty acids, the first
double bond occurs on the third carbon, but in omega-6 fatty acids, the first double bond is on

the six-carbon atom, counting from the methyl end (denoted as omega) (3).

The major structural lipids in eukaryotic membranes are the glycerophospholipids, which

have a glycerol backbone with combination of two fatty acids at the sn-1 and sn-2 positions.
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The sn-1 fatty acid is usually saturated or monounsaturated, whereas the sn-2 fatty acid is
more often monounsaturated or polyunsaturated (5). In addition, the head group consists of
phosphate and an alcohol. The types of head groups in glycerophospholipids are choline,
ethanolamine, serine, inositol or glycerol groups (2). Ether lipids are unique class of
glycerophospholipids that have an alkenyl chain attached to the sn-1 position linked by an
ether bond. The alcohol moiety attached to the phosphate group in ether lipids is generally
choline or ethanolamine, but occasionally inositol or serine have also been observed (6).
Other special glycerophospholipid with dimeric structure containing four acyl chains is

named cardiolipin (7).

Sphingolipids constitute another class of structural lipids. Their chemical diversity arises from
variations in the length and type of the sphingoid base, N-acyl chain and head group (8).
Hydroxylation and unsaturation define the sphingoid base type, whereas the head group
defines the sphingolipid name. The sphingoid base is composed by hydrocarbon chain
(usually 18 carbons), with presence (ceramide) or absence of double bond (dihydroceramide)
(9). The N-acyl chain is longer (from 16 to 30 carbons) and less unsaturated (from one to two
double bonds) (3). The simplest sphingolipids are the ceramides, which consist of a
sphingosine backbone linked to a fatty acid chain (10). They can be converted to more
complex sphingolipid species by addition of phosphocholine (sphingomyelin), carbohydrates
(glucosylceramide and galactosylceramide), phosphate and fatty acyl (acylceramide) groups

(11).

Sterol, of which cholesterol and its derivatives are the most predominant forms in mammalian
membranes, constitute an important component of membrane lipids, along with
glycerophospholipids and sphingomyelins (2). Cholesterol is defined by its tetracyclic (A-D)
ring structure. A double bond in the ring B between carbon atoms 5 and 6 confers rigidity to

the molecule. The hydrophobic tetracyclic ring system is complemented by rather flexible iso-
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octanoyl chain. Thus, the only hydrophilic feature of cholesterol is a -hydroxyl group at C3

position (12).

Glycerolipids are mono-, di-, and tri-substituted glycerol, the most well-known being the
triglycerides. Variation in glycerolipids structure arises from the fatty acid chains, which can

vary in length, functionalization and degree of saturation (13).

Fatty acyl
/\/\/\/\/\/\/\j\ Fatty acid (C16.0)
OH

Glycerophospholipid

y PROSp P Glycerol backbone Head group:

1 Choline
Sn/\/\/\/\/\/\/\)c])\ 3 Ethanolamine

7 o7 X o Serine
/\/\/\/E/\/\/\/\[%\ Inositol
o)

sr-2 Acyl chain

Sphingolipid

Sphingoid base backbone

: N Head group:
' NH Hydroxyl
\/\/\/\/\/\/\/\/\n/ Phosphocholine
0
Glucose
N-acyl chain Galactose
Phosphate
Sphingomyelin (SM d16:0/18:1)
Sterol Glycerolipid
Hydrocarbon tail Acyl chain
sn-3
H

sn-2 o

o o
POPPSSS P
. S H
Fused rings \/\/\/\/\/\/\/\"/

sn-1 o

Hydroxyl group
Glycerol backbone

Cholesterol Triglycerides (TG 16:0/16:0/16:0)

Figure 1. Structural diversity of membrane lipids in mammals. DHS, Sphinganine; SPH,
sphingosine; DHS, PHS, 4-hydroxy-sphinganine. Adapted from (2)
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1.2. Biological function of lipids

Lipids have several major functions in cells, including as membrane structural components
(2), energy storage (14), signaling molecules (15), protein recruitment platforms (16) and
substrates for posttranslational protein—lipid modification (17). Lipids are used for energy
storage, principally as triglycerides and stearoyl esters, in lipid droplets. They serve primarily
as anhydrous reservoirs for the efficient storage of caloric reserves and as supply of fatty acid
and sterol components that are needed for membrane biogenesis. The matrix of cellular
membranes is formed by polar lipids, which consist of a hydrophobic and a hydrophilic
portion. This fundamental principle of amphipathic molecules is an essential chemical
property that cells required to segregate their internal constituents (cytosol and organelles)
from the external environment. In addition to the barrier function, lipids provide membranes
with the potential for budding tubulation, fission and fusion, characteristics that are essential

for cell division, biological reproduction and intracellular membrane trafficking (3).

Lipids also regulate proteins function and structure. They recruit lipid-biding proteins or can
be ligands for proteins, such as nuclear receptors thereby regulating protein activity. Lipids
can act as first and second messengers in signal transduction and molecular recognition
processes (3). The lipid mediators, such as prostaglandins, leukotrienes, lipoxins, eicosanoids,
platelet-activating factor, lysophosphatidic acid, sphingosine 1-phosphate, for example, are
produced by multistep enzymatic pathways, which are initiated by the de-esterification of
membrane phospholipids by phospholipase A2s or sphingomyelinase. Subsequently, lipid
mediators exert their biological effects by biding to cognate receptors. In concert with others
type of signaling molecules, such as neurotransmitters, hormones, and cytokines, lipid
mediators are known to play important role in the regulation of cell proliferation and

differentiation, inflammatory and immune responses (16).



18

Despite the fact that head groups of lipid categories determines their function, the molecular
characteristics of fatty acids bonded to glycerophospholipids and sphingolipids may affect the
biophysics properties of membranes and also could exerts signaling function (2). For instance,
glycerophospholipids linked to polyunsaturated or short chain fatty acids provide more
membrane fluidity than those esterified to monounsaturated or long chain fatty acids (18). As
mentioned above, polyunsaturated fatty acid is classified as omega-6 and omega-3 fatty acids.
Omega-6 fatty acids are represented by linoleic acid (C18:2) and omega-3 fatty acids by
alpha-linolenic acid (C18:3). Both essential fatty acids are metabolized to longer-chain fatty
acids of 20 and 22 carbon atoms. Linoleic acid is metabolized to arachidonic acid (C20:4)
while alpha-linolenic acid is metabolized to eicosatetraenoic acid (C20:5) and
docosahexaenoic acid (C22:6). Increasing the chain length and degree of unsaturation is
achieved by adding extra double bond to the carboxyl end of the fatty acid molecule (Figure
2). There is competition between omega-6 and omega-3 fatty acids for the desaturation
enzymes. Both fatty acid desaturase 1 (FADS1) and fatty acid desaturase 2 (FADS2)
interferes with the desaturation and elongation of alpha-linolenic (19). Omega-3 and omega-6
fatty acids are not interconvertible, but they are metabolically and functionally distinct, and
often have important opposing physiological effects, therefore their balance in the diet is
important (19). The eicosanoid metabolic products from arachidonic acid, specifically
prostaglandins, thromboxanes, leukotrienes, hydroxy fatty acids, and lipoxins, are formed
enzymatically by cyclooxygenases, lipoxygenases and members of the cytochrome P450 (20).
Those metabolites contribute to the formation of thrombi and atheroma; the development of
allergic and inflammatory disorders, particularly in susceptible people, and cell proliferation
(20). Thus, omega-6 fatty acids shifts the physiological state to one that is proinflammatory,
prothrombotic, and proaggregatory, with increases in blood viscosity, vasospasm,

vasoconstriction and cell proliferation (19). Moreover, these polyunsaturated fatty acids and
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their hydroperoxy metabolites can be non-enzymatically converted by radical-induced

peroxidation to bioactive mediators such as hydroxyalkenals (21).

Omega-6 Omega-3
18:2n-6 18:3n-3
linoleic acid alfa-linolenic acid
l Desaturation l
Ao FADS2
18:3n-6 18:4n-3
l Elongation l
20:3n-6 20:4n-3
Desaturation
ASFADS1
20:4n-6 20:5n-3
arachidonic acid eicosatetrasnoic acid
l Elongation l Elongation
A6 desaturase
22:4n-6 22:5n-3 — 24:5n-3
l Desaturation
A4 FADS1
Beta-oxidation
22:5n-6 22:6n-3 Ea— 24:6n-3

docosahexaenoic acid

Peroxisomes

Figure 2. Desaturation and elongation of essential omega-3 (n-3) and omega-6 (n-6) fatty acids
by the enzyme fatty acids desaturases FADS2 (A6) and FADSI1 (A5).

1.3 Subcellular localization and synthesis of lipids

Lipids are distributed heterogeneously in several ranges: subcellular organelles show varied

lipid arrangements, furthermore plasma membrane and organelle membrane present foci of
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specific lipid domains, and finally lipid distribution shows lateral differences and/or
transversal asymmetry (22). Although the endoplasmic reticulum is the main site of
cholesterol and ceramide synthesis, these lipids are rapidly transported to other organelles.
Indeed, the endoplasmic reticulum displays only low concentrations of sterol and complex
sphingolipids and more unsaturated glycerophospholipids (2, 23). Mammalian Golgi is the
main producer of sphingolipids: sphingomyelin, glucosylceramide and galactosylceramide,
whose destination is the plasma membrane (24). In contrast to the endoplasmic reticulum,

sterols are abundant in trans-Golgi (2).

Both sphingolipids and sterol are concentrated on the plasma membrane, which are packed at
higher density than glycerophospholipids and resist to mechanical stress (2). Plasma
membrane does not participate in autonomous synthesis of structural lipids. However,
numerous reactions for either synthesizing or degrading lipids that are involved in signaling
cascade have been described for the organelle (25). For sphingomyelin turnover, for example,
the plasma membrane contains sphingomyelin synthase 2 (SM2), which allow the
(re)synthesis of sphingomyelin from ceramide at plasma membranes (26). Furthermore, in
eukaryotes, both leaflets of the plasma membrane contain specific lipid compositions. The
outer leaflet of the plasma membrane mostly contains phosphatidylcholine and sphingolipids.
The inner leaflet, in contrast, involves phosphatidylethanolamine, the negatively charged
phosphatidylserine, and phosphatidylinositol (26). Plasma membrane nanodomains are

enriched in cholesterol, sphingolipids and probably phosphatidylserine (3).

Early endosomes are similar to plasma membranes, but on maturation to late endosomes there
is a decrease in sterol and phosphatidylserine followed by a significant increase in
bis(monoacylglycerol)phosphate (27). A dedicate collection of kinases and phosphatases
generate and terminate specific phosphoinositide (P1), among then phosphatidylinositol 3,4,5-

triphosphate (PIP3) on early endosomes and phosphatidylinositol 3,5-biphosphate (PIP2) on
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late endosomes (28). Lysosomal lipids are fully obtained by lipid transport from other
organelles particularly through the budding and fusion of membrane vesicles. Low amounts
of cholesterol and high amounts of sphingolipids characterize the lysosomal lipid signature

(26).

Significant levels of lipid synthesis occur in the mitochondria. Lipids autonomously
synthesized by mitochondria include phosphatidylglycerol, phosphatidic acid, cardiolipin,
cytidine diphosphate diacylglycerol and in part phosphatidylethanolamine (29). These lipids
are synthesized in a specific subfraction of endoplasmic reticulum called mitochondrial
associated membrane (MAM). Mitochondrial lipid composition is mostly shared by all
different mammalian cells and tissues and is characterized by low phospholipid to protein
ratio and sterol to protein ratio versus other subcellular fractions. In addition, high levels of
phosphatidylcholine and phosphatidylethanolamine (80% of total phospholipid), and high
content of cardiolipin (10%-15% of total lipid composition) are found in mitochondrial
membranes. In contrast, mitochondria are characterized by low sphingolipids and sterols
amounts. Other exceptions are mitochondria from heart, brain and other tissue, which
additionally contain 5% to 30% of phosphatidylcholine and phosphatidylethanolamine

plasmalogens (26).
1.4 Lipid damage by reactive oxygen species

A free radical is any molecular species capable of independent existence and containing one
or more unpaired electrons (30). Many free radicals exist in living systems, although most
molecules in vivo are nonradicals. Reactive oxygen species (ROS) is a collective term that
includes not only the oxygen radicals but also some nonradical derivatives of O2 (30). These
reactive species include among others hydroxyl radicals (OH"), peroxyl radicals (ROO"),
singlet oxygen (*O;), and peroxynitrite (ONOO") formed from nitrogen oxide (NO). The ROS

can be produced from either endogenous or exogenous sources. The endogenous source of
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ROS includes mitochondria, peroxisomes and endoplasmic reticulum, whereas the exogenous
source includes ionizing radiation, ultraviolet rays, tobacco smoke, pathogen infections,
environmental toxins, and exposure to herbicide/insecticides. Since these free radicals are
highly reactive, they can damage all three important classes of biological molecules including
nucleic acids, protein and lipids (31). The membrane lipids, especially the polyunsaturated
fatty acid residues of phospholipids are highly susceptible to oxidation by free radicals (32).
The lipid peroxidation is very important in vivo because of its involvement in various
pathological conditions. The lipid peroxidation results in loss of membrane functioning, for
example, decreased fluidity, inactivation of membranes bound enzymes and receptors (33).
The overall process of lipid peroxidation consists of three steps: initiation, propagation, and
termination (34, 35). The lipid peroxidation is initiated, when any free radical attacks (e.g.
OH" or 10,) and abstract hydrogen from a methylene groups (CH) from a polyunsaturated
fatty acid (LH) which results in the formation of a carbon-centered lipid radical (L"). The lipid
radical can react with molecular oxygen to form a lipid peroxyl radical (LOQO") which is
reactive enough to both oxidize membrane proteins and attack adjacent polyunsaturated side
chains, propagating a chain reaction (36) (Figure 3). When the polyunsaturated chain has
more than two double bonds, the resultant lipid peroxyl radical undergo rearrangement via
cyclization reactions and further oxygen addition and chain breaking reactions to form several

reactive aldehydes, such as malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) (37).
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KiLn BT,
Re + LH Le+RH (initiation)
k .
Le+0O, X LOO- (propagation)
K
LOOs+LH — . L+ +LOOH (propagation)

K
2LO0s nonradical products + O, (termination)

Figure 3. The lipid peroxidation reaction. There are three steps involved in nonenzymatic lipid
peroxidation. The first step is the generation of lipid radicals (initiation). LH represents a
polyunsaturated fatty acid moiety, and Re the highly energetic electron oxidant, such as a hydroxyl
radical (OH"). The second step is the creation of new lipid radicals (propagation). Carbon-centered
radical (Le) reacts rapidly with dioxygen producing lipid peroxyl radical (LOOe). The final step is
termination, either by antioxidants or another radical. kin = 6 X 10'M2s%; Kperox = 10° M1s%; ky = 6 X
10t Ms for linoleate; ki = 1 x 10° to 107 M-1s, Adapted from (35).

Lipid peroxidation produces a wide variety of oxidation products. The main primary products
of lipid peroxidation are lipid hydroperoxides (LOOH). The initial hydrogen abstraction from
polyunsaturated fatty acid can occur at different points on the carbon chain, giving complex
mixtures of peroxides. The lipid hydroperoxide may decompose in vivo through two-electron
reduction, which can inhibit the peroxidative damage. The major enzymes responsible for
two-electron reduction of hydroperoxides to corresponding alcohols are selenium-dependent
glutathione peroxidases (GPx) and selenoprotein P (SeP) (38, 39), as well as peroxiredoxins
(Prx) (40). Lipid hydroperoxides may also decompose in vivo through one-electron reduction
and take part in initiation/propagation steps (34, 35), induce new lipid hydroperoxides, and
feed the lipid peroxidation process. Lipid hydroperoxides can be converted to oxygen radicals
intermediates such as lipid peroxyl radical (LOO") and/or alkoxyl (LO") by redox cycling of
transition metal ions, resulting in lipid hydroperoxide decomposition and the oxidized or
reduced form of these metal, respectively (41). The continued oxidation of fatty acid side

chains and the fragmentation of peroxides produce a huge number of secondary products (42),
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which eventually can easily diffuse across membranes and can covalently modify any protein

in the cytoplasm and nucleus, far from their site of origin (43).

1.5 Lipid in amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder that is characterized
by the progressive degeneration of both upper and lower motor neurons. The motor symptoms
including muscle weakness, fasciculation, spasticity, dysphagia, and eventually respiratory
dysfunction. Death occurs typically 3-5 years after diagnosis (44). ALS has long been
recognized as a disease of motor neurons; however, increasing evidences suggest the
involvement of extra-motor neurons and extraneural tissue in the pathogenesis of ALS (45).
Consideration of incidence (frequency of new cases per year) and prevalence (the proportion
of affected individuals in the population 1-2 and 4-6 per 100,000, respectively) understated
the impact of ALS, with the lifetime risk at about 1 in 1000 (46). There are only a few
clinical-epidemiological studies about ALS in Brazil. The incidence and prevalence rates (0.4
case/100,000 persons/year and 0.9-1.5 cases/100,000 persons, respectively) were estimated on

data provided by a study performed in S&o Paulo City (47).

Most incidences of ALS are sporadic but ~10% of patients have a familial history. The first
genetic mutations found to cause ALS, the gene superoxide dismutase or SOD1, was reported
in 1993, with more than 50 additional potential ALS genes published since, although
validating the causality of specific variants remains a challenge (44). As an important
antioxidant, the normal function of SODL1 is to catalyze the conversion of highly reactive
superoxide to hydrogen peroxide or oxygen. In familial ALS, cytotoxicity of motor neurons
appears to result from a gain of toxic SODL1 function, rather than loss of dismutase activity
(48). While the exact molecular mechanisms underlying mutant-SOD1-mediated motor

neuron degeneration are unclear, prevailing hypotheses suggest a role for mutation-induced
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conformational changes that lead to SOD1 misfolding and subsequent aggregation (49). The
more than 170 ALS-causing mutations that have now been identified
(http://alsod.iop.kcl.ac.uk/) lie in almost every region of the 153-aminoacid SOD1

polypeptide.

The identification of molecular mechanisms by which motor neurons degenerate in ALS is
crucial for understanding disease progression and for the development of new therapeutic
approaches. Although SOD1 mutations have been linked to ALS for more than two decades,
the mechanisms underlying the mode of action of mutant SOD1 and the subsequent
neurodegeneration/neurotoxicity are still unclear. The pathophysiological mechanism of the
disease appears to be multifactorial and several mechanisms contribute to neurodegeneration.
It is believed that mutant SOD1 stimulates oxidative stress and induces mitochondrial

dysfunction, excitotoxicity, inflammation, and protein aggregation (50).

A growing number of in vitro and in vivo studies have begun to investigate metabolism as a
means of explaining the neuropathology observed in ALS. While a number of metabolic
hallmarks have been observed in ALS patients (51-53), interesting alterations in lipid
handling mechanisms have also been noted to occur (52, 54). A major site of interest for lipid
studies in ALS is skeletal muscle. Many studies have suggested that skeletal muscle is a major
source of dysregulated lipid metabolism (55-57). Indeed, a defined switch from glucose-based
to lipid-based metabolism is an early pathological event in ALS muscle (55). Furthermore,
significant alterations in glycosphingolipid metabolism in the muscle of ALS mice impacts
muscle innervation and motor recovery (56, 57). Thus, dysregulation in lipid metabolism in
skeletal muscle has been linked to pathological outcomes. Similarly, altered levels of
sphingomyelin, ceramides, cholesterol esters and omega-3 fatty acids have been observed in
spinal cord of ALS patient and mutant SOD1 mice (56, 58). In accordance to these studies,

our group found cholesterol esters and cardiolipin altered in spinal cord of mutant SOD1 rats



26

(Chaves-Filho et al., manuscript submitted). Additionally, recent study reported an extensive
lipid remodeling involving phosphatidylcholine, ceramide and glucosylceramide in
cerebrospinal fluid of ALS (59). Altogether, these findings strongly suggest intimate

relationships between changes in lipid metabolism and ALS pathology.

Given the consistent observations of altered lipid metabolism in skeletal muscle, spinal cord
and cerebrospinal fluid, research has begun to consider that systemic metabolism may
correlate with ALS progression. Indeed, in mouse models of ALS, lipid catabolism and
clearance to peripheral tissues are significantly increased (60). In ALS patients, several
indices of dyslipidemia, including a high LDL/HDL cholesterol ratio, elevated total
cholesterol or triglycerides and a high palmitoleic-to-palmitic fatty acid ratio, have been
associated with a better prognosis (61). Nevertheless, it is clear that a more detailed
characterization of the lipidome in plasma will be required for a deeper understanding of

alterations in lipid metabolism linked to ALS.

1.6 Mass spectrometry-based lipidomics

Lipidomics is a newly emerged discipline that studies cellular lipids on a large scale based on
analytical chemistry principles and technological tools, particularly mass spectrometry (62).
The development of mass spectrometry (MS) techniques marked the beginning of a new era
for the study of lipids, opening a series of unprecedented experimental opportunities. Indeed,
the implementation of atmospheric-pressure ionization techniques such as electrospray
ionization (ESI) and atmospheric pressure chemical ionization (APCI), capable of coupling
liquid chromatography (LC) with MS, made it possible to separate and analyze even the most

hydrophobic lipids with much greater accuracy than ever before possible (63).

A number of strategies have been introduced for the comprehensive analysis of cellular

lipidomes, including targeted lipidomics, which focuses on the identification and



27

quantification of a single lipid or subset of lipids in a tissue or cellular extract, and so-called
global lipidomics, which aims to identify and quantify all the lipids in a system (64). Such
methods should have high mass accuracy and resolution, characteristics that can be obtained
with time-of-flight and Orbitrap mass spectrometry. Both approaches have been advanced by

innovations in MS and the parallel evolution of associated tools for data analysis (65, 66).

The ultimate goal of lipidomics is to understand the role of lipids in the biology of living
organisms. It represents a rapidly evolving tool in system biology, which integrates
multidisciplinary sets of data derived from molecular-profiling techniques such as genomics,
transcriptomics, and proteomics. Therefore, there is a growing scientific interest in using
lipidomics to answer various biological questions arising from living organisms with all
degree of biological complexity, such as animals, plants, fungi, protists, bacteria, archaea, and

viruses (63)

Since the emergence of the lipidomics discipline in 2003, the advancing analytical
technologies have greatly driven the field to essentially all biological and biomedical areas.
Lipidomics is a tool for investigation of clinical application, such as diabetes, obesity,
arteriosclerosis, coronary heart disease and brain injuries, and so on (67). Therefore, this
approach has led us to identify new signaling molecules, reveal the underlying mechanisms
responsible for pathophysiological conditions, discover potential biomarkers for early
diagnosis and prognosis of diseases, screen drug targets and/or test drug efficacy, guide
nutritional intervention, and achieve personalized medicine (62). These accomplishments are
due to not only technique development, but also to the nature of lipidomics in being able to
comprehensively analyze hundreds to thousands of lipid species to study lipid metabolism

(62).
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2. Objective

2.1 General objective

In the present study, we investigated the role of lipids in protein aggregation and in

amyotrophic lateral sclerosis.

2.2 Specific objectives

Chapter 1: To investigate the interaction between cytochrome c¢ with cardiolipin

hydroperoxide in a mimetic mitochondrial membrane.

Chapter 2: To investigate the interaction between cytochrome c¢ with cholesterol

hydroperoxide in a mimetic mitochondrial membrane.

Chapter 3: To characterize the plasma lipidome alterations of a rodent model of amyotrophic

lateral sclerosis.

Chapter 4: To evaluate the effect of high fat diet on plasma lipidome of a rodent model of

amyotrophic lateral sclerosis.
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Highlights

Cardiolipin hydroperoxide reacts with cytochrome c at a reaction rate of

9.58+0.16x102 M1s, which is two orders faster than with hydrogen peroxide.

Biding analysis suggest that cardiolipin hydroperoxide may induce covalent binding of

cytochrome c to liposomes.

Using nLC-MS/MS, we have identified both 4-ONE and 4-HNE modification at lysine
residues (K27, K72, K73 and K88) and histidine residue (H26), as well as dityrosine

cross-links (Y48-Y74, Y48-Y97 and Y74-Y97).
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Abstract

Cytochrome c (cytc) is a heme protein of 12 kDa that transfers electrons in the mitochondrial
respiratory chain. Increased cytc peroxidase activity leads to cardiolipin oxidation, a hallmark
of early apoptosis stage. Here we aimed to investigate the interaction between cytc with
cardiolipin hydroperoxide (CLOOH) in a mimetic mitochondrial membrane. We estimated
that cytc reacts with CLOOH at a reaction rate of 9.58 + 0.16 x 102 M s, which is two orders
faster than with H>O>. Binding analysis revealed that most of cytc (ca. 96%) remains strongly
attached to membranes containing cardiolipin CLOOH. Interestingly, cytc was only partly
released from liposomes containing CLOOH by increasing the ionic strength of the medium.
This result suggests that CLOOH may induce the covalent bind of the protein to the
liposomes. Moreover, this binding was further demonstrated to be time-dependent SDS-
PAGE analysis with dimeric and trimeric species observed in the first 15 min and increased
high molecular weight aggregates formation afterwards. Using nLC-MS/MS, we have
identified K72 and H26 consistently modified by 4-HNE, while K27, K73 and K88 were
modified by 4-ONE. Further, dityrosine cross-linked peptides were characterized at residues
Y48-Y74, Y48-Y97 and Y74-Y97. These covalent modifications may play a role in cytc
oligomerization. Collectively, our findings suggest cytc-CLOOH reaction induce covalent
binding of cytochrome ¢ to membranes and protein cross-linking. Furthermore, H26, K27,

K72, K73 and K88 represent potential sites for lipid electrophile-protein interaction.

Keywords: cytochrome c, cardiolipin monohydroperoxide, aggregation, dityrosine, aldehydes
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Amplex red: 10-acyl-3,7-dihydroxyphenoxazine

Bis-ANS: bis-anilinonaphtalene sulfonate

Cytc: cytochrome ¢
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CLOOH: cardiolipin hydroproxide

DPPC: dipalmitoyl phosphatidylcholine
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1. Introduction

Lipid-protein interactions are currently regarded as a key factor determining the structural and
functional characteristics of membrane proteins. Cytochrome c (cytc), a small heme protein, is
a component of the electron transport chain in the inner mitochondrial membrane (1, 2).
During the last years, studies revealed the distinct affinity of cytc for anionic lipids (3).
Among the different phospholipids capable of forming complexes with cytc, particular
attention has been given to cardiolipin, which is responsible for the attachment of cytc to the
inner mitochondrial membrane. Cardiolipin (CL), a unique phospholipid containing two
phosphate group and four acyl chains (4). To date, the mechanisms underlying cytc-
cardiolipin binding are rather well characterized by several techniques as nuclear magnetic
resonance (5), surface plasmon resonance (6), infrared spectroscopy (7), atomic force

microscopy (3) and fluorescence spectroscopy (8).

The interaction between cytc and cardiolipin is not only mediated by electrostatic, but also
hydrogen bonding and hydrophobic interactions (9, 10). At least three cardiolipin binding
sites on the cytc protein surface have been described. A-site accounts for electrostatic
interactions between cytc and deprotonated phospholipids. C-site is responsible for the protein
binding to the protonated phospholipids via hydrogen (8). And L-site, an additional
electrostatic biding site on cytc (10). Hydrophobic interactions mediated C-site has been
suggested to facilitated interaction of cytc between nonpolar acyl residues of lipid molecules
(11) Interactions of cytc with anionic phospholipids are complex, and multiple factors can
contribute to the unfolding capacity of the lipid but the molecular description is not complete

(12)

Physiological consequences of the association of cytc with cardiolipin are not restricted to its
functioning as a component of the mitochondrial respiratory chain, but also are connected

with ability of this protein to trigger apoptosis through a mechanism involving cardiolipin
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oxidation and cytc release to cytosol (1, 13, 14). Despite the wealth of knowledge about the
nature of cytc-cardiolipin interaction, key details of this process still remain unclear,

especially in relation to its interaction with oxidized cardiolipin.

Several studies have described cytc modification induced by aldehydes derived from lipid
peroxidation (15-18) For instance, the covalent addition of 4-hydroxynonenal (HNE) (16, 17),
4-oxo-nonenal (ONE), 4,5-epoxy-2-decenal (EDE), 9,12-dioxo-10-dodecenoic acid (DODE)
(17) and 2,4-decadienal (DDE) (18) to cytc was reported. In addition, previous studies
described cytc oligomerization via dityrosine cross-linking when cytc-CL complexes were

incubated in presence of H20 (19-21).

Cardiolipin peroxidation generates, as primary products, several reactive hydroperoxides
(Figure 1) (12). In a scenario where cardiolipin is oxidized, the appearance of such
hydroperoxides seems to be a key triggering event of apoptosis (12). However, there has been
a lack of information on cytc modifications resulting from its interaction with cardiolipin

hydroperoxides.

In view of this, our study examined the interaction between cytc and cardiolipin
hydroperoxides (CLOOH) in a mimetic membrane model. Our data showed that cytc reacts
with CLOOH faster than H20.. Conversely, the presence of CLOOH species in liposomal
membranes led to cytc aggregation and sedimentation with the membrane fraction. In
addition, we characterized the cytc modifications caused by electrophilic products derived
from CLOOH breakdown or decomposition. Thus, we demonstrated 4-ONE and 4-HNE

adducts on lysine and histidine residues as well as dityrosine cross-link.
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Figure 1. Chemical structures of tetralinoleoyl cardiolipin, cardiolipin monohydroperoxides and
lipid electrophiles products.
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2. Material and Methods

2.1. Materials

Bovine heart cytochrome ¢ (Fe**), bovine cardiolipin, diethylenetriaminepentaacetic acid
(DTPA), potassium chloride (KCI), hydrogen peroxide (H202), bicinchoninic acid (BCA),
formic acid, methylene blue and HEPES were obtained from Sigma (St Louis, MO, USA).
Tetraoleoyl cardiolipin (TOCL), dipalmitoyl phosphatidylcholine (DPPC) were purchased
from Avanti Polar Lipids Inc (Alabaster, AL, USA). Amplex Red was acquired from
Invitrogen (Eugene, Oregon, USA). Acetonitrile and methanol were purchased from J. T.
Baker. All other reagents were analytical grade. All solutions were prepared using deionized
water (Millipore, Mili-Q). Stock solutions of cytochrome ¢ were prepared with deionized
water and the concentration was calculated using molar absorptivity of €49 = 1.06 x 10° M-

Lem? (22).
2.2. Synthesis and purification of cardiolipin hydroperoxide

Tetralinoleoyl-cardiolipin monohydroperoxide (CLOOH) was synthesized by photooxidation
(23). Briefly, bovine cardiolipin (50 mg) was dissolved in 10 mL of chloroform in 50 mL
round-bottomed flask followed by addition of 2 puL of methylene blue solution (100 mM in
methanol). The solution was ice-cooled and irradiated using one tungsten lamp (500 W) for 1
h under continuous stirring in an oxygen-saturated atmosphere. After photooxidation the
solution containing oxidized TLCL was evaporated, resuspended in methanol and loaded on a
C8 reverse phase HPLC column (Luna C8, 250 x 6 mm, S5um; Phenomenex, Torrance, CA,
USA) for purification step. The column was eluted at flow rate of 5 mL/min. A gradient of
solvent A (10 mM ammonium formate in water) and solvent B (methanol) was used as
follows: 5 min, 90% B; 20 min, 97%B; 26 min, 97% B; 27 min, 90% B;35 min, 90%B. The

run was monitored at 205 nm for TLCL and 235 nm for CLOOH detection. Fractions of
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eluent containing CLOOH were collected and dried by rotary evaporation. The dried residue
was resuspended in methanol and quantified by iodometry (Buege & Aust, 1978). CLOOH

was stored at -80°C for further use.

2.3. Liposome preparation

Large unilamellar liposomes containing DPPC, TOCL, TLCL(OOH); or 13-(S)-HpODE were
prepared by an extrusion technique (23). Briefly, individual phospholipids from stock solution
in methanol were mixed followed by solvent evaporation under nitrogen atmosphere and
vacuum to remove traces of solvent for 1h. The lipid film was hydrated in 5 mM HEPES
buffer (pH 7.4) containing 100 uM of DTPA by vortexing for 1 min and extruded 21 times
through a polycarbonate membrane with 100 nm pore size. Different liposome compositions
were prepared according to the analysis to be performed (Supplementary Table S1-S4). The
final concentration of liposomes in all experiments was 0.5 mM. All liposomes were prepared

immediately before the experiment.

2.4. Cytochrome c-liposome binding assay

The following assay was used to evaluate cytc binding in liposome containing CLOOH. Thus,
DPPC:TOCL:CLOOH liposomes (80:20, DPPC:CLiwt proportion) containing variable
concentration of CLOOH (0-200 uM) was incubated with cytochrome ¢ (5 pM) in 5 mM
HEPES buffer (pH 7.4) for 15 min at 25°C. The samples were centrifuged for 1h using a
Beckman Coulter ultracentrifuge at 160,000 g for 1h at 4°C (9). After centrifugation, the
supernatant was immediately removed, and its absorption spectrum measured at 410 nm. The

measured absorption was converted to concentration of cytc using a standard curve (15).

To evaluate cytc binding to liposome containing CLOOH on high ionic strength buffer (250
mM KCI), DPPC:TOCL:CLOOH liposomes containing 5% and 20% of CLOOH were

incubated with cytochrome ¢ (5 uM) in 5 mM HEPES buffer (pH 7.4) for 15 min and 24 h at
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25°C. After ultracentrifugation (160,000 g for 1h at 4°C) in absence or presence of 250 mM
KCI, the supernatant was immediately separated from pallet and quantified by soret band
absorption at 410 nm and by bicinchoninic acid (BCA) method (Stoscheck, 1990). CL total

was considered as sum of TOCL and CLOOH.
2.5. Kinetics of the reaction of cytochrome c with lipid hydroperoxides

Determination of reaction rate of cytc with lipid hydroperoxides was performed using a
spectrofluorimeter at 25°C. This assay was made using three different liposomes
compositions: 1) DPPC:TOCL (80:20 proportion); 2) DPPC:TOCL:13-(S)-HpODE (variable
concentrations, see Supplementary Table S3); 3) DPPC:TOLC: CLOOH (variable
concentrations, see Supplementary Table S4). The final concentration of all liposomes was

0.5 mM.

For assays with H20», cytc (0.5 uM) was incubated with DPPC:TOCL liposome for 2 min
followed by addition of 100 uM Amplex Red and H20: at 25 uM, 35 pM, 45 pM, 55 uM and
70 uM. The H20, concentration was calculated using €z40nm = 39.4 M cm™. Immediately
after H.O> addition the reaction rate was monitored by resorufin formation using an excitation

wavelength of 575 nm and emission wavelength of 585 nm.

For assays with 13-(S)-HpODE and TLCL(OOH): were added 100 uM Amplex Red and cytc
(0.5 pM) to liposomes containing DPPC:TOCL:13-(S)-HpODE and DPPC:TOLC:CLOOH.
Reaction rate was monitored immediately after cytc addition for resorufin formation using an
excitation wavelength of 575 nm and emission wavelength of 585 nm. The calculation was

performed as previous described (24).
2.6. SDS Polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE electrophoresis was performed to check the formation of cytc oligomers. Briefly,

the samples diluted in Laemmli buffer (62 mM Tris-HCI buffer pH 6.8, 10% glycerol, 2%
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SDS and 0.01% bromophenol blue) were loaded into a 15% acrylamide gel under
nonreducing or reducing conditions after having been heated for 5 min. Gels were prepared
containing acrylamide (15%), Tris-HCI buffer pH 8.8 (0.4 M), ammonium persulfate (0.1%)
and SDS (0.1%) (Laemmli, 1970). Gels were run for 15 min at 80 V and for 75 min at 110 V.

After electrophoresis run, the gels were stained with Coomassie or silver stains.

2.7. Size exclusion chromatography (SEC)

The incubated samples were loaded into Hiload 75 100/300 column. The size exclusion
column was eluted with 50 mM PBS buffer at flow rate of 0.5 ml/min, and the absorption

value monitored at 280 nm.

2.8. nLC MS/MS analysis

Cytochrome c¢ (final concentration 25 puM) was incubated with DPPC:CLOOH liposomes
(80:20 proportion) for 1h30min at 25°C. After reaction an aliquot was analyzed by SDS-
PAGE and another aliquot was submitted to digestion. For tryptic digestion 20 pL of reaction
was mixed to 20 pL 0.2% Rapigest SF (Waters, Milford, MA, USA) at 56°C for 30 min. After
cooling at room temperature, trypsin (Trypsin Gold, Mass spectrometry Grade, Pormega,
USA) at 1:100 (trypsin:protein) was added and incubated overnight at 37°C. Hydrochloride
acid (final concentration 200 mM) was added before an incubation for 45 min at 37°C
followed by centrifugation at 14,000 g for 10 min at 4°C. Supernatant was separated in a clear

tube, stored at -80°C until analyzed by nLC-ESI-MS/MS.

Tryptic peptides were injected into a reversed-phase nano-column BEH C18 1.7 um (100 pm
x 100 mm; Waters, Milford, MA, USA) coupled to nanoACQUITY UPLC System (Waters,
Milford, MA, USA) and eluted at a flow rate of 400 nL/min (25). A gradient of solvent A
(0.1% formic acid in water, v/v) and solvent B (acetonitrile containing 0.1% formic acid, v/v)

was used as follows: 2% B initial condition run, 2% to 35% B in 60 min, 35% to 85% B in 1
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min, 85% B for 4 min and 85% to 2% B in 4 min. ESI-MS/MS was performed with a Triple
TOF 6600 instrument (Sciex, Concord, ON) equipped with a nanoSpray ion source. Mass
spectra was acquired in positive mode set at 5kV source voltage, 100°C source temperature
and 2 psi nebulizer gas (GS1) with declustering potential of 80 V. The instrument performed a
survey TOF-MS acquisition from m/z 300-2000 (250 ms accumulation time) followed by
MS/MS of the 25 most intense precursor ions charged of 2 to 5 from m/z 100-2000 (excluded
for 4 s after occurrences) using data-dependent mode with total cycle time of 2.802 s. Each

MS/MS was obtained by dynamic collision energy.

2.9. Data Analysis

Raw data as .wiff files were converted to .mgf files by Mascot Distiller software (Matrix
Science Ltd, London) and then searched against Swiss-Prot protein database by MASCOT
software (Matrix Science Ltd, London). The following parameters were specified: (i) enzyme
trypsin, (ii) missed cleavage 3, (iii) variable modifications methionine oxidation, 4-HNE and
4-ONE modified histidine and lysine residue (shift mass 156.222 Da and 154.009 Da
respectively), (iv) peptide tolerance 20 ppm, (v) MS/MS tolerance 0.3 Da. The peptide
containing 4-HNE and 4-ONE maodifications amino acids with p<0.05 and peptide ion score
were further confirmed by manually checking the MS/MS spectra. Dityrosine was searched
using SIM-XL software (Lima et al., 2015). Data .mgf files were leaded into software and the
parameters specified were: (i) dityrosine cross-link (-2.0156 Da), (ii) MS and MS/MS
tolerance 20 ppm, (iii) enzyme trypsin, (iv) missed cleavage 3, (v) fragmentation method CID.
The peptides cross-linked with score > 2 were manually sequenced using PeakView software

(version 2.2, Sciex, Concord, ON) for visual inspection of MS/MS data.

2.10. Statistical analysis
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Data are expressed as means = SD of at least three independent experiments. Changes in
variables were analyzed by t test for two comparisons or by one-way ANOVA for multiple
comparisons using GraphPad Prism 5 software. Statistical significance was considered for a

p-value less than 0.05.

3. Results
3.1. Cytochrome c reacts with cardiolipin hydroperoxide faster than with hydrogen

hydroperoxide

To study the reaction of cytc with CLOOH, we first determined the rate constants of cytc-
CLOOKH interaction at 25°C using a spectrofluorimeter (Table 1 and Supplementary Figure
S1). We found that CLOOH was a better substrate for cytochrome c¢ than H20.. For instance,
the rate constant for the reaction between cytc-CL complexes is quite low, 5.9 x 10 M1.s,
compared with reaction in presence of CLOOH, which is two orders of magnitude higher, 9.5
x 10> M1st. Similarly, the rate constant for cytc-CL complexes in presence of 13-(S)-

HpODE, 6.9 x 10> M*.s™* was higher than H202.

Table 1. Rate constants (ki) for cytochrome c/cardiolipin complex oxidation by R-OOH

R-OOH ki (Ms1)
H.0, 5.91+0.18 x 10*
13(S)-HpODE 6.91+0.30 X 102
CLOOH 9.58+0.16 x 102

The calculation was done as described by Belikova et al., 2009.

3.2. Cytochrome c release from liposomes depends on cardiolipin hydroperoxide

concentration
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Cytc binding to a mitochondrial mimetic membrane was evaluated by measuring the amount
of soluble protein (i.e., free cytc not bound to liposomes) in the supernatant obtained after
ultracentrifugation (160,000 g for 1h at 4°C). Consistent with previous findings, cytc was
scarcely associated to liposomes containing only phosphatidylcholine (without cardiolipin)
(26). In contrast, almost all cytc became attached to membranes when liposomes contained
cardiolipin (DPPC:CL; 80:20 mol%), confirming that cytc-membrane association was of
electrostatic nature (Figure 2). In the presence of increasing percentages of synthetic
cardiolipin hydroperoxides (CLOOH, 15%-100%), we observed that membranes containing
15%-50% CLOOH did not induce cytc detachment. A small increase in the unbound form of

cytc was observed only when all cardiolipin was replaced by CLOOH (Figure 2).
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Figure 2. Cytochrome c is kept strongly bound to membranes containing up to 50 % CLOOH.
Unilamellar liposomes containing non-oxidized cardiolipin (TOCL) and increasing percentages of
cardiolipin hydroperoxide (CLOOH) were used as model for mitochondrial membranes. Membranes
containing 15%, 25%, 30%, 40%, 50% and 100 % of cardiolipin in its oxidized form (CLOOH) were
prepared by mixing DPPC:TOCL:CLOOH at the following ratios 80:20:0, 80:17:3, 80:15:5, 80:13:7,
80:11:9, 80:10:10 and 80:0:20. Free cytochrome ¢ was determined by measuring cytc absorption at
410 nm. One-way ANOVA followed by Bonferroni post-hoc test was used. Values are the means +
SD (n=3). *p<0.01 versus DPPC, 100% TOCL and 15%-50% CLOOH.
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To better characterize the nature of membrane-bound cytc population formed in the presence
of CLOOH, both the supernatant (S) and the liposomal pellet (P) fractions obtained after
ultracentrifugation were analyzed by SDS-PAGE (Supplementary Figure 2). As expected,
cytc monomers were observed in the supernatant fraction of samples containing only cytc or
cytc+DPPC liposomes, as well as in the pellet fraction of DPPC:TOCL liposomes. In contrast,
an intense band of high molecular weight cytc aggregates were observed in the presence of
25% or 100% of CLOOH. Cytc aggregates were mostly detected in the pellet fractions of
membranes containing 25% CLOOH as well as in the supernatant fractions of incubations
containing 100% CLOOH. Thus, it can be concluded that CLOOH promotes extensive cytc

aggregation.

The aggregation kinetics was evaluated by SDS-PAGE at 1 min, 2 min, 4 min, 6 min, 10 min,
15 min and 24 h of reaction (Figure 3A). Interestingly, cytc dimers, trimers and high
molecular aggregates were formed consecutively in a time-dependent manner. The cyt ¢
oligomers formed at 15 min incubation were also checked by size exclusion chromatography
(Figure 3B). Three major peaks were observed in the chromatogram: cytc monomer at 32
min, dimer and trimer species at 25-30 min, and high molecular aggregates at 15 min. Besides
the formation of high molecular aggregates, we also checked alterations in the overall protein
hydrophobicity (Figure 3C). Bis-ANS was used as hydrophobic fluorescence probe to
evaluated changes in protein structure occurring upon cytc binding to CLOOH-containing
liposomes. CLOOH promoted an increase in fluorescence intensity of bis-ANS when
compared to control. These results suggest an extended change in cytc structure in presence of

CLOOH.
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Figure 3. Cardiolipin hydroperoxides promotes cytc oligomerization to dimer, trimer and high
molecular weight aggregates. (A) Time-dependent analysis of cytc oligomerization by SDS-PAGE.
Cytc (5 puM) was quickly mixed with liposomes containing cardiolipin hydroperoxide
(DPPC:CLOOH; 80:20 mol%) at 25°C for 1-15 min and 24 h. Samples were loaded onto the gel and
electrophoresis was run in 15% SDS-PAGE with 5% stacking gel. The gel was stained with silver
stains. (B) Size-exclusion chromatography analysis cytc oligomers formed after 15 min incubation.
Cytc and its oligomers were separated on Hiload 75 100/300 column, eluted with 50 mM PBS buffer
at flow rate of 0.5 ml/min., and monitored at 280 nm. (C) CLOOH-containing liposomes promotes an
increase of cytc hydrophobicity. Fluorescence quenching spectra of bis-ANS bound to cytc in presence
of 100% CLOOH-containing liposomes as described in Materials and Methods.

3.3. Oxidized cardiolipin promotes cytochrome ¢ covalent modifications

To characterize cytc post-translational modifications formed in the presence of CLOOH, we

performed a proteomic analysis using trypsin to digest the modified protein. Trypsin typically
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cleaves at lysine and arginine amino acids residues. Thus, the peptides obtained were
analyzed by high resolution nLC-MS/MS. Incubation of cytc with CLOOH-containing
liposomes resulted in eight major modified peptides by 4-HNE and 4-ONE adducted at lysine
and histidine residues. Besides that, we also characterized dityrosine cross-linking at Y97,

Y74 and Y48 residues (Table 2).

4-ONE modified peptides at lysine residue were identified at K27, K73 and K88
(Supplementary Figure S4). We found an increase of 154 Da in the b7 and b9 ion in the
peptide ¥KGEREDLIAYLKK!® with 4-ONE adduct at K88 (Supplementary Figure S4A).
Similarly, an increase of 154 Da was observed in the bl, b3 and b6 ion in the peptide
BKYIPGTK™ with 4-ONE adduct at K73 (Supplementary Figure S4B). Finally, 4-ONE
adduction was observed in the b8 and b9 ion in the peptide 2HKTGPNLHGLFGR® at K27

with increase of 154 Da (Supplementary Figure S4C).

Besides 4-ONE modified peptides, we also identified 4-HNE induced modifications
(Supplementary Figure S5). 4-HNE-modified peptides contained diagnostic product ion at
m/z 139.11 and 266.19, in case of histidine modification, related to the dehydrated protonated
4-HNE and immonium ion of 4-HNE-modified histidine, respectively. We found an increase
of 156 Da in the b8 and b12 ion in tryptic peptide HKTGPNLHGLFGR? for 4-HNE adduct
at H26 (Supplementary Figure S5A). Similarly, we found an increase of 156 Da in the y2, y3,
y4, y5, y6, y7, vy8, yl1l0, yll, vyl3 ion fragmentation of tryptic peptide

SGITWGEETLMEYLENPK for Michael adduct at K72 (Supplementary Figure S5B).

Considering the propensity of tyrosine residues to undergo crosslinking reactions we also
searched for this modification. We identified three major cross-links involving tyrosine
residues Y48, Y74 and Y97: Y48-Y97, Y48-Y74 and Y74-Y97 (Table 2). Fragments y3, y4,
y5 and y6 ions contained the cross-linking Y74-Y97 (Supplementary Figure S6A), whereas

fragments y6 and y7 ions contained the cross-linking Y48-Y74 (Supplementary Figure S6B)



51

and fragments y7, y10 and y11 contained the cross-linking Y48-Y97 (Supplementary Figure
S6C). Thus, this data demonstrates that cytc oligomerization observed in the presence of
CLOOH probably involves dityrosine cross-linking. However, additional mechanisms,
possibly including cross-linking by bifunctional secondary products of lipid peroxidation (e.g.

dialdehydes) can be considered (19)

Table 2. Cytochrome ¢ modifications formed after incubation with liposomes containing
cardiolipin hydroperoxide (CLOOH).

. Theor. Obs. Modif. Error
Peptides m/z m/z (ppm)
HKTGPNLHGLFGR® 1432.768 398.228(4+) 4-HNE 04

(H26)!
PHKTGPNLHGLFGR®® 1432.768 397.728(4+) 4-ONE 14
(K27)
$GITWGEETLMEYLENPK™ 2008.945 722.6903(3+) 4-HNE 2.3
(K72)!
BKYIPGTK™ 805.469 480.793(2+) 4-ONE 2.0
(K73)
8KGEREDLIAYLKK?® 1561.882 430.002(4+) 4-ONE 0.3
(K88)
2EDLIAYLK® - BKYIPGTK™ 1767.989 442.752(4+) DiTyr 1.3
(Y97-Y74)
“OTGQAPGFSTYDANK® - 2132.030 533.761(4+) DiTyr 3.1
Y IPGTK™ (Y48-Y74)
“OTGQAPGFSTYDANK® - 2418.182 806.731(3+) DiTyr 1.1
EDLIAYLK®® (Y48-Y97)

Data were obtained as described in the Materials and Methods. The residue number is based on the
sequence of mature protein minus methionine initial residue.

Mass spectra of peptide are showed in the Supporting Information.

Theoretical mass corresponds to unmodified peptide.

MA: Michael addition

Dityr: Dityrosine.

4. Discussion

Cytochrome c is an electron carrier between mitochondrial respiratory complexes Ill and IV,

but under certain conditions interactions of cytc with cardiolipin are important for apoptotic
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functions of this protein. When bound to cardiolipin, cytc catalyzes cardiolipin peroxidations,
which contributes to the protein release into the cytosol and initiate the caspases cascade of
proteolytic reactions designated as apoptosis (27, 28). However, their specific mechanism of
binding is still not completely understood. Since cardiolipin peroxidation plays an important
role in cytc release into the cytosol (13), this finding encouraged us to study the interaction of

cytc between CLOOH in a mitochondrial mimetic membrane model.

Here we have demonstrated that CLOOH was better substrate for cytc than H.O> (Table 1).
Overall the rates of amplex red oxidation by cytc complex were about 1.1-1.6 orders of
magnitude higher in the presence of linoleic acid hydroperoxide (13(S)-HpODE) and CLOOH
than H>O. The difference between CLOOH and H>O> may be associated with a distinct
reaction mechanism. Cytc may split CLOOH predominantly via heterolytic mechanism as
proposed for the reaction of cytc-CL complexes with fatty acid hydroperoxides (24), whereas
H20- undergo homolytic cleavage (24, 29), whereas. The homolytic mechanism involves one-
electron reduction of hydroperoxide and vyields an O-centered radical from peroxide.
Conversely, two-electron reduction of peroxide via the heterolytic pathway produces alcohol
and no free-radical intermediates. Heterolytic peroxidase catalysis commonly involves

participation of histidine and arginine residues (30, 31).

Moreover, given the rate constant of cytc-CLOOH reaction, we also showed in vitro that
CLOOH keeps cytc strongly attached to the membrane (Figure 2). This attachment could not
be reversed in the presence of ionic strength buffer containing 250 mM of KCI
(Supplementary Figure S2). Cytc interacts electrostatically with membranes containing acidic
phospholipids (such as CL that bears two negative charges) due to its net positive charge +8e
at neutral pH, and this interaction is very sensitive to ionic strength (24). Analysis of the
effects of ionic strength and mutations suggest that cytc binding to CL containing membranes

is guided by electrostatic forces but hydrophobic interactions also play a role (9, 26, 32-34).
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This study also showed that CLOOH-containing liposomes induced cytc oligomerization that
ultimately leads to protein aggregation. Oligomeric species of cytc as dimers, trimers and high
molecular weight aggregates were detected using SDS-PAGE and size exclusion
chromatography (Figure 3). Due to high local concentration of cytc in mitochondria (0.5 to 5
mM in the intermembrane space), protein oligomerization and aggregation are important to
consider (32). Cyt ¢ oligomerization has been previously identified upon cytc reaction with
non-oxidizable cardiolipin (TOCL), TLCL (19), H20- (15, 29) and cholesterol hydroperoxide
(77). Tyurina et al. demonstrated that peroxidase reaction of cytc/cardiolipin complexes in
presence of H>O. increased fluorescence characteristic of dityrosine suggesting these
oligomers can be formed through cross-linking via dityrosine formation (19). However,
oxidative oligomerization involves not only dityrosine cross-linking, but also additional
mechanism, possibly including cross-linking by dysfunctional secondary product of lipid
peroxidation (19). It is important to mention that protein oligomers could also result from
protein hydrophobic interaction, generating non-covalent species resistant to SDS treatment
(15). Non-covalent cytc oligomers are known to be formed when the protein is treated with
ethanol 60% (v/v), but this species seem to be stable only at low temperature, being converted

back to the monomers when heated at 70 °C for 5 min (35).

Thus, to get more insights into the mechanisms involved in CLOOH induced cytc
aggregation, mass spectrometry experiment was conducted to characterize the nature of cytc
oligomers. We identified peptides from cytc adducted with electrophiles products from
CLOOH decomposition (Table 2). The predominant adduct resulting from modification of
peptides by 4-HNE and 4-ONE had a mass of 156 and 154 Da, respectively. These lipid
aldehydes were probably derived from CLOOH breakdown. The reaction of cytc with 4-HNE
had been examined previously by Isom et al. and confirmed by Williams et al., they showed

that HNE forms several adducts including a Michael adduct on H33 (16, 17). We did not see
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HNE adduction on H33 but on H26 and K72. The reaction of cytc with 4-ONE was
performed by Williams et al., who showed that 4-ONE forms several adducts on K5, K7, K8,
K99 and K100. In contrast, here we identified covalent modification by 4-ONE on K27, K73
and K88. Different to previously reported, we did not used isolated aldehydes, but rather these
lipid electrophiles where generated in situ from CLOOH decomposition in the presence of
cytc. Many studies have examined the site of cytc and cardiolipin interactions. Three distinct
sites on the cyt c surface have been suggested for interaction with cardiolipin: the A-site,
formed by K72, K73, K86 and K87; the C-site, locates near N52 (8); and L site involving
K22, K27, H33, K25 and H26, that operates at low pH (10). Thus, our results can help to
understand the site at which bifunctional electrophilic products are probably formed through
lipid and protein interaction, as well as the site on the cytc that occurs this interaction (Figure

4).

Figure 4. Native structure of bovine cytochrome ¢ showing modified amino acid residues.
Tyrosine (blue), lysine (orange) and histidine (pink) residues are highlighted in the structure of cyt c
(PDB code 2B4Z). Residues numbers are given.



55

Besides the identification of protein alkylation sites, three major dityrosine cross-linked
peptides were detected (Table 2). Tyrosine residues — via the generation of tyrosyl radicals —
are linked reactive intermediates of the peroxidase cycle leading to cardiolipin peroxidation.
A protein-derived tyrosyl radical formed during peroxidase reaction of cytc-cardiolipin
complex can isomerize and combine with another tyrosyl radical with subsequent enolization.
As a result, a stable, covalent, carbon-carbon bond is generated, yielding 1,3-dityrosine (19).
Cyt ¢ has four tyrosine residues some of which are located close to heme moiety and some are
present on the surface of the protein. In interaction of cytc with cardiolipin results in partial
unfolding of the protein and tyrosine residues in the complex formed may readily interact
with both heme and polyunsaturated fatty acid chains (19). The highly conserved Y67 was
found as the primary electron-donor (radical acceptor) in the oxygenase half-reaction of the
cytochrome c/cardiolipin peroxidase complex (36). Several oxidizing systems were found to
produce dityrosines during oxidant exposure of both purified proteins in vitro and intact cells

(37, 38).

In summary, our results showed that cytc reacts with cardiolipin hydroperoxides faster than
with H20.. In addition, our data showed that cytc reacts with CLOOH producing electrophiles
capable to form covalent adducts with the protein, as well as protein radical tyrosyl radicals
responsible for protein aggregation by dityrosine cross-linking. The covalent modifications in
lysine and tyrosine residues of cytc may contribute to protein aggregation and improve
binding of cytc to the mitochondrial membrane. Physiological role(s) of cytc aggregates

warrant further studies.
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Supplementary Figure S1. Linear plot representing used for ratio rates calculation (ki) of
cytochrome ¢ (cyt ¢) between hydrogen hydroperoxide (H20>), linolec acid hydroperoxide
(13-(S)-HpODE) and tetraoleoyl-cardiolipin hydroperoxide (TLCLOOH;).
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Supplementary Figure S2. Cytochrome ¢ undergoes aggregation in the presence
membranes containing cardiolipin hydroperoxides. SDS-PAGE analysis of cytc-cardiolipin
complexes after incubation of cytc with liposomes containing 25, and 100 % of cardiolipin
in the oxidized form. Liposomes at 0.5 mM final concentration were incubated with 5 pM
cytc for 15 min at 25°C and then sedimented by ultracentrifugation at 160,000 g for 1h at 4
°C. Both the pellet (P) and supernatant (S) fractions were analyzed by SDS-PAGE. Cytc is
found mostly in its monomeric form when incubated with DPPC or DPPC:TOCL
membranes. In contrast, addition of either 25% or 100 % cardiolipin in its oxidize form
(CLOOH) induces the formation of high molecular weight aggregates (detected in the
stacking gel). Electrophoresis was run in 15% SDS-PAGE and 5% stacking gel. Silver
staining was used to visualized protein on gels.
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cytochrome ¢/CLOOH complex. (A) Percentage of cytochrome c released measuring at
410 nm after incubation with CL-containing liposomes. (B) Electrophoresis gel of
cytochrome ¢/CL complexes after binding assay. DPPC only, DPPC:TOCL,
DPPC:TOCL:CLOOH and DPPC:CLOOH liposomes (0.5 mM total lipid) were prepared by
extrusion in 5 mM HEPES buffer (pH7.4) containing 0.1 mM DTPA. The liposomes were
incubated with 5 pM cyt ¢ for 15 min at 25°C in presence of 250 mM KCI and then
sedimented by ultracentrifugation at 160,000 g for 1h at 4 °C. Samples were loaded onto the
gel and electrophoresis was run in 15% SDS-PAGE with 5% stacking gel. The gel was
stained with silver stains. One-way ANOVA followed by Bonferroni post-hoc test was
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Supplementary Figure S4. nLC-MS/MS sequencing of 4-ONE modified peptides
derived from the tryptic digestion of cytochrome c¢ incubated with CLOOH in
presence of liposome. (A) MS/MS of the peptide containing 4-ONE adduct at K88. (B)
MS/MS of the peptide containing 4-ONE adduct at K73. An asterisk after the one-letter
code of amino acid residue denotes its modification. Fragments bl, b2 and b6 ions
confirming the adducted peptide. (C) MS/MS of the peptide containing 4-ONE adduct at
K27. Fragments b8 and b9 ions confirming the adducted peptide. An asterisk after the one-
letter code of amino acid residue denotes its modification.
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Supplementary Figure S5. nLC-MS/MS sequencing of 4-HNE modified peptides
derived from the tryptic digestion of cytochrome c¢ incubated with CLOOH in
presence of liposome. (A) MS/MS of the peptide containing 4-HNE adduct at K26
(Michael adduct). HNE-related product ions at m/z 139.11 and 266.16 relating to
dehydrated HNE and immonium ion, respectively. (B) MS/MS of the peptide containing 4-
HNE adduct at K72 (Michael adduct). Fragments y2, y3, y4, y5, y6, y7, y8, y10, y11, y13
ions confirming the adducted peptide. An asterisk after the one-letter code of amino acid
residue denotes its modification.
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Supplementary Figure S6. nLC-MS/MS sequencing of dityrosine cross-linked
peptides derived from the tryptic digestion of cytochrome ¢ incubated with CLOOH in
presence of liposome. (A) MS/MS of the cross-linked peptide at Y97 and Y74. Fragments
y3, y4, y5 and y6 ions containing the cross-linked residue. (B) MS/MS of the cross-linked
peptide at Y48 and Y74. Fragments y6 and y7 ions containing the cross-linked residue. (C)
MS/MS of the cross-linked peptide at Y97 and Y48. Fragments y7, y10 and y11 ions
containing the cross-linked residue.
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Supplementary tables

Supplementary Table S1. Liposomes composition for cytochrome c-liposome binding
assay without high ionic strength.

DPPC (uM) TOCL (uM) CLOOH (uM) PL total proportion (%)

1000 0 0 100

800 200 0 80:20:0
800 170 30 80:17:3
800 150 50 80:15:5
800 140 60 80:13:7
800 120 80 80:11:9
800 100 100 80:10:10
800 0 200 80:0:20

PL: phospholipid

Supplementary Table S2. Liposome composition for cytochrome c-liposome binding
assay with high ionic strength.

DPPC (uM) TOCL (uM) CLOOH (uM) PL total proportion (%)
800 200 0 80:20:0
800 150 50 80:15:5
800 0 200 80:0:20

PL: phospholipid
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Supplementary Table S3. Liposome composition for kinetics of the reaction of
cytochrome ¢ with 13-(S)-HpODE.

DPPC TOCL 13-(S)-HpODE
(uM) (UM) (uM)

500 0 0

500 100 0

500 100 10

500 100 20

500 100 30

500 100 40

500 100 50

Supplementary Table S4. Liposome composition for kinetics of the reaction of
cytochrome ¢ with CLOOH

DPPC TOCL CLOOH
(UM) (uM) (uM)
400 90 10
400 80 20
400 70 30
400 60 40

400 50 50
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Highlights
e Cholesterol hydroperoxide promotes an increase of cytochrome c
hydrophobicity and a rapid conversion of protein monomer into dimer and

trimer.

e Mass spectrometry analysis revealed dityrosine cross-linked peptides (Y48-Y48,

Y48-Y74 and Y48-Y97).
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Abstract

Protein oligomerization is a well-known process that has been implicated in many
diseases. Under pathological conditions, accumulation of mitochondrial cholesterol can
lead to generation of cholesterol hydroperoxides, which react with cytochrome ¢ (cytc).
Cytc is an abundant mitochondrial protein that acts as electron carrier in the respiratory
chain and also in apoptosis pathway. Previous study revealed the formation of lipid and
protein-derived radicals in the reaction between cytc and cholesterol hydroperoxide
(ChOOH), a mechanism that could be associated with protein oligomerization.
However, protein oligomers are not completely elucidated in this process. Here we
characterized dityrosine cross-links formed through the reaction between cytc and 7a-
ChOOH. The oligomerization was checked by SDS-PAGE, and it showed a rapid and
an efficient conversion of cytc monomer into dimer and trimer in a concentration—
dependent manner. Importantly, mass spectrometry analysis revealed dityrosine cross-
linked peptides involving Y48, Y74 and Y97 residues (i.e., Y48-Y48, Y48-Y74 and
Y48-Y97). Overall, our data support the potential involvement of ChOOH in reactions
leading to protein tyrosyl radical formation that subsequently recombines giving dimers

and trimers.

Keywords: Cytochrome c, Cholesterol hydroperoxide, Dityrosine cross-linking, LC-

MS/MS
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Abbreviations

Bis-ANS: bis-anilinonaphtalene sulfonate

Cytc: cytochrome ¢

ChOOH: cholesterol hydroperoxide

nLC-MS/MS: nano-liquid chromatography coupled to mass spectrometer

SDS: sodium dodecyl sulfate
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1. Introduction

Cholesterol is an essential component of cell plasma membrane. Due to its chemical
composition (long rigid hydrophobic chain and a small polar hydroxyl group), it fits
most of its structure into the lipid bilayer (1, 2). Cholesterol is synthesized in the
endoplasmic reticulum (ER) and then distributed to organelles. Mitochondrial
cholesterol content, for instance, is generally low, except for cells involved in steroid
hormone synthesis or synthesis of bile acids, in which the mitochondria import and
metabolize cholesterol in concert with ER (1, 3). In pathological condition the
accumulation of cholesterol in mitochondria alters membrane organization, which
regulates membrane permeability and function of resident proteins (3). Of relevance,
recent evidence indicated that accumulation of mitochondrial cholesterol may be a key
step in disease progression including cancer, Alzheimer’s disease, atherosclerosis and

steatohepatitis (1, 4, 5).

As mitochondria are the main source of radical generation, and cholesterol has a
susceptible structure to free radical damage, pathological accumulation of mitochondrial
cholesterol may increase the formation of oxidized cholesterol species (6). Oxidation of
cholesterol can occur by non-enzymatic or enzymatic mechanism and generates as
primary products hydroperoxides. Non-enzymatically, cholesterol can be oxidized by
free radical-mediated reaction generating 70-ChOOH and 7B-ChOOH as the most
predominant hydroperoxide products (Figure 1), with less amounts of dihydroxy-
derivatives (7a-ChOH, 7B-ChOH, 7-ketone, 5,6-epoxides, etc.) (7, 8). Therefore, highly
reactive products of lipid peroxidation display marked biological effects, which cause

alterations in cell signaling, protein and DNA damage, and cytotoxicity (9).
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Cholesterol 78-O0OH

Figure 1. Cholesterol hydroperoxide produced by cholesterol oxidation mediated by
free radicals.

The reaction of cholesterol hydroperoxide (ChOOH) with mitochondrial proteins, such
as cytochrome c¢ (cytc), can play an important role in the generation of free radicals in
the organelle. Cytc is a highly-conserved protein with 104 amino acids residues,
approximately 12 kDa, located at inner mitochondrial membrane (10). Its play a crucial
role in the electron carrier between complex Il1to IV (11). Cytc can acts as a peroxidase
catalyzing the oxidation of cardiolipin in mitochondrial membrane and carries to
apoptosis pathway (12, 13). In addition, in vitro studies have been demonstrated that
hydrogen peroxide (14), cholesterol carboxaldehyde (15) and cholesterol hydroperoxide
(16) can promote cytc oligomerization. The proposed mechanism for protein
oligomerization by free radicals involves generation of protein carbon-centered and
lipid radicals. However, a detailed characterization of cytc oligomerization mediated by

ChOOH has not been clearly characterized yet.

The oxidation of most protein residues is irreversible, and includes several covalent
modifications, such as protein cleavage, carbonylation, nitration, hydroxylation,
halogenation and protein cross-linking (17). An important example is the dityrosine
cross-link, which is formed through a carbon-carbon bond between two proximal
tyrosine residues. A variety of oxidative systems, including peroxidases and other heme

proteins such as cytc can generates dityrosine (18-21). Dityrosine is known to occur in
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amyloid fibril formation (22), Parkinson’s disease (23), atherosclerosis caused by
hemodialysis (24), cataract of the eye lens (25), aging (26) and oxidative stress during
exercise (27). While the formation of dityrosine linkages in proteins has been
documented, its consequences on the structure and biological function of the modified
proteins are yet to be fully understood. In some cases, dityrosine is believed to be
beneficial in terms of structural rigidity and strength, in other cases, they could lead to

alterations in conformation, ligand binding, and biological activity.

Considering its potential significance for oxidative modification by ChOOH, we have
sought to characterize the cross-linking of 7a-ChOOH-mediated cytc oligomerization.
MS analysis showed four potential dityrosine cross-linked peptides involving Y48, Y74
and Y97. Our findings are in accordance with previous studies that reported formation
of protein carbon-centered radical as mechanism to give dimeric and trimeric species

(16).

2. Materials and methods

2.1 Materials

Bovine heart cytochrome ¢, ammonium bicarbonate (NHsHCQO3), cholesterol (Cholest-
5-en-3-ol), sodium dodecy!l sulfate (SDS), methylene blue, dye bis-ANS (4,4’-dianilino-
1,1’-binaphthyl-5,5’-disulponic acid), rose bengal, pyridine, glycerol, bromophenol
blue, Tris-HCI, formic acid MS grade, trifluoroacetic acid (TFA),
diethylenetriaminepenta-acetic acid (DTPA) were purchased from Sigma (St. Louis,
MO). Isopropanol, acetonitrile, chloroform, ethyl ether and ethyl acetate were purchased
from J. T. Baker. All solvents employed were HPLC grade. Stock solutions of
ammonium bicarbonate buffer (pH 7.4) were freshly prepared in ultrapure water

(Millipore Milli-Q system), and the pH was adjusted to 7.4 prior to use. Cytochrome ¢
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concentration was checked prior to each experiment as previously described (€=106.1

mM-tcm?) (15, 28).
2.2 Synthesis and purification of cholesterol hydroperoxide

Cholesterol hydroperoxide was synthetized by photooxidation. Briefly, cholesterol
(0,7999 g) was dissolved in 7 mL of pyridine in a round-bottomed flask, and 9.3 mg of
rose Bengal were added. The solution was irradiated using one tungsten lamp (500 W)
for approximately 34 h under continuous stirring in a cold room (16°C). The mixture of
ChOOH isomers was purified in the first step by silica gel column chromatography. The
column was equilibrated with hexane and a gradient of hexane: ethyl ether was used.
The second step of purification was performed by reverse phase HPLC using a C18
semi-preparative column and mobile phase composed by water (A) and methanol (B).
After collecting fractions containing isolated ChOOH isomers, the solvent was
evaporated, and the hydroperoxides were resuspended in isopropanol, quantified by

iodometry (29). The hydroperoxides were stored at -80°C for further use.
2.3 Cytochrome c reaction with SDS micelles

The reaction was performed as described previously (15). Briefly, 10 mM ammonium
bicarbonate buffer (pH 7.4) containing 0.1 mM DTPA was mixed with SDS (8 mM
final concentration) followed by mixture of ChOOH isomers (150 uM) or isolated 7a-
ChOOH (150 uM). After 5 min, cytc (30 uM final concentration) was added to the

solution, and the reaction was carried out at 37°C for 1h under continuous stirring.
2.4 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE electrophoresis was performed in gel comprising 5% stacking gel (w/v) and
15% separating gel (w/v) under non-reducing conditions. The samples were diluted four

times in the Laemmli buffer (8% SDS, 40% glycerol, 0.04% bromophenol blue and 200
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mM Tris-HCI, pH 6.8) and heated to 95°C for 5 min. After the electrophoretic run, the

gel was stained with Thermo Scientific PageBlue Protein Staining Solution.

2.5 Bis-ANS binding

Exposure of hydrophobic sites of protein was verified by reaction with the dye 4,4’-
dianilino-1-1’binaphythyl-5-5’disulfonic acid (bis-ANS) using a fluorescence plate
reader (TECAN, Switzerland). Briefly, stock solution of bis-ANS (2.9 mM) was
prepared in ethanol. An aliquot of reaction containing 10 uM of cyt ¢ was incubated
with 10 mM sodium phosphate buffer (pH 7.4) and 60 uM bis-ANS for 30 min at 37°C.
The fluorescence was measured using excitation wavelength at 390 nm and emission

wavelength at 400-600 nm. Bis-ANS contained no protein served as negative control.

2.6 In-gel tryptic digestion of cytochrome c

The bands were excised from gel and destained twice with a solution containing 50%
acetonitrile in 50 mM ammonium bicarbonate buffer (pH 7.4) for 45 min at 37°C. The
gel pieces were dehydrated using 100% acetonitrile for 5 min at room temperature.
Then they were rehydrated in 0.02 pg/mL trypsin (Promega Sequence Grade Modified)
in 40 mM ammonium bicarbonate buffer with 10% acetonitrile (pH 8.1) for 1h at ice-
bath. The digestion was performed overnight at 37°C. Peptides were extracted twice
with 1% TFA for 10 min under stirring at room temperature, followed by third
extraction with 60% acetonitrile in 0.1% TFA. The peptides were transferred to a new
tube, dried in a vacuum centrifuge and reconstituted in 0.1% TFA. Before LC-MS/MS
analysis peptides were cleaned-up using a ZipTip-C18 column (Milipore, Bedford,

MA).

2.7 nLC-MS/MS analysis
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The analysis was performed using a Waters® nanoAcquity UPLC system coupled to a
TripleTOF 6600 mass spectrometer (SCIEX, Concord, ON). The analysis was
conducted under trap and elute mode using a nanoAcquity UPLC-Symmetry C18 trap
column (20 mm x 180 pum; 5 um) and separation column (75 pum x 150 mm; 3.5 pm)
(30). Trapping was done at 10 puL/min with 1% of solvent B (0.1% formic acid in
acetonitrile). The peptides were separated using a mobile phase A (0.1% formic acid in
water) and B (0.1% formic acid in acetonitrile) at flow rate of 400 nL/min in the
following gradient: 2-35% B in 60 min, 35-85% B in 1 min, 85% B for 4 min, and 85-
2% B in 4 min. Nano-electrospray ion source was operated at 2.4 kV (ion spray voltage
floating, ISVF), curtain gas 20, interface hater (IHT) 120, ion source gas 1 (GS1) 3, ion
source gas 2 (GS2) zero, declustering potential (DP) 80 V. TOFMS and MS/MS data
were acquired using information-dependent acquisition (IDA) mode. For IDA
parameters, a 100 ms survey scan in the m/z rage of 300-2000 was followed by 25
MS/MS ions in the m/z range of 100-2000 acquired with an accumulation time of 50 ms
(total cycle time 1.4 s). Switch criteria included, intensity greater than 150 counts and
charge state 3-5. Former target ions were excluded for 20 s. Software used for
acquisition and data processing were Analyst TF 1.7 and PeakView 2.1, respectively.
For the protein coverage and modifications, MASCOT software (Matrix Science,
London, UK) was used against SWISS-PROT database with a precursor mass tolerance
of 15 ppm and a fragment ion mass tolerance of 0.03 Da. Oxidation of methionine was
searched as variable modifications. Dityrosine cross-linking search was performed
using SIM-XL software (31) with a precursor ion and fragment ion mass tolerance of 20
ppm, oxidation of methionine as variable modification and trypsin as proteolytic
enzyme. All MS/MS spectra were manually inspected for validation, and b- and y- ions

fragments annotation.
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3. Results
3.1 7a-ChOOH promotes an increase of cytochrome ¢ hydrophobicity and a

rapid conversion into dimer and trimer

In order to investigate ChOOH-induced aggregation on cytc, incubation between 7a-
ChOOH and protein was conducted for 1h at 37°C in the presence of SDS micelles, and
then analyzed by SDS-PAGE (Figure 2A). Cytc showed monomer bands in agreement
with their molecular mass (approximately 12 kDa). Control reactions incubated with
cholesterol (Ch) did not reveal any change in the monomeric band of cytc. However,
incubation with ChOOH mixture or isolated 7a-ChOOH decreased the intensity of
monomeric band of cytc. In contrast, we observed a marked increase in the intensity of
the band assigned to a dimer, as well as, the appearance at the band corresponding to
trimeric species. A similar trend was observed in incubation containing cholesterol
aldehyde (ChAld), although this reaction resulted in a low formation of dimers and
trimers. In vitro dimerization of cytc is known to occur in the presence of ChAld and

ChOOH mixture (15, 16).

In addition, 70-ChOOH induced concentration—dependent cyt c dimerization
(Supplementary Figure S1A). Cytc dimers were formed at 1:0.5 proportion (protein: 7a-
ChOOH), and gradually became evident at 1:5 proportion. Importantly, our data
supports that SDS-PAGE analysis did not induced artefact in the cytc oligomerization.
Time-dependent analysis showed a rather fast oligomerization kinetics reaching a
plateau within 30 seconds (Supplementary Figure S1B). Thus, formation of dimeric,

trimeric and aggregates of cytc started at very short incubation times

To examine cytc hydrophobicity, we conducted dye binding experiments with bis-ANS,
which binds hydrophobic regions (Figure 2B). Increased fluorescence intensity, and

emission maximum blue shift to 490 nm were observed in presence of 7a-ChOOH after
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30 min of incubation (Figure 2B; red line). Note that the presence of SDS also induces
exposure of hydrophobic residues of protein (Figure 1B; filled black line). Alterations in
protein conformation can lead to exposure of their hydrophobic residues (32, 33). As
expected ChAIld promote a large exposure of hydrophobic residues of protein due
alterations in Lys residues (15). Collectively, these results suggest that alteration of cytc
conformation by 7a-ChOOH involving heme rearrangement followed by formation of
covalent oligomers (Figure 2). In contrast, oligomers (e.g. dimer) formed by SDS only
was readily destabilized in presence of denaturation condition during SDS-PAGE

analysis.
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Figure 2. 7a-ChOOH induces cytochrome ¢ oligomerization and increased hydrophobicity
in presence of SDS micelles. (A) Non reducing SDS-PAGE gel. Samples were loaded into the
gel and electrophoresis was performed in 15% separating gel under non-reducing conditions.
Control was performed in presence of SDS. (B). Bis-ANS biding. Cyt ¢ (10 uM) was incubated
with 70-ChOOh (150 uM) in presence of SDS micelles for 1 h at 37°C. Then 60 pL of the
reaction was incubated with bis-ANS (60 uM), and fluorescence measured after 30 min of
incubation at 37°C as described in Materials and Methods.

3.2 70-ChOOH induces of dityrosine cross-links leading to cytochrome c

dimerization

Considering the significant extent of protein oligomers detected by SDS-PAGE, and the
potential importance of dityrosine in generation of these species, we examined the
dityrosine cross-links using a mass spectrometry approach. Cytc dimers was isolated
from SDS-PAGE gels and subjected to trypsin digestion followed by nano-LC-MS/MS
analysis. Four major peptides containing dityrosine cross-links were identified

involving Y48, Y74 and Y97 (Table 1).

Table 1. Dityrosine characterization of cytochrome c dimers induced by cholesterol
hydroperoxide.

Error
Peptide sequence 1 Peptide sequence 2 m/z diTyr Sample
(ppm)
971.4447 Y48 -
OTGQAPGFSYTDANK®YTGQAPGFSYTDANKS? 1.84 ChOOH

(3+) Y48

533.7609 Y48 -

©TGQAPGFSYTDANKS ™Y [PGTK™ 3.86
(4+) Y74
605.2990 Y48 - Ta-
©TGQAPGFSYTDANKS 2EDLIAYLK® 3.11
4+) Y97 ChOOH

728.3311 Y48 -
YTGQAPGFSYTDANK®TGQAPGFSYTDANK?® (44) V48 5.20
+
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The MS/MS spectra of each cross-link were manually examined for further
confirmation (Figure 3). The spectra of heterodimeric dityrosine cross-link between
“OTGQAPGFSYTDANK?® and ““YIPGTK peptides revealed possible dityrosine cross-
linking between Y48 and Y74 at m/z 533.7609 (4+) (Figure 3A). The presence of the
y7%* lead to the successful identification and assignment of the dityrosine cross-link
position. A similar fragmentation behavior was observed for the heterodimeric peptide
formed by ““TGQAPGFSYTDANK?®? and ®?EDLIAYILK® cross-linked via Y48 and
Y97 at m/z 605.2990 (4+) (Figure 3B). The presence of the ion y9?* confirmed the
dityrosine cross-link position. Additionally, we identified only one homodimeric
dityrosine cross-link *“°TGQAPGFSYTDANK?® peptides linked via Y48 at m/z
728.3311 (4+) (Figure 3C and Supplementary Figure S2). MS/MS spectra indicated a
cleavage of the C-C bond between the aromatic ring of dityrosine and a hydrogen
transfer yielding the protoned peptides. Taken together, our results suggest the
formation of dityrosine cross-linked peptides as potential mechanism involved in

oligomerization of cytc after exposure to ChOOH-containing SDS micelles.
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Figure 3. Nano-LC-ESI-MS/MS analysis of dityrosine cross-liked peptides from
cytochrome ¢ dimers induced by 7a-ChOOH. (A) MS/MS spectra of the dityrosine cross-link
between “TGQAPGFSTYDANK?® and “YIPTK™ with [M + 4H]* at m/z 533.7609, cross-
linked between Y48 and Y74. (B) MS/MS spectra of the dityrosine cross-link between
OTGQAPGFSTYDANK?® and ’EDLIAYILK® with [M + 4H]* at m/z 605.2990, cross-linked
between Y48 and Y97. (C) MS/MS spectra of the dityrosine cross-linked
“OTGQAPGFSTYDANKS homodimer with [M + 4H]* at m/z 728.3311 cross-linked between
Y48 and Y48.

4. Discussion

In the present study, we characterized cyt ¢ covalent oligomerization induced by
mixture of ChOOH isomers and isolated 7a-ChOOH. Our data showed that cytc
oligomerization required low amounts of 7a-ChOOH (1:0.5; proportion protein:
cholesterol hydroperoxide). Dimers were formed within 30 s, and further
oligomerization occurred over 24 h. In addition, 7a-ChOOH promoted alteration in
protein conformation leading to increase of protein hydrophobicity. Based on previous
results we expected that protein oligomerization by 7a-ChOOH would involve covalent
dityrosine cross-linking. Evidence from MS indicated the presence of two heterodimeric
peptides cross-linked between Y48 and Y74 or Y97, and one homodimeric peptide

cross-linked through Y48.

A previous in vitro study has shown that reaction between cytc and ChOOH produces
lipid and protein-derives radicals (16). This reaction could occur by one electron
mechanism (16, 34), which induces the hemolytic cleavage of the O-O bond in ChOOH
producing lipid radicals (16). It is probably the preferential mechanism of reaction
between cytc and ChOOH. Note of that the formation of lipid and protein-derived
radicals could occur also by two-electron mechanism, which consists of the heterolytic
cleavage of the O-O bond, reducing the hydroperoxide group to the corresponding
alcohol (34). This is the catalytic mechanism of several peroxidase enzymes (35).

However, as demonstrated by Genaro-Mattos et al., it fails to explain the formation of
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epoxyl-alkyl radicals (16). In addition to lipid radical formation, the protein radicals
were formed by the production of high-valent heme intermediates (Fe**=0 porphyrin n-
cation radical) in both hetero- and homolytic cleavages of the hydroperoxide O-O bond

(16, 36).

Cytc oligomers can be formed by recombination of protein-centered radicals. Although
it is known that reaction between cytc and ChOOH induces protein oligomerization
(16), here we able to characterize the amino acid residues involved in oligomerization
process. Previous studies have identified oxidized and dimerized tyrosine residues upon
cytc reaction with peroxides (36-38). Oxidation of tyrosine residues generates phenoxyl
radical, which, in turn, resonates in the aromatic ring, giving carbon-centered radicals
(39). These radicals could be recombining to produce protein dimers and, subsequently,
oligomers, as observed by the formation of cytc trimers and tetramers (36, 39). There
are differences between the covalent and non-covalent oligomerization of cytc. Previous
study has been reported non-covalent oligomerization of cytc induced by SDS (0.1%) or
ethanol (60%, v/v) through hydrophobic interactions (40, 41). Non-covalent oligomers
can be disrupted after boiling in the presence of 2% SDS, a treatment it is known to
disrupt non-covalent interactions. Cytc oligomerization induced by ChOOH was not
disrupted by heat and it is mostly likely due to the formation of covalent cytc oligomers

involving dityrosine cross-links.

Oxidative stress an endogenous mechanism can result in the covalent cross-link
between two tyrosine residues resulting in the formation of a dityrosine post
translational modification (42). Dityrosine cross-linking in proteins can be performed by
oxidizing agents such as hydroperoxyl radical, peroxynitrite, nitrosoperoxycarbonate,
and lipid hydroperoxides as well as UV and y-irradiation (43). Enzymatic oxidation of

tyrosine residues in protein by peroxidase-catalyzed mechanism has been found to
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promote dityrosine cross-links. In vitro, dityrosine cross-linking of proteins such as
lysozyme, calmodulin, myoglobin, hemoglobin, insulin, and RNase is known to occur

as a product of oxidative stress (44).

Dityrosine cross-linked peptides and proteins have been associated with neurotoxic
roles in Alzheimer’s and Parkinson’s diseases, but little molecular detail is available
(45, 46). The major limitation in dityrosine research is the inability to determine the
location of the dityrosine cross-link proteins. Here, we addressed these limitations and
difficulties in the identification of dityrosine cross-linked peptides using mass
spectrometry in a bottom-up proteomic workflow. Native cytc contains four tyrosine
residues (i.e., Y48, Y67, Y74 and Y97) in their structure as are shown in the Figure 3.
The —OH groups of Y48 and Y67 residues are 4A from the heme moiety. They are,
therefore, considerably closer to heme moiety when compared to the surface accessible
Y74 and Y97. However, only Y67 lies in close proximity to the iron co-ordination site
(36). This structural proximity may favor the generation of tyrosine radicals from Y67
as opposed to Y48, Y74 and Y97. It is tempting to speculate that the covalent cytc
oligomers are produced, most likely, through the formation of dityrosine cross-links
generated by the recombination of protein-immobilized tyrosine radicals (36). Our
result revealed three major dityrosine cross-linking in cytc dimer induced by 7a-
ChOOH comprising Y48, Y74 and Y97. Interesting, we did not observe dityrosine
cross-link involving Y67 residue. Since Y67 is highly conserved, and it plays a role in
stabilizing the cytc structure, the preservation of Y67 could be associated with protein

function (47).
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Figure 3. Native structure of bovine cytochrome ¢ showing the locations of Y48, Y67, Y74
and Y97 (in blue). Tyrosine residues are indicated as letter Y highlighted in the protein
sequence (PDB code 2B4Z7).

The exact physiological role of cytc dimers has not been completely elucidated. An in
vitro study showed enhanced peroxidase activity of equine cytc dimer relative to
monomeric species, which has led to the suggestion that the dimer might mediate
peroxidase activity early in apoptosis (48). Peroxidase activity of cytc has been reported
by the increase of the rupture of the Met80-heme iron bond in the dimer (48). Therefore,
pathological conditions could favor the formation of lipid hydroperoxides may

contribute to the mitochondrial stress via a process that is enhanced by cytc peroxidase

activity (49).

Mitochondria are cholesterol-poor organelles compared to other cell bilayers (e.g.
plasma membrane). Nevertheless, the limited availability of cholesterol in the inner
mitochondrial membrane plays an important physiological role, including the synthesis
of hepatic bile acids, oxylsterols and steroid hormones. In addition, both mitochondrial

membranes must be supplied with cholesterol for membrane maintenance. The



86

trafficking of cholesterol to mitochondria involves multiples routes, from
endolysosomes, plasma membrane and endoplasmic reticulum (50). Transfer of
endolysosomes cholesterol to mitochondria is thought to occur in a non-vesicular
manner between closely apposed membranes and mediated by steroidogenic acute
regulatory (StAR)-related lipid transfer (START) domain proteins (51). Similarly,
StARD1, with its sterol-binding domain and mitochondrial-targeting sequences, has
been shown to promote cholesterol uptake into the mitochondrial outer membrane (52).
On the other hand, the molecular basis for transfer of endoplasmic reticulum cholesterol
to mitochondria, which may occur at contact site in mitochondria-associated membranes

(53).

In pathological conditions, however, the accumulation of cholesterol in mitochondria
alters membrane organization and the coexistence of liquid-disordered and liquid-
ordered phases, which regulates membrane permeability and function of resident
proteins (3). Of relevance, the increased mitochondrial cholesterol levels have been
observed in diverse types of cancer, atherosclerosis, hepatic steatosis and Alzheimer’s
disease. Each of these conditions is associated with increased oxidative stress, impaired
oxidative phosphorylation, and changes in the susceptibility to apoptosis, among other
alterations in mitochondrial functions (4, 5, 54). Under oxidative stress conditions,
steroidogenic cells may deliver not only cholesterol to mitochondrial compartments, but
also cholesterol hydroperoxides such as 7a/7p-ChOOH, thereby setting the stage for

free radical damage, metabolic dysfunction and even apoptotic cell death (55).

In summary, the reaction between cytc and 7a-ChOOH increases the overall protein
hydrophobicity, disrupts the heme configuration and leads to cytc oligomerization. Our
results corroborate with available data showing that cytc reacts with 7a-ChOOH though

a homolytic mechanism producing lipid- and protein-derived radicals. We demonstrated
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that cytc oligomerization occurs via dityrosine cross-links formation. Additional studies
are necessary to evaluate the presence of cytc oligomers in vivo and to identify their
biological role under oxidative stress condition. Furthermore, we speculate that under
these circumstances 7a-ChOOH may contribute to increase the oxidative stress in the

mitochondria and, ultimately, to apoptosis signaling.
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Supplementary Figure S1. (A) Time course of reaction of cytochrome c¢ oligomerization with
70-ChOOH in presence of SDS micelles. (B) Cytochrome c¢ oligomerization depends on
concentration of 7a-ChOOH.
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Abstract

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that affects motor
neurons in the central nervous system resulting in progressive paralysis and death.
There is growing evidence suggesting cross-talk between ALS and lipid metabolism.
This study aimed to characterize lipid alterations in blood plasma of asymptomatic and
symptomatic SOD1G93A rat model of ALS by untargeted lipidomics approach based
on high resolution mass spectrometry. We have identified and quantified fatty acyls,
glycerophospholipids, sphingolipids and neutral lipids, covering over 296 lipid species.
Univariate analysis revealed a total of 54 lipid species significantly altered in
symptomatic relative to asymptomatic rats. Triglycerides esterified to long-chain
polyunsaturated fatty acids were considerably decreased in the symptomatic rats,
suggesting a possible link to increased hypermetabolism and peripheral clearance
induced by the disease. Moreover, significant decreases in phosphatidylcholine species
were also noticed. On the other hand, sphingolipids, particularly hexosylceramide and
acylceramide were found markedly elevated in the symptomatic rats. Detailed lipidomic
analysis of pooled lipoprotein fractions revealed that acylceramide and hexoylceramide
were enriched in HDL fractions. Collectively, our results were consistent with recent
emerging evidences highlighting the importance of alteration of sphingolipids and
triglycerides metabolism in neurodegenerative disease. Of note, we described, for the
first time, acylceramide in blood plasma. Although the mechanisms involved in lipid
alterations remain still unclear, our study provides interesting insights to potential lipid

targets for future studies of ALS.

Keywords: Amyotrophic lateral sclerosis, SOD1G93A rats, blood plasma, lipoproteins,

lipidomic analysis, acylceramides, triglyceride, glycerophospholipids, hexosylceramides
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Highlights

We performed a comprehensive lipidomic analysis of blood plasma in

SOD1G93A rat model of amyotrophic lateral sclerosis.

Our results revealed alteration in sphingolipids, glycerophospholipids and
triglycerides metabolism which might be related to the lipid dysregulation and

disease progression.

Lipid characterization of pooled lipoprotein fractions, the major source of
circulating lipid in blood plasma, suggests alteration in triglycerides and

glycerophospholipids were related to very low-density lipoprotein.

Acylceramides have not been previously described in blood plasma. We
demonstrated accumulation of acylceramides and hexosylceramide associated

with high-density lipoprotein.



Abbreviation

See Supplementary Information for abbreviation of lipid classes.

ALS: amyotrophic lateral sclerosis

FPLC: fast protein liquid chromatography

HDL.: high-density lipoprotein

LC-MS: liquid chromatography coupled to mass spectrometry
LDL: low-density lipoprotein

PUFA: polyunsaturated fatty acid

SOD1: superoxide dismutase 1

VLDL: very low-density lipoprotein
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease that
affects motor neurons in the central nervous system. The majority of ALS cases are
considered sporadic (90%), but a significant proportion of familial cases (12—20%)
results from mutations in the Superoxide Dismutase 1 (SOD1) gene. ALS patients
develop muscle weakness and atrophy leading to paralysis and death within 3-5 years
after the disease onset. Both sporadic and familial forms are clinically and
pathologically undistinguishable linked to a common pathogenic mechanism (1). The
pathophysiological mechanisms underlying the development of neurodegeneration in
ALS are multifactorial, with emerging evidence pointing to a complex interaction
between genetic and molecular pathways. Specifically, glutamate excitoxicity,
generation of free radicals, cytoplasmic protein aggregates combined with
mitochondrial dysfunction, and disruption of axonal transport processes through
accumulation of neurofilament intracellular aggregates seems to be an important final
common pathway in ALS (2). However, the exact pathogenic mechanisms of ALS are

still unclear.

The lack of current treatments for ALS or early diagnosis reflects the absence of a
comprehensive understanding of biological mechanisms underlying changes that occur
during the progression of neurodegeneration. This underscores the urgent need for a
blood-based biomarker that could act as a screening tool to identify at-risk individuals
but may also support the development of preventative therapies or even therapeutic
intervention. There is growing evidence for lipid metabolism alterations playing a
crucial role in ALS pathogenesis (3-6). Higher levels of cholesterol, LDL, as well as an
elevated LDL/HDL ratio in ALS patient blood have been correlated with increased

survival (7, 8). Conversely, similar increases in total cholesterol, LDL and HDL
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cholesterol in ALS patient blood (9, 10) and cerebrospinal fluid (CSF) (11) have not
been found to be correlated with disease progression. Furthermore, a small number of

studies contradict these findings (12-14).

Recently, an increased number of lipidomic analysis has been performed by mass
spectrometry in ALS patients and SOD1 mice highlighting the role of lipid compounds
in ALS progression (5, 6, 15). Phospholipids, particularly phosphatidylcholine, are
significantly increased in the CSF of ALS patients (6). Interestingly, significant
predictions of clinical evolution were found to be correlated to CSF sphingomyelins and
triglycerides with long-chain fatty acids (6). Such findings are favorable for the
development of biomarker assay, but further tests are required to confirm the reliability

of predictive models, before use as a prognostic biomarker.

Although lipidomics is becoming increasingly popular, a comprehensive lipidomics
analysis of blood plasma from ALS patients or animal model needs to be performed. In
this study, we performed a comprehensive and comparative mass spectrometry-based
lipidomic analysis of blood plasma and pooled lipoprotein fractions in SOD1G93A rats
and wild type littermates. Our results revealed major alterations in bulk plasma of
symptomatic SOD1G93A rats linked to triglycerides, glycerophospholipids,
acylceramides and hexosylceramides that were reproduced in lipoprotein fractions. Our

findings provide further knowledge on lipid metabolism related to ALS.

2. Materials and Methods

2.1 Materials

The lipids used as internal standards, described in supplementary information, were
purchased from Avanti Polar Lipids (Alabaster, AL, USA). Methyl tert-butyl ether

(MTBE), ammonium formate and ammonium acetate were purchased from Sigma-
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Aldrich (St Louis, MO, USA). All HPLC grade organic solvents were obtained from
Sigma-Aldrich (St Louis, MO, USA). Ultra-pure water was supplied by a Millipore

system (Millipore, Billerica, MA, USA).

2.2 Animals

Male Sprague Dawley rats overexpressing mutant human SOD1G93A (hSODG93A)
obtained from Taconics were maintained in our animal facility at room temperature with
a 12 h light/dark cycle. They were feed a chow diet and had free access to water.
Genotyping was performed for detecting exogenous hSOD1G93A transgene by
amplification of ear DNA at 20 days of age (16). At 7314 days of age (referred as to
asymptomatic group, n=7), rats were without signs of motor impairment. At 122+6 days
of age (referred as to symptomatic group, n=13), rats showed partial paralysis, in at least
one limb, importantly, with loss of body weight. Age and litter matched wild type (WT)
male served as controls (referred as WT 70 days of age, n =7 and WT 120 days of age,
n=15). The criteria for sacrifice of symptomatic group were loss of 15% of maximum
body weight. Rats were fasted for 4h and anesthetized by isoflurane inhalation at dose
of 4% for induction and 2% for maintenance. Blood was collected by cardiac puncture
into a tube containing heparin (BD, Franklin Lakes, NJ, USA). Plasma was obtained
after centrifugation at 2,000 x g for 10 min at 4°C and stored at -80°C until further
processing. All procedures were performed in accordance with the National Institute of
Health Guidelines for the Humane Treatment of Animal and approved by the local

Animal Care and Use Committee of Sao Paulo University (CEUA number 41/2016).

2.3 Blood plasma lipoprotein isolation by FPLC

Lipoproteins were isolated from blood plasma as described previously (17). In brief, an

Akta FPLC equipped with a Superose 6 PC 3.2/300 column (GE Heathcare Europe
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GmbH, Munich, Germany) was used with Dulbecco’s phosphate-buffered saline (PBS)
containing 1 mM EDTA as a running buffer. After loading of 50 pl plasma into the
system, a constant flow of 40 pl/min was applied, and fractionation was started after 18
min with 80 ul per fraction. Fractions 1-36 containing the plasma lipoproteins were

used for further analysis.
2.4 Lipid extraction

Lipids were extracted from plasma and pooled lipoprotein fractions by MTBE method
with modification (18, 19). Briefly, 80 ul of plasma were mixed with 80 pl of a mixture
of internal standards (Supplementary Table S1) and 220 ul of ice-cold methanol. After
thoroughly vortexing for 10 s, 1 ml of MTBE was added to the mixture, which was
stirred for 1 h at 20°C. Next, 300 pl of water was added to the mixture, followed by
vortexing 10 s and resting in an ice bath for 10 min. After centrifugation at 10,000 x ¢
for 10 min at 4°C, the supernatant containing the lipid extract was transferred to a vial
and dried under N2 gas. The extracted lipids were re-dissolved in 80 pl of isopropanol
for the LC-MS/MS analysis. For each lipoprotein fractions or pooled lipoprotein
fractions, 60 ul of the corresponding fraction were extracted as described above using a

mixture of internal standard (Supplementary Table S2).
2.5 Lipidomic analysis

Lipids were analyzed by untargeted analysis using liquid chromatography (Nexera
UHPLC, Shimadzu, Kyoto, JAP) coupled to a TripleTOF6600 mass spectrometer
(Sciex, Concord, ON, CAN) with electrospray ionization (ESI) in both negative and
positive modes. Samples were injected into a CORTECS® column (UPLC C18 column,
1.6 pum, 2.1 mm i.d. 100 mm, Waters, Milford, MA, USA). The mobile phases

comprised (A) water/acetonitrile (60:40) and (B) isopropanol/acetonitrile/water
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(88/10/2) both with 10 mM ammonium acetate or ammonium formate for analysis in
negative or positive mode, respectively. The gradient was started from 40 to 100% over
the first 10 min, holds at 100%B from 10 to 12 min, and then decreased from 100 to
40%B during 12-13 min, and holds at 40%B from 13 to 20 min. The flow rate was 0.2
ml/min, and column temperature was maintained at 35°C. The MS was operated in
Information Dependent Acquisition (IDA®) acquisition mode with scan range set a
mass-to-charge ratio of 100-2000 Da. Data were obtained in 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.
2.6 Data processing

Lipid species detected were manually identified based on MS/MS fragments from
PeakView® (Sciex, Concord, ON, CAN) and annotated (identity, exact mass and
retention time) using an Excel® macro. The ESI negative mode was primarily directed
to identification of free fatty acids, glycerophospholipids and sphingolipids, while the
ESI positive was directed to identification of neutral lipids (e.g. triglycerides). The area
of each lipid species and internal standard were obtained by integration of MS peak
using MultiQuant® (Sciex, Concord, ON, CAN). The lipid content of sample was
determined by dividing the area of lipid to correspondent internal standard, multiplying
by concentration of internal standard and then dividing by volume of sample or protein
concentration. (Supplementary Table S1-S2). Concentration of lipids without internal
standard was calculated using the response factor (Supplementary Table S3). Lipid

species were annotated either by sum composition (e.g. isobaric species) or by
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molecular species composition. Lipid annotation by sum composition is reported as
[lipid class] [total number of carbons atoms in fatty acids moieties]:[total number of
double bonds in fatty acids moieties] (e.g. PE 40:3). Lipid species annotated by
molecular composition are reported as [lipid class] [total number of carbons atoms in
fatty acids 1]:[total number of double bonds in fatty acid 1]/ [total number of carbons
atoms in fatty acids 2]:[total number of double bonds in fatty acid 2]/ [total number of
carbons atoms in fatty acids 3 (only for TG)]:[total number of double bonds in fatty acid
3 (only for TG) (e.g. PE 16:0/22:3, TG 16:0/18:1/18:2). The symbol “/” denotes only
the fatty acids moieties of the lipid species, and not their sn-1, sn-2 and sn-3 position on

the glycerol-backbone.

2.7 Statistical analysis

Univariate and multivariate analysis for lipidomic data were performed using
Metaboanalyst 4.0 (20). Zero values in the data were imputed with half of the minimum
value of the corresponding lipid across all the samples. The dataset was glog-
transformed to prior statistical analysis. Statistical significance was evaluated by one-
way ANOVA followed by Turkey’s post hoc test for multiple comparison or one-tailed
t-test analysis for two comparison (p<0.05). Bar graphs were generated using GraphPad
Prism 5 (GraphPad Software Inc., San Diego, CA, USA) and represented as the mean +

standard deviation (SD).

3. Results

3.1 Global lipidomic analysis of blood plasma in SOD1G93A rats

We studied differences in the plasma lipidome of SOD1G93A rats at asymptomatic (70
+ 3 days of age) and symptomatic stages (120 + 6 days of age), as well as age-related

WT littermates. We identified and quantified 296 molecular lipid species (not including
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isomers) encompassing a total of 24 different lipid classes. The largest number of
individual lipid species were found in glycerophospholipids (n = 133) followed by
neutral lipids (n = 89), sphingolipids (n = 55), acylcarnitines (12) and fatty acyls (7)
(Supplementary Figure S1A). Using sparse partial last squares regression discriminant
analysis (sPLS-DA), we investigated the clustering pattern of all samples based on the
lipid profiles. The sPLS-DA explaining 36.7% of data variation for the first PCs,
revealing major differences in lipid composition between symptomatic and

asymptomatic rats (Figure 1A).

In terms of relative abundance, neutral lipids such as cholesteryl ester (CE) and
triglycerides (TG) are the most abundant lipid classes in blood plasma, comprising 66-
73% and 7-10% of the total lipids (Supplementary Figure S1B), followed by
glycerophospholipids which were comprised mostly by phosphatidylcholine (PC; 2%),
lysophosphatidycholine (LPC; 2-3%) and phosphatidylinositol (PI; 2-3%). Finally,
sphingolipids such as ceramides (Cer), sphingomyelins (SM), hexosylceramides

(HexCer) and acylceramides (AcylCer) appeared among lower abundant lipid classes.

Further, we performed pairwise comparisons to investigate specific lipid changes
relative to disease (WT versus SOD1G93A), disease progression (asymptomatic
SOD1G93A versus symptomatic SOD1G93A) and age (WT 70 days versus WT 120
days). Venn diagram, constructed for the lipids highlighted by four pairwise
comparisons, showed the distribution of 61 significantly altered lipid species (Fold
change = 2; FDR adjusted p-value < 0.05) (Figure 1B). The major alterations were
found in the pairwise comparison between symptomatic and asymptomatic ALS rats

(e.g., 54 lipid species), according to the separation observed in SPLS-DA.

The lipid changes were represented as heat map (Figure 1C). Several TG species linked

to polyunsaturated fatty acids (PUFA) were decreased in symptomatic animals, which is
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in accordance with increased peripheral clearance of TG-rich lipoproteins in
SOD1G93A mice (4) and a switch towards preferential use of lipids as a fuel source as
an early event in the disease (21). Among altered phospholipids species, PC linked to
PUFA, including linoleic (18:2), arachidonic (20:4) and docosahexaenoic acid (22:6),
were decreased in symptomatic animals. Collectively, our results suggest that reduced
levels of phospholipids and TG species can potentially result from increased use of
lipoprotein-associated TG molecules for energy production (e.g. skeletal muscle) (4,

21).

In contrast, HexCer and AcylCer species (e.g., HexCer d18:2/25:0, HexCer d18:1/23:0
and AcylCer d18:1/24:1+20:4) were found significantly increased in symptomatic
relative to asymptomatic rats. Interestingly, AcylCer have not been previously described
in the blood plasma. Overall, our results are consistent with previous study that reported
high levels of Cer and glucosylceramides (GlcCer) in spinal cord of ALS patients (22),
stressing the crucial role of the complex sphingolipids pathway in the pathogenesis of

the disease.
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Figure 1. Global lipidomic analysis of blood plasma in SOD1G93A rats and WT
littermates. (A) Score plot of the multivariate SPLS-DA model of plasma samples from
SOD1G93A rats and WT littermates. Asymptomatic SOD1G93A (n = 7); WT 70 days (n = 7);
symptomatic SOD1G93A (n = 12); WT 120 days (n = 15). (B) Venn diagram of significantly
altered lipid species from four pairwise comparisons. (C) Heat map of 54 altered lipid species
based on volcano plot. Each horizontal row represents lipid specie and each vertical column
represents a sample. Euclidean distance and ward cluster algorithm were applied to build the
heat map. The color code bar indicates the log of the concentration for a given lipid. TG 58:8 =
TG 18:1/18:2/22:5 and 18:2/18:2/22:4; TG 56:9 = TG 18:2/18:3/20:4; TG 52:5 = TG
16:0/18:2/18:3 and 16:1/18:2/18:2; PC 38:2 = PC 18:0/20:2 and 18:1/20:1; PE 36:2 = PE
18:0/18:2 and 18:1/18:1. Asymptomatic SOD1G93A (n = 7); WT 70 days (n = 7); symptomatic
SOD1G93A (n = 12); WT 120 days (n = 15). HexCer: hexosylceramide; AcylCer:
acylceramide; TG: triglyceride; PC: phosphatidylcholine; LPC: lysophosphatidylcholine; PI:
phosphatidylinositol; PE: phosphatidylethanolamine; CE: cholesteryl ester.
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3.2 Panel of potential lipids markers in the plasma of SOD1G93A rats

In order to discriminate relevant lipid biomarkers from all altered lipid species described
above, we used a filtration strategy based on Venn diagram (Figure 1B). As highlighted
by asterisks in Figure 1B, 15 lipid species including TG-linked to polyunsaturated fatty
acids, PC 14:0/20:4, LPC 20:2, HexCer d18:1/23:0 and AcylCer d18:1/24:1+20:4, were
selectively altered by the disease thus being potential candidate biomarkers for
monitoring ALS disease progression. TG-linked to long-chain polyunsaturated fatty
acids, PC 14:0/20:4 and LPC 20:2 were significantly decreased in symptomatic rats
compared to asymptomatic and control rats (Figure 2). In contrast, HexCer d18:1/23:0
and AcylCer d18:1/24:1+20:4 were significantly increased (~2 fold) in symptomatic

rats.
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Figure 2. Lipid panels for disease prediction in ALS. Plasma concentration of TG, PC, LPC,
HexCer and AcylCer in SOD1G93A and WT rats. Concentration values are given in pg lipid/ul
plasma. Data are represented as mean + SD. Prior to statistical analysis the dataset was log
transformed and analyzed by one-way ANOVA followed by Turkey’s test. * FDR p-value
<0.05 versus WT; ** FDR p-value <0.05 versus SOD1G93A. Asymptomatic SOD1G93A (n =
7); WT 70 days (n = 7); symptomatic SOD1G93A (n = 12); WT 120 days (n = 15).

3.3 Lipid profile of lipoproteins fractions

To investigate the plasma lipidome alterations in more detail, we inspected the lipid
composition of lipoproteins. We isolated 36 fractions from 50 ul blood plasma of
symptomatic SOD1G93A rats and age-related WT rats by FPLC - size exclusion
chromatography. In order to check whether the major lipoprotein classes were properly
separated, total cholesterol (Ch) and TG in each fraction were analyzed by mass
spectrometry. Based on TG and Ch profile, three major peaks were pooled to perform a
detailed lipidomic analysis (I - fraction 9 to 13, 1l - fraction 14 to 20 and Ill — fraction

22 to 27) (Figure 3).

We identified 202 lipid species comprising 16 different lipid classes (Supplementary
Figure S2A). PCA of pooled lipoprotein fractions revealed a clear separation of the
fractions 9-13 from 14-20 and 22-27 (Supplementary Figure S2B). In addition, to
confirm the lipoprotein identity, we checked apolipoprotein content in each pooled
lipoprotein fractions by proteomic analysis (Supplementary Table S4). Collectively, our
results revealed that fraction 9-13 corresponds to VLDL, given the presence of apoB-
100 and high content of TG followed by CE. Fraction 14-20 corresponds to HDL, with
some LDL contamination. This fraction contained apoA-1V, apoE, apoA-I and apoB-
100 with CE as the most abundant lipid. Finally, we attributed the fraction 22-27 to
HDL with albumin contamination, since albumin partially co-eluted with HDL
fractions. This fraction lacks apoB and is characterized by the presence of apoH and

apoA-1. The lipid composition showed high percentage of CE and LPC.
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After characterization of pooled lipoprotein fractions, we evaluated the presence
significantly altered lipid species among the lipids detected in the isolated fractions
(Figure 3). As expected, altered TG species were present in VLDL, while PC and CE
were present in HDL/LDL. Additionally, LPC was found in HDL-albumin fraction.

Importantly, AcylCer and HexCer was largely found in HDL/LDL fractions consistent.
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Figure 3. Distribution of altered lipid species from blood plasma in lipoprotein fractions.
FPLC profile showed the sum of altered lipid in symptomatic SOD1G93A and WT rat.
AcylCer: acylceramide; TG: triglyceride; PC: phosphatidylcholine; LPC:
lysophosphatidylcholine; CE: cholesteryl ester. Monitored species: TG - TG 14:0/16:0/18:1; TG
14:0/16:1/18:1; TG 16:0/16:1/18:2; TG 18:0/18:1/18:1; TG 15:0/18:1/18:2; TG 18:2/18:2/20:5;
TG 16:0/18:2/20:5; TG 18:1/18:1/20:4; TG 16:0/18:1/22:4; TG 18:1/18:2/20:1; TG
17:0/18:1/18:2; TG 18:2/18:2/22:4; TG 18:2/18:3/20:4. LPC — LPC 18:1; LPC 20:1; LPC 20:2.
CE — CE 18:1. AcylCer - AcylCer d18:1/24:1. PC — PC 16:1/18:2; PC 18:0/22:6; PC 18:0/20:3;
PC 16:0/18:1; PC 18:0/20:2; PC 20:1/20:4. HexCer — HexCer d18:1/23:0; HexCer d18:2/25:0.
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4. Discussion

In the present study, we investigated alterations in the blood plasma lipidome of
SOD1G93A rat model for ALS and WT littermates by an untargeted lipidomic approach
based on high resolution mass spectrometry. We found reliable evidence of significant
decrease of TG and glycerophospholipids species in symptomatic compared with
asymptomatic rats. Those lipids were associated with VLDL fractions. In contrast,
sphingolipids such as HexCer and AcylCer were found elevated in plasma and enriched

in HDL fractions.

Glycerophospholipids and triglycerides are abundant in blood plasma as major
component of lipoproteins (23). PC is the most abundant phospholipids in all
lipoproteins, specially HDL, while TG is majorily present in VLDL. In fact, PC carries
out a crucial and unique function, in that it is the only phospholipid currently known to
be required for lipoprotein assembly and secretion (24). In our study, decreased
phsopholipids such as PC species were mostly linked to omega-6 fatty acids, such as
linoleic acid (18:2) and arachidonic acid (20:4) and omega-3 fatty acid 22:6 (DHA).
Previous lipidomics analysis in CSF from ALS patients showed an -elevated
concentration of PC linked to 20:4 (6). This data may reflect the metabolic activity of
phospholipase A2 (PLAZ2), resulting in an increased production of lipid mediators, such
as eicosanoids that promote inflammation and are generally considered to play a role in
the pathophysiology of ALS (25). Whereas some authors have reported an association
between loss of motor neuron in spinal cord of ALS model mice and reduction of PC
linked to DHA (26), others have highlighted the significant increase of DHA in frontal

cortex of ALS patients relative to controls (26, 27).

Emerging evidence indicates high energy expenditure in SOD1G86R and G93A mice as

well as in sporadic ALS patients (3, 28, 29). As far as the energy deficit is observed in
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ALS, previous study reported increased peripheral clearance of TG-rich lipoprotein (4).
It is known that VLDL delivered TG to peripheral tissues (primarily muscle and adipose
tissue) for storage and energy production (30). In line with previous finds, our study
shows that circulating TG species linked to PUFA is drastically reduced in the
symptomatic ALS animals (4). The reduced TG levels were also found in post-mortem
human spinal cord (31) and CSF from ALS patients (6). This result might be attributed

to skeletal muscle hypermetabolism that use fatty acid oxidation for energy production

(4).

The levels of specific hexosylceramide and acylceramide species were largely increased
in symptomatic relative to asymptomatic animals. Emerging evidence suggests that
accumulation of sphingolipids play an important role in the pathogenesis of a number of
neurodegenerative (32-37) and metabolic diseases (38-40). Elevated plasma
sphingolipids levels were also reported for Alzheimer’s and Parkinson’s disease patients
(37, 41). Additionally, increased amounts of SM, Cer and glucosylceramides (GlcCer)
were also previously reported in the muscle, spinal cord and CSF of ALS patients (5,
22, 42). Sphingolipids are complex lipids, and are found associated with cellular
membranes and plasma lipoproteins (43). These lipids act as structural lipids, signaling
molecules or ligands form cells receptors. The causes behind the modification of
sphingolipids metabolism could be multiple. Sphingolipids are involved in key
pathways for ALS such as autophagy and protein clearance, cell survival, energy
metabolism and neuroinflammation (44, 45). An excess of ceramide thus induces
accumulation of lipids, triggers endoplasmic reticulum and lipotoxic stress (46).
However, there is growing evidence that cells convert the excess ceramides into
hexosylceramide in Golgi apparatus to prevent toxic accumulation of ceramides and

apoptosis (47, 48).
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Here, we described, for the first time, AcylCer species associated with plasma
lipoproteins, specially HDL. In support to these findings, AcylCer generation and
sequestration in lipid droplet were demonstrated in hepatocytes and liver of mice
subjected to a high-fat diet (49). The generation of AcylCer might possibly be
associated to another protective mechanism that removes ceramide from cellular
membranes thereby increasing the oxidative capacity of mitochondria (49). Our study

suggests that plasma AcylCer could serve as predictive markers for ALS progression.

In conclusion, our study underlines the power of untargeted lipidomic analysis for
plasma and pooled lipoprotein fractions lipidome of SOD1G93A rat model of ALS. The
major alterations in plasma of symptomatic rats were associated to TG,
glycerophospholipids, acylcer and hexosylceramide. The later two species were mostly
found in HDL-albumin fractions. Collectively, our results were consistent with recent
emerging evidences highlighting the importance of alteration of sphingolipids,
triglycerides and phospholipids metabolism in neurodegenerative disease. Of note, we
described for the first time AcylCer in plasma lipoprotein likely derived from liver.
Although the mechanisms involved in lipid alterations in ALS remain still unclear, our

study provides interesting insights to potential lipid targets for future studies of ALS.
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Supplementary information

Lipid nomenclature

AC, Acylcarnitine

AcylCer, Acylceramide

ADG, Alkyl-diacylglycerol

Cer, Ceramide

CE, Cholesteryl ester

FA, Free fatty acid

HexCer, Hexosylceramide,

LPC, Lysophophatidylcholine

LPE, Lysophophatidylethanolamine

PC, Phophatidylcholine

PE, Phophatidylethanolamine

Pl, Phosphatidylinositol

PA, Phosphatidic acid

PG, Phosphatidylglycerol

Sitosteryl, Sitosteryl ester

SM, Sphingomyelin

TG, Triglyceride



119

The ‘o—’ prefix is used to indicate the presence of an alkyl ether substituent (e.g. oPC),

whereas the ‘p-’ prefix is used for the alkenyl ether (plasmalogen) substituent (e.g.

pPC).
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Internal standard

1-heptadecanoyl-2-(9Z-tetradecenoyl)-sn-glycero-3-phospho-(1'-myo-inositol),

14:1/17:0

Cholest-(25R)-5-ene-3R,27-diol, 27-hydroxy-Cholesterol

1,2,3-Triheptadecanoylglycerol, TG 17:0/17:0/17:0

N-heptadecanoyl-D-erythro-sphingosylphosphorylcholine, SM d18:1/17:0

1,2-diheptadecanoyl-sn-glycero-3-phospho-(1’-rac-glycerol), PG 17:0/17:0

1,3 diheptadecanoyl-glycerol (d5)

N-decanoyl-D-erythro-sphingosine, Cer d18:1/10:0

N-heptadecanoyl-D-erythro-sphingosine, Cer d18:1/17:0

1,2-dimyristoyl-sn-glycero-3-phosphocholine, PC 14:0/14:0

Cholesteryl-d7 pentadecanoate, CE 15:0

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-(10Z-heptadecenoyl)-sn-glycero-3-phosphoethanolamine, LPE 17:1

These lipids were purchased from Avanti Polar Lipids (Alabaster, AL, USA)

1,2,3-trimyristoylglycerol, TG 14:/14:0/14:0

Cholesterol Decanoate, CE 10:0
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Methyl heptadecanoate, FA 17:0

These lipids were purchased from Sigma-Aldrich (St Louis, MO, USA)


https://www.restek.com/catalog/view/10469/35050
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Supplementary figures

= 801 El Sphingolipids
= Ml Glycerophospholipids
= M Sterol lipids
3 60 M Glycerolipids
E Bl |'atty acyl
g
= 40
=
=
=]
5
= 204
E
1=
Z
0
AP had » 4 &
4 a9
Pyt S
o« Qe?
»
%Gpé‘
WT 70 days Asymptomatic SOD1G93A
Others | b Others
Cam];?g/soterol b Pl Campesterol 0% LPC PC
. 1%
Sitosteryl ester. Sitosterylester
Ch
4%
WT 120 days Symptomatic SOD1G93A

Others FA LPC pc b

e Others |PC PC PI
° 2

Campesterol 0% 2% 505 305

1%

%
2% Sitosteryl ester. TG

Campesterol
1%

Supplementary Figure S1. Global lipidomic analysis of blood plasma. (A) Bar plot of
number of identified lipids in blood plasma of SOD1G93A rats and WT littermates. (B) Pie
diagrams for relative distribution of most abundant lipid classes in blood plasma of SOD1G93A
rats and WT littermates. Data are represented as % concentration (mean) of the lipid classes
related to the content of the respective group. Others: AcylCer, Cer, SM, LPE, oPE, pPE, oPC,
oPG, PG, campesterol, ADG and AC. Asymptomatic SOD1G93A (nh = 7); WT 70 days (n = 7),
symptomatic SOD1G93A (n = 12); WT 120 days (n = 15). Lipid nomenclature in
supplementary information.
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Supplementary Figure S2. Global lipidomic analysis of pooled lipoprotein fractions. (A)
Bar plot for number of identified lipids in pooled lipoprotein fractions from blood plasma of
symptomatic SOD1G93A rats and age-related WT littermates. (B) Principal Component
Analysis (PCA) score plot showing the spatial distribution of 202 lipid species identified in
pooled lipoproteins fractions. (C) Distribution of lipid classes of pooled lipoprotein fractions.
Symptomatic SOD1G93A (n = 3) and WT 120 days (n = 3).
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Supplementary methods

Response curve for factor response calculation

For quantification of lipids without matched-internal standard, we used a response curve
to correct the ionization differences between different lipid classes. To obtain the
response curve we constructed a calibration curve containing a mixture of internal
standard lipids as described below. Calibration curve was plotted at concentrations of
1.0, 0.5, 0.25, 0.125 and 0.0625 pg/mL in isopropanol. The response factors were
calculated as the ratio of the slope of calibration curve of individual lipid species to
slopes obtained for internal standard. Three replicate injections of each sample were
performed. Therefore, concentration of individual lipid classes was calculated from the
ratio of the peak area of lipid class to the peak area of internal standard multiplied by
the response factor. Parameters of response curve are described in Supplementary Table

S3.

Lipid composition of calibration curve

27-hydroxy-cholesterol

TG 17:0/17:0/17:0

LPC 17:0

CE 15:0

FA 17:0

P114:0/17:0

PC 17:0/17:0

PG 17:0/17:0
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LPE 17:1

D5 DG 17:0

All lipids were purchased from Avanti Polar Lipids
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Proteomic analysis of pooled lipoprotein fractions

Pooled lipoprotein fractions was assayed with a BCA-assay (1). According to the
manufacturer’s protocol (Thermo Scientific, Rockford, IL, USA). Samples were diluted
in 0.2% Rapigest SF (Waters Corporation, Milford, MA, USA), 50 mM ammonium
bicarbonate and reduced with DTT 5 mM (50°C for 30 min). Subsequently, samples
were alkylated with 15 mM iodoacetamide (ambient temperature, dark, 30 min).
Proteolytic digestion was performed with modified trypsin (gold grade, Promega,
Madison WI) at concentration 0.1 ug/ul (1:40) (37°C, 18 hours). Following digestion,
Rapigest SF was broken down by adding 0.5% formic acid (pH<2, 37°C, 45 min).
Peptide solutions were centrifuged (12,000 x g, 20min) and supernatant was collected.

LC-MS analyses were performed using ~ 0.2 pg of protein digest mixtures.

Nanoscale LC separations of tryptic peptides were performed with a NanoAcquity
system (Waters, Milfold, MA USA). Samples were loaded onto a Symmetry® C18 5
pm, 2 cm x 180 pum trap column (Waters, Milfold, MA USA). at a flow rate of 10
ul/min with 1%B prior to separation on Symemetry® C18 3.5 pm, 150 mm x 75 pm
column (Waters, Milfold, MA USA). The mobile phases comprised (A) 0.1% formic
acid and (B) acetonitrile with gradient elution of 1-35%B from 0 to 60 min; 35-90%B
from 60 to 61 min, holds at 90%B from 61 to 73 min and then 90-1%B from 73 to 74
min. The flow rate was 0.40 ul/min. Nano-electrospray ion source was operated at
2.4kV (ion spray voltage floating, ISVF), curtain gas 20, interface heater (IHT) 120, ion
source gas 1 (GS1) 3, ion source gas 2 (GS2) zero, declustering potential (DP) 80 V.
TOFMS and MS/MS data were acquired using information-dependent acquisition (IDA)
mode. For IDA parameters, a 100 ms survey scan in the m/z range of 300—2000 was
followed by 25 MS/MS ions in the m/zrange of 100-2000 acquired with an

accumulation time of 50 ms (total cycle time 1.4 s). Switch criteria included, intensity
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greater than 150 counts and charge state 2—5. Former target ions were excluded for 20 s.
Software used for acquisition and data processing were Analyst® and PeakView®
(Sciex, Concord, ON, CAN), respectively. For the protein coverage and modifications,
MASCOT software (Matrix Science, London, UK) was used against Rat Uniprot
revised and unrevised database. Parameters were set as follow: Carbamidomethyl (C) as
fixed modification, methionine oxidation as variable modification, MS error set as 20
ppm and MS/MS set as 0.05 Da. Trypsin was used to proteins cleavage with 3 missed

cleavages.
Reference

1. Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH, Provenzano MD, et al.
Measurement of protein using bicinchoninic acid. Analytical Biochemistry. 1985;150(1):76-85.
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Supplementary tables

Supplementary Table S1. Internal Standard (IS) used for the quantification in blood plasma.

IS Work concentration Normalized lipid classes Response factor*
(ng/plL)

Cer d18:1/10:0 10 HexCer
Cer
AcylCer

LPC 17:0 20 LPC
LPE 1.89
FA 4.17
PC 0.42
pPC
oPC
Pl 0.76
TG 0.78
ADG
CE 0.01
Sitosteryl ester 0.01
Campesterol 0.01
AC
Ch 0.78

PA 17:0/17:0 20 PA

PE 17:0/17:0 20 PE
pPE
oPE

PG 17:0/17:0 20 PG
oPG

SM d18:1/17:0 16 SM

*Response factors were determined as ratio of the slope (a) of lipid class to slope of internal
standard according to the procedures described in supplementary method. Parameters of
response curve are described in Supplementary Table S3.
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Supplementary Table S2. Internal Standard (IS) used for the quantification in pooled
lipoprotein fraction

IS Work concentration Normalized lipid Response factor*
(ng/pL) classes
Cer d18:1/17:0 10 AcylCer
Cer
SM d18:1/17:0 10 SM
PC 14:0/14:0 10 PC
oPC
pPC
PE 17:0/17:0 10 PE
pPE
PG 17:0/17:0 10 Pl 0.12
LPC 17:0 10 FA 4.17
LPC
Pl
TG 14:0/14:0/14:0 10 TG
CE 10:0 10 CE
Ch

Sitosteryl ester

Campesterol

*Response factors were determined as ratio of the slope (a) of lipid class to slope of internal
standard according to the procedures described in supplementary method. Parameters of
response curve are described in Supplementary Table S3.
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Supplementary Table S3. Parameter of response curve for individual lipid species in
negative and positive modes.

Lipid species a (Slopes) b (intercepts) r

Negative mode

PI114:1/17:0 48870 -1952 0.9917
PC 17:0/17:0 27380 26540 0.6031
PG 17:0/17:0 376500 -8653 0.9951
LPC 17:0 63930 -2138 0.9938
LPE 17:1 120900 -5356 0.9930
FFA 17:0 267100 -8769 0.9957

Positive mode

27-hydroxy-cholesterol 40760 -2876 0.9835
TAG 17:0/17:0/17:0 147000 1018 0.9591
CE 15:0 1951 -7.199 0.9520
D5 DAG 17:0 24140 505.9 0.9738
PC 17:0/17:0 244600 -1445 0.9876
LPC 17:0 188500 -8384 0.9931

Each lipid species is described by parameters of the linear dependence, y = ax + b, where y is
the peak area, x is the concentration, and r? is the regression coefficients. The values were
obtained from GraphPad Prism 5.0.
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Protein Accession Mr (Da) Peptides Matched Sequences Score Coverage (%) ID
Apo B-100 F1M6Z1 510801 132 61 943 16
Apo E AOA0G2K151 41573 74 15 1077 45
Apo A-I P04639 30100 36 11 296 52
ApoA-IV AOA0G2IVXT7 44335 36 12 204 43

Fraction 9-13 Apo H Q5I10M1 39743 29 10 315 34

VLDL

Apo C-111 AOA0G2K8Q1 11022 18 2 247 39
Apo C-11 (Predicted) G3Vv8D4 10688 14 3 377 32
Apo C-1 P19939 9854 7 3 77 22
Apo C-IV P55797 14807 7 4 56 24
Apo A-IV P02651 44429 112 24 1354 61
Rat apo E Q65ZS7 38359 92 17 1766 55
Apo A-l P04639 30100 87 18 1027 61
Apo B-100 F1M6Z1 510801 37 28 68 8
Clusterin (ApoJ) G3Vv836 52015 34 13 467 33

Fraction 14-20
ApoH Q5I0M1 39743 24 10 159 37 HDL (LDL contamination)
Apo A-ll P04638 11489 16 4 130 49
Apol C-11 (Predicted) G3Vv8D4 10688 14 3 306 32
Apo C-111 AOA0G2K8Q1 11022 8 1 200 19
Apo C-I P19939 9854 5 2 73 22



http://10.10.1.46/mascot/cgi/protein_view.pl?file=..%2Fdata%2F20181101%2FF004488.dat;_msresflags=3138;_msresflags2=10;ave_thresh=32;db_idx=1;hit=A0A0G2K151;px=1
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Supplementary Table S4. (Continued)

Protein Accession Mr (Da) Peptides Matched Sequences Score Coverage (%) ID
ApoH P04639 30100 62 18 511 65
Apo A-l Q5I0M1 39743 49 13 609 40
Rat apo E Q65ZS7 38359 42 11 352 31
Apo A-IV AOA0G2IVXT7 44335 20 10 132 32
Fraction 21-27 HDL (Albumin contamination)
Apo C-II (Predicted) Q6P7S6 52002 13 8 44 26
Apo C-111 P04638 11489 7 2 63 15
Apo A-ll G3Vv8D4 10688 4 1 71 9
Clusterin (ApoJ) AOA0G2K38Q1 11022 3 1 65 19

Parameters: Mascot search performed using Rat Uniprot revised and unrevised database. Trypsin was used to proteins cleavage (3 missed cleavages).
Carbamidomethyl (C) was used as fixed modification and methionine oxidation as variable modification. MS error set as 20 ppm and MS/MS set as 0.05 Da.
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Abstract

Amyotrophic lateral sclerosis (ALS) is an adult-onset neurodegenerative disease of
motor neurons in the central nervous system resulting in progressive muscle weakness,
paralysis, and finally death. Moreover, a population of patients with sporadic ALS
exhibits a generalized hypermetabolic state of as yet unknown origin. To address the
significant gap in knowledge regarding the effect of high-fat diet on the blood plasma
lipidome, we used untargeted lipidomics by mass spectrometry-based approach. We
analyzed blood plasma lipid profiles of SOD1G93A transgenic ALS fed a high-lard
diet, high-fish diet and control diet. We examined body weight gain, food intake and
survival in treated and disease controls. Multivariate analysis indicated differences in
dietary blood plasma profiles. High-lard diet and control diet altered phospholipids,
glycerolipids, acylcarnitines, hexosylceramides and acylceramides, while high-fish oil
diet altered only acylcarnitines and acylceramides in SOD1G93A rats in comparison to
WT controls. This is the first study showing that high-fat diet alters the plasma lipidome
of the SOD1G93A rat model of ALS. These findings indicate an interaction between
dietary fat consumption and ALS with widespread effects on the lipidome, which may

provide a basis for identification of ALS-specific related lipid biomarkers.

Keywords: high-fat diet, ALS, triglyceride, acylcaritine, acylceramide,

hexosylceramide
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Highlights
e Both high-lard and high-fish oil diets had the greatest effect on blood plasma

lipidome than disease.

e High-lard diet altered phospholipids, glycerolipids, acylcarnitines,
hexosylceramides and acylceramides, while high-fish oil diet altered only
acylcarnitines and acylceramides in SOD1G93A rats in comparison to WT

controls.

e Blood plasma lipidome analysis highlighted acylceramides as potential markers

of ALS.
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Abbreviation

See Supplementary Information for abbreviation of lipid classes.
ALS: amyotrophic lateral sclerosis

SOD1: Cu,Zn superoxide dismutase 1

LC-MS: liquid chromatography coupled to mass spectrometry

PUFA: polyunsaturated fatty acid



137

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease
characterized by selective degeneration of upper and lower motor neurons causing
relentlessly progressive weakness and wasting of skeletal muscle throughout the body
(1). Death usually occurs 3 to 5 years from symptom onset, usually from respiratory
paralysis (2). The cause of neuronal cell death is uncertain. Glutamate excitoxicity,
generation of free radicals, cytoplasmic protein aggregates combined with
mitochondrial dysfunction, and disruption of axonal transport processes through
accumulation of neurofilament intracellular aggregates are implicated in the
pathogenesis of ALS (3). A large portion of familial forms of ALS have been linked to a
mutation in the gene encoding the enzyme Cu/Zn Superoxide Dismutase 1 (SOD1), and
several rodent models that expressed disease related mutant SOD1 develop motor

neuron degeneration similar to that in humans (4).

Due the current lack of casual therapeutic options, increasing attention is being directed
towards prognostic factors in order to identify possible additional therapeutic targets.
Systemic metabolism is emerging as an important modifying factor in ALS. Of clinical
significance identification of a high body mass index acts as an independent positive
prognostic factor of ALS (5). Therefore, metabolic abnormalities such as increased
energy expenditure have been reported in some ALS patients and are being investigated
more intensively (6, 7). Higher levels of cholesterol, LDL, as well as an elevated
LDL/HDL ratio in ALS patient blood have been correlated with increased survival (8,
9). Conversely, similar increases in total cholesterol, LDL and HDL cholesterol in ALS
patient blood (10, 11) and cerebrospinal fluid (12) have not been found be correlated
with disease progression. Furthermore, a small number of studies contradict these

findings (13-15).
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Dietary interventions to treat ALS are attractive for several reasons. First, there is
evidence that malnutrition contributes to the weight loss that occurs as the disease
progresses (16). Malnutrition can be due to dysphagia from bulbar weakness, or it can
be due to a high energy expenditure reported in some studies (6, 7, 17). Second, several
studies have reported an association between body mass index and survival (6, 7, 16-
18). Body weight and therefore the prognosis of ALS patients can be improved by high-
caloric food supplements. In a retrospective cohort study of ALS patient using a high-
caloric food supplement resulted in improved survival (19). Similarly, in a prospective
study of ALS patients using a food supplement with high fat content might be more

effective than a supplement with high carbohydrate content (20).

Several studies have shown that high-fat diet can slow disease progression in the mutant
SOD1G93A mouse model. In these animals, a diet consisting of 38% carbohydrates,
47% fats, and 15% protein (by calorie content) increased the median survival time of
SOD1G93A by approximately 90% (21). In other study, a high fat diet consisting of
21% of butter fat and 0.15% cholesterol (by weight) increased the mean survival of
SOD1G86R mice by 20 days (22). Conversely, caloric restriction in the mutant SOD1
mouse model significantly reduced survival (23, 24). A ketogenic diet (consisting of
60% fat, 20% carbohydrate, and 20% protein) did not show a significant increase in
survival but an improvement in the rotarod performance was observed in SOD1G93A
mouse model (25). Additionally, treatment with caprylic acid (medium chain
triglycerides) appeared to improve mitochondrial function and motor neuron numbers in

the ALS mouse model, although it did not lead to overall increased survival (26).

Although the origin of this ALS hypermetabolism still remains unsolved, these
combined data point to metabolic perturbations as playing an important role in the

disease. To gain insight into this question, we evaluated the effects of high-lard and
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high-fish oil diets in plasma lipidome of SOD1G93A transgenic ALS lines. In
summary, this study provides a basis for identification of ALS-specific related lipid

biomarkers.

2. Materials and Methods

2.1. Materials

The lipids used as internal standards (described in supplementary information) were
purchased from Avanti Polar Lipids (Alabaster, AL, USA). Methyl tert-butyl ether
(MTBE), ammonium formate and ammonium acetate were purchased from Sigma-
Aldrich (St Louis, MO, USA). All HPLC grade organic solvents were obtained from
Sigma-Aldrich (St Louis, MO, USA). Ultra-pure water was supplied by a Millipore

system (Millipore, Billerica, MA, USA).

2.2. Animals and Diets

All animal experiments and procedures were conducted in conformity with local
Animal Care and Use Committee of University of Sao Paulo (CEUA number 41/2016).
Male SOD1G93A mutant transgenic rats were obtained from the Jackson Laboratory
and bred in our transgenic rat facility to generate SOD1G93A rats and wild type (WT)
control littermates. At 52 days of age animals placed on either a lard or fish oil diets
(caloric composition, fat 60%, carbohydrate 20%, protein 20%) or a standard rodent
laboratory diet (fat 10%, carbohydrate 70%, protein 20%) (27). Rats were kept under a
12-hr light/dark regiment and allowed ad libitum access to food and water. Rats were
weighed at the start of treatment, during treatment and at study end point. The study
endpoint was defined as meeting of the following conditions: loss of 15% of maximum
body weight and/or apparent muscle paralysis. Rats were fasted for 4h and anesthetized

by isoflurane inhalation at dose of 4% for induction and 2% for maintenance. Blood was
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collected by cardiac puncture into a tube containing heparin (BD, Franklin Lakes, NJ,
USA). Plasma was obtained after centrifugation at 2,000 x g for 10 min at 4°C and

stored at -80°C until further processing.
2.3. Lipidomic Analysis

A mixture of internal standards was added prior to lipid extraction for quantification of
all reported lipid species (Supplementary Information). Briefly, 80 pl of plasma were
mixed with 80 ul of a mixture of internal standards (Supplementary Table S1) and 240
ul of ice-cold methanol. After thoroughly vortexing for 10 s, 1 ml of MTBE was added
to the mixture, which was stirred for 1 h at 20°C. Next, 300 ul of water was added to the
mixture, followed by vortexing 10 s and resting in an ice bath for 10 min. After
centrifugation at 10,000 x g for 10 min at 4°C, the supernatant containing the lipid
extract was transferred to a vial and dried under N2 gas. The extracted lipids were re-

dissolved in 80 pl of isopropanol for LC-MS/MS analysis.

Lipids were analyzed by untargeted analysis using liquid chromatography (Nexera
UHPLC, Shimadzu, Kyoto, JAP) coupled to a TripleTOF6600 mass spectrometer
(Sciex, Concord, ON, CAN) with electrospray ionization (ESI) in both negative and
positive modes. Samples were injected into a CORTECS® column (UPLC C18 column,
1.6 ym, 2.1 mm i.d. 100 mm, Waters, Milford, MA, USA). The mobile phases were (A)
water/acetonitrile (60:40) and (B) isopropanol/acetonitrile/water (88/10/2) both with 10
mM ammonium acetate or ammonium formate for analysis in negative or positive
mode, respectively. The gradient was started from 40 to 100% B over the first 10 min,
held at 100% B from 10 to 12 min, and then decreased from 100 to 40% B during 12-13
min, and held at 40%B from 13 to 20 min. The flow rate was 0.2 ml/min and column
was maintained at 35°C. The MS was operated in Information Dependent Acquisition

(IDA®) mode with scan range set a mass-to-charge ratio of 100-2000 Da. Data were
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obtained in 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.
2.4. Data analysis

Lipid species detected were manually identified based on MS/MS fragments using
PeakView® (Sciex, Concord, ON, CAN) and annotated (identity, exact mass and
retention time) using an “in house” developed Excel® macro. The ESI negative mode
was primarily directed to identification of free fatty acids, glycerophospholipids and
sphingolipids, while the ESI positive was directed to identification of neutral lipids (e.g.
triglycerides). The area of each lipid species and internal standards were obtained by
integration of MS peak using MultiQuant® (Sciex, Concord, ON, CAN). The lipid
content of sample was determined by dividing the area of the lipid to the correspondent
internal standard, multiplying by concentration of internal standard and then dividing by
volume of sample. Concentration of lipids without internal standard was calculated
using the response factor relative to the standard PC (17:0/17:0) (Supplementary
Information). Lipid species were either annotated by sum composition (e.g. isobaric
species) or by molecular species composition. Lipid species annotated by molecular
composition are reported as [lipid class] [total number of carbons atoms in fatty acids
1]:[total number of double bonds in fatty acid 1]/ [total number of carbons atoms in
fatty acids 2]:[total number of double bonds in fatty acid 2]/ [total number of carbons
atoms in fatty acids 3 (only for TG)]:[total number of double bonds in fatty acid 3 (only

for TG) (e.g. PE 16:0/22:3, TG 16:0/18:1/18:2). The symbol “/” denotes only the fatty
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acids moieties of the lipid species, and not their sn-1, sn-2 and sn-3 positions on the

glycerol-backbone.

2.5. Statistical analysis

Univariate and multivariate analysis of the lipidomic data were performed using
Metaboanalyst 4.0 (28). Zero values in the data were imputed with half of the minimum
value of the corresponding lipid across all the samples. The dataset was glog-
transformed to prior statistical analysis. Statistical comparisons of total triglyceride,
acylcarnitine, acylceramide and hexosylceramide levels were evaluated by unpaired t-
test. Effect of high fat diet on longevity was assessed by the Kaplan-Meier survival with
“failure” defined as death of an animal. Animals’ body weight data were analyses by a
two-way repeated measure ANOVA followed by Bonferroni’s post hoc test. Differences
with p values less than 0.05 were considered statistically significant. Graphs were
generated using GraphPad Prism 5 (GraphPad Software Inc., San Diego, CA, USA) and

represented as the mean + standard deviation (SD).

3. Results

3.1. Effect of high-fat diet on body weight, food intake and survival

We first analyzed whether the different source of fat (lard or fish oil) in high-fat diets
differentially affect body weight gain, food intake and survival related to ALS
SOD1G93A rat model. The weight analysis revealed a significant weight gain in ALS
rats on high-lard diet compared to control diet only after 100 days of age (Figure 1A).
No change in weight seems to occur between ALS rats on high-fish oil diet and control
diet (Figure 1A). On the other hand, rats fed a high-lard and high-fish oil diets displayed

similar food intake but significantly lower compared to the rats fed control diet (Figure
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1B). Additionally, no significant effect on survival extension was observed in ALS rats

fed high-lard or high-fish oil diets relative to control diet (Figure 1C).
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Figure 1. Regulation of body weight gain, food intake and survival in high fat diet-fed ALS
SOD1G93A rats. (A) Modulation of body weight by high fat diet. Data are presented as mean +
SD. Symbols demote statistical significance of p<0.05. Significance by two-way ANOVA
followed by Bonferroni’s post-hoc test. (B) Effects of high fat diet on food intake. Food intake
was measured twice per week during 14 days of cumulative exposition. Food intake was
calculated as the difference between feed offered and left over. ***p<0.0001versus control diet.
Significance by one-way ANOVA followed by Bonferroni’s post-hoc test. (C) Line graph
shows Kaplan-Meier analysis of the probability of survival with age for SOD1G93A rats fed a
high fat diet. n=13 (control diet) and n=8 (high-lard and high-fish oil diets).

3.2 Plasma lipidomic signature of ALS SOD1G93A fed a high-fat diet

Principal component analysis (PCA) shows that rats fed a control diet segregates from
high-lard and high-fish oil diets along the first principal component (PC1) (Figure 2A).
This dimension, which explains about 68% of the variance, reveals that groups of

samples differ mainly according to diet type. In contrast, PC2 mainly explains high-fat
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diet-related differences, which high lard and high fish oil diets can be clearly
distinguished. Interestingly, WT and SOD1G93A samples overlap in the PCA reduced
space. Nevertheless, glycerophospholipids and glycerolipids such as triglycerides were

the major lipid classes involved in groups segregation (Figure 2B).
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Figure 2. Rats fed on a high fat diet showed distinct plasma lipid profile relative to control
diet. (A) Principal Component Analysis (PCA) of plasma lipidome. PC1 and PC2 clearly
segregate samples according to diet. (B) Loading plot obtained from PCA analysis.
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To further understand the disease-dependent changes affecting the lipidome of the
various high-fat diet treatments, we inspected the differences between the WT and ALS
rats using volcano plot (Figure 3). A major difference in the comparison between ALS
and WT rats on control diet is the decrease of triglycerides, lysophosphatidylcholine and
phosphatidylcholine species, and increase of hexosylceramides and acylceramide
species (Figure 3A). High-lard diet-fed rats showed largest differences in the number
and species of altered lipids in ALS relative to WT rats. The levels of sphingomyelin,
cholesteryl ester, acylcanitine, acylceramide, ceramide, hexosylceramide and
polyunsaturated triglycerides were increased, while lysophosphatidylcholine,
phosphatidylcholine, ~ phosphatidylethanolamine,  sphingomyelin  and  some
monounsaturated triglycerides were decreased in ALS rats on high lard diet (Figure 3B).
Additionally, a few lipid species comprising acylcarnitine and acylceramide were
markedly increased in ALS relative to WT rats on high fish oil diet (Figure 3C).
Interestingly, we found HexCer d18:1/23:0, HexCer d18:1/22:0 and LPC 20:2 altered in
control and high-lard diets, whereas AcylCer d18:1/24:1+20:4 was consistently
increased in all three diet treatments. This highlighted lipid species, specially AcylCer,

could be considered as an important marker of plasma lipid signature in ALS.
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Figure 3. Volcano Plot showing plasma lipidome differences in ALS SOD1G93A rats
compared to WT controls on diet treatments. (A) Control diet. (B) High-lard diet. (C) High-
fish oil diet. Lipids from the same class are represented with the same color. X-axis corresponds

to log2(Fold Change) and Y-axis to -log10(p-value). Lipid detected with a fold change above 2
and FDR adjusted p-value at or less than 0.05.
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3.3 Effect of high fat diets on plasma triglyceride, acylcarnitine, hexosylceramide

and acylceramide in ALS

Because energetic metabolism, mitochondrial dysfunction and sphingolipid metabolism
plays a central role in ALS, we also studied the effect of high fat diets on triglyceride,
acylcarnitine, hexosylceramide and acylceramide levels in SOD1G93A rat model.
Although specific triglycerides species were altered in plasma, as highlighted by
volcano plot, we found no statistical difference in total triglycerides content in ALS rats
relative to WT controls on whatever diet treatments (Figure 4A). In contrast, the plasma
acylcarnitine pool was considerably increased in ALS rats in comparison to WT
controls among three diets (Figure 4A and Supplementary Figure S1). This result
suggests a reduced capacity for fatty acid oxidation in SOD1G93A rats that may be

involved in the etiology of ALS.

Since plasma sphingolipids have been implicated in the pathogenesis of
neurodegenerative diseases (29), we determined the effect of a high-lard and high-fish
oil diets on blood plasma hexosylceramide and acylceramide levels. In comparison to
WT rats, total hexosylceramide levels were significantly increased in ALS rats on
control diet (Figure 4A). However, both high-lard and high-fish oil diets were not
statistically significant. Lipidomic profiling of individual hexosylceramide indicates the
largest increase of HexCer d18:1/22:0 and HexCer d18:1/23:0 species in ALS rats fed a
high control and high-lard diets in comparison to respective WT control (Figure 4B).
Interestingly, no differences were observed in these hexosylceramide species between
ALS rats and WT on high-fish oil diet. Additionally, total acylceramide levels were
increased in plasma ALS rats compared to WT placed on a control and both high fat
diets (Figure 4A). As showed above, AcylCer d18:1/24:1+20:4 was observed increased

in SOD1G93A rats relative to WT in all diet treatments (Figure 4B). In accordance to
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previous studies, our results reinforce the importance of sphingolipids in ALS

pathogenesis.
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Figure 4. Plasma triglyceride, acylcarnitine, hexosylceramide and acylceramide profiles.
(A) Total levels of triglyceride, acylcarnitine, hexosylceramide, acylceramide in blood plasma.
(B) Plasma concentration of hexosylceramide and acylceramide species. Values are means +
SD. *p<0.05, **p<0.001 and ***p<0.0001. Significance by unpaired t-test. n=13 (control diet)

and n=8 (lard and fish oil diet).
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4. Discussion

Given the ALS is associated with the metabolic syndrome, identifying mechanisms in
the pathogenesis of these disorders is crucial for the development of rational therapeutic
options. This alteration is accompanied by a decrease in adipose tissue, and
consequently a decrease in body mass during disease progression. While several studies
have highlighted effect of high fat diet in motor neuron performance, longevity, and
motor neuron counts, there have been few studies examining the effects of diet on the
plasma lipidome and their interaction between diet and disease. In this study we used
untargeted lipidomics to assess the effect of dietary fat consumption in ALS, and their
interaction at the level of the blood lipidome. We correlated changes in the blood

plasma lipidome to changes in the metabolic regulation of ALS.

A significant gain of weight was found in ALS rats fed a high-lard diet in comparison to
control diet, although the feed intake was significantly less than control diet. This result
suggests that high-lard diet fed animals gained weight during asymptomatic phase and
lost weight slower as the disease progressed without show hyperphagia which that may
due the high caloric density. In contrast, ALS rats fed a high-fish oil diet did not gain
weight or increase food consumption in comparison to the group fed a control diet
which this may be related to high caloric content or less palatability of diet. The highest
body weight gain in the lard group could be attributed to lard diet composition mostly in
saturated fatty acids and monounsaturated fatty acids, while fish oil diet was more
competent to maintain the body because of high levels of omega-3 polyunsaturated fatty
acids (30, 31). The proposed mechanism by which omega-3 PUFA may affect body
weight includes modulation in the expression of genes involved in the fat oxidation and
deposition (32). Similar to study performed by Zhao et al., we did not observe a

significant survival extension in ALS rats fed high-fat diets (25). In contrast, others
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studied reported an increase of the life expectancy of animals fed high-fat diets (22, 33).
This could be explained by a distinct composition and caloric content among high-fat
diets. From a clinical point of view, nutritional status is a prognosis for ALS survival,
and evidence suggests that nutritional management of individual patients may constitute
a primary treatment for the disease (22). Although several studies report a significant
delay and increased life expectance in ALS treated with high fat diet it is not known

which mechanisms lead to an improvement in the disease.

One of the most interesting findings of this study was that the effect of diet superseded
the effect of disease with regard to alterations in the blood plasma lipidome. These data
emphasize the need to characterize and stratify lipidomic alterations not only to diet, but
also to disease. The accentuated effect of diet on the lipidome between all three diet
treatments indicated distinct shifts in lipid composition, an interesting note since
glycerolipids composition were important to cluster the groups. With regard to disease,
ALS rats presented striking lipidomic responses to control diet-consumption while high-
lard diet had a more tapered shift, possibly a result of lard diet composition. In this
regard it is interesting to note that high-fish oil diet appears to be a major driver of
decreased differences between ALS rats relative to WT controls. Given the limitations
of the untargeted approach along with the number of lipids identified and use of relative
quantification in this study, we reported general lipidomic changes in blood plasma of
SOD1G93A rats and WT controls. In terms of lipid species, these alterations falling into
three classes: triglyceride (TG), acylcarnitine (AC), hexosylceramide (HexCer) and
acylceramide (AcylCer). Lipids changing showed a class-specific trend in terms of
differential lipid expression; however, most changes indicated species-specific

alterations.
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Lipidomic analysis demonstrated alterations in lipid classes within spinal cord,
cerebrospinal fluid and muscle of ALS patients and animal model where the majority of
reported changes encompass cholesteryl ester, glucosylceramides, phospholipids and
triglycerides (34-36). Moreover, previous work by our group has reported that
cholesteryl ester and cardiolipin were altered in spinal cord of ALS SOD1G93A rats
(Chaves-Filho, et al., manuscript submitted). On other hand, a fewer number of studies
have demonstrated a detailed alteration in blood plasma lipidome of ALS patients or
animal model (37, 38). Altered levels of saturated fatty acid were described in the cell
fraction of blood of ALS patients and higher content of monounsaturated fatty acids was
associated with higher survival (38). Additionally, Fergani et al. demonstrated a
markedly increased peripheral clearance of triglycerides-rich lipoproteins in
SOD1G93A mice model (37). In this study, we showed a trend toward decreased total
triglycerides levels in ALS rats. Likewise, specific triglyceride species were
significantly decreased in ALS rats fed a control and high-lard diets. However, rats fed a
high-fish oil diet did not show differences in triglycerides in blood plasma. Collectively,
animals fed high-fat diets did not have a prolonged life span as compared to the control
diet, possibly due to the fact that dietary treatments did not result in increased plasma
triglycerides levels. It should be pointed out that ALS patients with elevated triglyceride
and cholesterol serum levels have a prolonged survival (8) and a better functional status

(39). Others reports, however, failed to reproduce these finding (9, 15, 40).

Plasma acylcanitine levels were most affected by high-fish oil diet; however, it was
increased in ALS rats compared to WT controls irrespective of diet treatments. Thus,
plasma acylcarnitine profile can characterize the pattern of metabolism and may
indicate the presence of fatty acid oxidation and metabolism disruption (41).

Acylcarnitine is formed from carnitine and acyl-CoA by carnitine acyltransferase in
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mitochondria or peroxisomes (42). Acylcarnitine is generally considered a fatty acid
transport (C2-C26) and can be used to produce energy in the mitochondria or for the
synthesis of endogenous molecules (43). An increased concentration of acylcarnitine
has been linked to insulin resistance (44) and cardiovascular disease (45). Plasma
acylcarnitine concentration is determined by the nutritional status and contribution of
some specific tissues. Unlike short chain acylcarnitine, which are from glucose, amino
acids and fatty acid degradation produce medium chain acylcarnitine, and long chain
acylcarnitine are exclusively derived from fatty acids metabolism. Long chain fatty
acids are more commonly used by cardiac and skeletal muscle for energy production
(46). While some studies suggest that liver accumulates long chain acylcarnitine instead
of releasing into the plasma (47, 48), Villanueva group’s reported an elegant mechanism
whereby they have identified liver-derived long-chain acylcarnitines in plasma as a fuel
source for brown fat thermogenesis (49). In line with this finding, we hypothesized that
increase in plasma acylcarnitines is required as an adaptive mechanism to compensate
the hypermetabolism in ALS. Thus, monitoring acylcarnitines species should lead to a
better understanding of the mechanism of disease and allow for a better design of

treatment regimens.

Our analysis revealed that sphingolipids, including HexCer and AcylCer, were
discriminant between ALS and WT rats fed a control and high-lard diets. Overall, our
results revealing higher levels of HexCer in plasma blood of symptomatic ALS rats are
consistent with those of other studies that reported high levels of sphingomyelin and
glucosylceramide (GlcCer) in the CSF of ALS patients (34, 50). Furthermore,
ceramides and glucosylceramides in the spinal cord of ALS patients (35) have been
associated to increased gluco-cerebrosidade activity (51). Importantly, the authors

suggested that the higher level of glucosylceramide was not related to its synthesis but
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to the decreased expression of the palmitoyltransferase long-chain subunit 2 in ALS
motor neurons (52). It should be noted that ceramides have been associated not only
with apoptosis in response to cytotoxic humoral factors (53), but also with a self-
reparative process after injury (54), and with the synthesis of neurotropic gangliosides
(55). It has been also suggested that the accumulation of ceramide-derived agents may
be protective by reducing ceramide synthesis and increasing the entry of ceramides into
the glucosylceramide pathway, thus limiting the direct toxic effect on motor neurons
(51). Higher GlcCer and downstream glycosphingolipids levels have been also reported
in the muscle of ALS model mice as well as in other mice after muscle injury, and
GlcCer, Cer and gangliosides were also increased in spinal cord of ALS model mice
(36). These authors also observed the associated upregulation of glucosylceramide
synthase in the muscle of ALS model mice and in the CSF of ALS patients.
Importantly, for the first time, we reported acylceramides in plasma of rats (Pinto et al.,
manuscript in preparation). Here, we showed ALS rats even fed a high-lard or high-fish
oil diets have higher acylceramide levels compared to WT rats. Enhanced accumulation
of ceramide and acylceramide was described for the first time preferentially in the LDs
from steatotic liver of oleate high-fat diet-fed mice (56). We hypothesized that the
increased of ceramides into the acylceramide pathway may be a protective mechanism
that removes ceramide from cellular membranes and increase the oxidative capacity of
mitochondria. Hence, acylceramide generation might be a therapeutic link for treatment

of metabolic syndrome (56).

In conclusion, we demonstrated an interaction between dietary fat consumption and
ALS with widespread effects on the blood lipidome. The evidence supporting a disease-
modifying effect of dietary regimens on ALS is, however, less conclusive and warrants

further investigations. Collectively, these finding highlighted the need for additional
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studies to obtain comprehensive understanding of the lipidome with regard to dietary

changes.
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Supplementary information

Lipid nomenclature

AC, Acylcarnitine

AcylCer, Acylceramide

ADG, Alkyl-diacylglycerol

Cer, Ceramide

CE, Cholesteryl ester

FA, Free fatty acid

HexCer, Hexosylceramide,

LPC, Lysophophatidylcholine

LPE, Lysophophatidylethanolamine

PC, Phophatidylcholine

PE, Phophatidylethanolamine

Pl, Phosphatidylinositol

PA, Phosphatidic acid

PG, Phosphatidylglycerol

Sitosteryl, Sitosteryl ester

SM, Sphingomyelin

TG, Triglyceride
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The ‘o—’ prefix is used to indicate the presence of an alkyl ether substituent (e.g. oPC),

whereas the ‘p-’ prefix is used for the alkenyl ether (plasmalogen) substituent (e.g.

pPC).
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Internal standard

1-heptadecanoyl-2-(9Z-tetradecenoyl)-sn-glycero-3-phospho-(1'-myo-inositol), Pl

14:1/17:0

Cholest-(25R)-5-ene-3R,27-diol, 27-hydroxy-Cholesterol

1,2,3-Triheptadecanoylglycerol, TG 17:0/17:0/17:0

N-heptadecanoyl-D-erythro-sphingosylphosphorylcholine, SM d18:1/17:0

1,2-diheptadecanoyl-sn-glycero-3-phospho-(1’-rac-glycerol), PG 17:0/17:0

1,3 diheptadecanoyl-glycerol (d5)

N-decanoyl-D-erythro-sphingosine, Cer d18:1/10:0

N-heptadecanoyl-D-erythro-sphingosine, Cer d18:1/17:0

1,2-dimyristoyl-sn-glycero-3-phosphocholine, PC 14:0/14:0

Cholesteryl-d7 pentadecanoate, CE 15:0

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-(10Z-heptadecenoyl)-sn-glycero-3-phosphoethanolamine, LPE 17:1

These lipids were purchased from Avanti Polar Lipids (Alabaster, AL, USA)

1,2,3-trimyristoylglycerol, TG 14:/14:0/14:0

Cholesterol Decanoate, CE 10:0
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Methyl heptadecanoate, FA 17:0

These lipids were purchased from Sigma-Aldrich (St Louis, MO, USA)


https://www.restek.com/catalog/view/10469/35050
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Supplementary figure
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Supplementary Figure S1. Acylcarnitine concentration in blood plasma of ALS and
WT rats. Data are means + SD. *p<0.05, **p<0.001 and ***p<0.0001. Significance by
unpaired t-test. n=13 (control diet) and n=8 (lard and fish oil diet).
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Supplementary tables

Supplementary Table S1. Internal Standard (IS) used for the quantification in blood plasma.

IS Work concentration Normalized lipid classes Response factor*
(ng/plL)

Cer d18:1/10:0 10 HexCer
Cer
AcylCer

LPC 17:0 20 LPC
LPE 1.89
FA 4.17
PC 0.42
pPC
oPC
Pl 0.76
TG 0.78
ADG
CE 0.01
Sitosteryl ester 0.01
Campesterol 0.01
AC
Ch 0.78

PA 17:0/17:0 20 PA

PE 17:0/17:0 20 PE
pPE
oPE

PG 17:0/17:0 20 PG
oPG

SM d18:1/17:0 16 SM

*Response factors were determined as ratio of the slope (a) of lipid class to slope of internal
standard according to the procedures described in supplementary method. Parameters of
response curve are described in Supplementary Table S3.
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Supplementary Table S2. Internal Standard (1S) used for the quantification in pooled

lipoprotein fraction

IS Work concentration Normalized lipid Response factor*
(ng/pL) classes
Cer d18:1/17:0 10 AcylCer
Cer
SM d18:1/17:0 10 SM
PC 14:0/14:0 10 PC
oPC
pPC
PE 17:0/17:0 10 PE
pPE
PG 17:0/17:0 10 Pl 0.12
LPC 17:0 10 FA 4.17
LPC
Pl
TG 14:0/14:0/14:0 10 TG
CE 10:0 10 CE
Ch

Sitosteryl ester

Campesterol

*Response factors were determined as ratio of the slope (a) of lipid class to slope of internal
standard according to the procedures described in supplementary method. Parameters of
response curve are described in Supplementary Table S3.
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Supplementary Table S3. Parameter of response curve for individual lipid species in
negative and positive modes.

Lipid species a (Slopes) b (intercepts) r

Negative mode

PI114:1/17:0 48870 -1952 0.9917
PC 17:0/17:0 27380 26540 0.6031
PG 17:0/17:0 376500 -8653 0.9951
LPC 17:0 63930 -2138 0.9938
LPE 17:1 120900 -5356 0.9930
FFA 17:0 267100 -8769 0.9957

Positive mode

27-hydroxy-cholesterol 40760 -2876 0.9835
TAG 17:0/17:0/17:0 147000 1018 0.9591
CE 15:0 1951 -7.199 0.9520
D5 DAG 17:0 24140 505.9 0.9738
PC 17:0/17:0 244600 -1445 0.9876
LPC 17:0 188500 -8384 0.9931

Each lipid species is described by parameters of the linear dependence, y = ax + b, where y is
the peak area, x is the concentration, and r? is the regression coefficients. The values were
obtained from GraphPad Prism 5.0.
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3. Final remarks

Lipids are a diverse and ubiquitous group of compounds which have several biological
functions such as acting as structural components of cell membranes, serving as energy
storage source, participating in signaling pathways. Nonetheless, there is a staggering
number of studies evidencing that disruption of lipid homeostasis may affect several
pathological processes. For instance, lipid damage, especially polyunsaturated fatty
acids, by free radicals and reactive oxygen species plays an important role in cell
biology and human health. Indeed, lipid peroxidation involving production of
cardiolipin hydroperoxide is a hallmark of early apoptosis stage. Furthermore, lipid
peroxidation triggers neurodegeneration process. In this context, we propose to study
the role of lipid in protein aggregation involving cardiolipin and cholesterol
hydroperoxides (Chapter 1 and Chapter 2), and to study the lipid metabolism alterations

in blood plasma of a rodent model of ALS (Chapter 3 and Chapter 4).

In chapter 1, we estimated cytc reacts with CLOOH two orders faster than with H.O>
(9.58 + 0.16 x 10> Ms versus 5.91+ 0.18 x 10 Mis?, respectively). Binding analysis
revealed that most of cytc (ca. 96%) remains strongly attached to membranes containing
CLOOH even by increasing the ionic strength of the medium. Moreover, this binding
was further demonstrated to be time-dependent SDS-PAGE analysis, with dimeric and
trimeric species observed in the first 15 min and increased high molecular weight
aggregates formation afterwards. Using nLC-MS/MS, we have identified H26 and K72
consistently modified by 4-HNE, and K27, K73 and K88 modified by 4-ONE. For the
first time we identify dityrosine cross-linking between peptides at Y48-Y74, Y48-Y97
and Y74-Y97. Collectively, our findings suggest that CLOOH induce covalent

modifications of cytc, being an important mechanism of protein aggregation.
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In chapter 2, we showed that cholesterol hydroperoxide reacts with cytc promoting
changes in the structure of protein by increase of exposure of their hydrophobic sites. In
addition, mass spectrometry analysis of tryptic peptide digested from dimeric cytc
revealed dityrosine cross-linked peptides involving Y48, Y74 and Y97. In accordance to
previous study published by our research group, the mechanism by which protein
oligomerization occurs may be mediated by the formation of tyrosine radical that
subsequently recombines giving dimers and trimers. For instance, identification of these
modifications in vivo remains unknown. New approaches, such as cell culture could be
used to assess the role of cytc aggregates induced by lipid hydroperoxides, it would be

interesting uncover the role of these protein modification in biological perspective.

In Chapter 3, untargeted analysis performed by LC-MS/MS allowed us to characterize
the lipidome of plasma SOD1G93A rats, a model for ALS. Analysis of the plasma
showed that triglycerides esterified to long-chain polyunsaturated fatty acid were
profoundly decreased in the symptomatic rats, suggesting an increased
hypermetabolism and peripheral clearance. Moreover, glycerophospholipids species
were also significantly decreased. Interestingly, sphingolipids, particularly
hexosylceramide and acylceramide were found markedly elevated in the symptomatic
rats. Detailed lipidomic analysis of pooled lipoprotein revealed altered triglycerides and
glycerophospholipids species associated with VLDL, whereas acylceramide and
hexosylceramide were related to HDL. Collectively, our results were consistent with
recent emerging evidences highlighting the importance of alteration of sphingolipids
and triglycerides metabolism in ALS (Figure 1). Importantly, we described, for the first
time, acylceramide in blood plasma. Although the mechanism involving lipid alterations
still remains unclear, our study provides interesting insights to potential lipid targets for

further studies in ALS.
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In Chapter 4, based on the current evidence supporting the potential role of high-fat diet
intervention as therapeutic tool for ALS we evaluated the effect of high-lard and high-
fish oil diets in blood plasma lipidome of ALS rat model. Although the high-lard and
high-fish oil diets did not show significant survival extension in the ALS rats, a marked
change in the lipid profile was observed in plasma of rats fed a high-fat diet. Since high
plasma levels of triglycerides had a significantly positive effect on prognostic in ALS,
our data showed significant decrease in plasma triglycerides species in ALS rats fed a
high-fish oil diet. Acylcarnitine, acylceramide and hexosylceramide levels were
significantly altered in ALS rats compared to WT controls even on high-fat diet.
Importantly, our results suggest that acylceramide and acylcanitine could play an
important role in ALS pathophysiology. Furthermore, lipidomics will not only provide
insights into the specific functions of lipid in heath and disease, but also identify
potential biomarkers for establishing preventive or therapeutic programs for several
disease. In this thesis, emphasis is given to the discovery of potential lipid markers in
ALS studies that may provide insights into lipid profiling and pathophysiological

mechanism.
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Figure 1. Summary of alterations in lipid plasma metabolism of symptomatic
SOD1G93A rats, and how we hypothesize they may be related. We hypothesize that
muscle-induced hypermetabolism in ALS stimulates lipolysis in adipocyte tissue.
Increased fatty acid uptake in liver is required for acylcarnitine, acylceramide and
triglycerides production in the liver. Once in plasma, triglycerides are transported to
tissues by VLDL, while acylcarnitines are transported to tissues by plasma albumin as a
fuel source for peripheral tissue in rats. In addition, fatty acyl-CoA was utilized with
ceramide for the generation of acylceramides, poorly studied ceramide metabolite.

Acylceramides could be effluxed to circulation by HDL.
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APPENDIX
Supplementary results: lipid signature in peripheral tissues of rat model of

amyotrophic lateral sclerosis
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Figure 1. Global lipidomic analysis of peripheral tissue from SOD1G93A rats model of
ALS. (A) Lipid classes diversity in liver, plasma, heart and skeletal muscle from SOD1G93A
and WT rats. The bar graphs show the number of molecular species in each lipid classes
identified by untargeted analysis. (B) Score plot of PC1 and PC2 from PCA analysis
demonstrated of lipid profile of each tissue of SOD1G93A and WT rats. Abbreviation: AcylCer:
acylceramide, HexCer: hexosylceramide, SM: sphingomielyn, Cer: ceramide, CL: cardiolipin,
LPC: lysophosphatidylcholine, LPE: lysophosphatidylethanolamine, PC: phosphatidylcholine,
PDME: phosphatidyl-dimethylethanolamine, PE: phosphatidylethanolamine, PG:
phosphatidylglycerol, PI: phosphatidylinositol, PS: phosphatidylserine, PA: phosphatidic acid,
Ch: cholesterol, CE: cholesteryl ester, DG: diacylglycerol, TG: triglyceride, SE: sitosteryl ester,
ADG: alkyldiacylglycerol, CoQ: coenzyme Q, FA: free fatty acid, AC: acylcarnitine. The “0”
and “p” prefixes indicate the presence of alkyl or alkenyl ether substituent, respectively.
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Figure 2. Lipidomic analysis revealed a broad response in liver, plasma, heart and skeletal
muscle from SOD1G93A rats. The bar graphs provide a global view of lipid alteration in each
tissue. The y-axis represents the cut-off values for significant levels (log2FC), while the x-axis
represents lipid species comparing SOD1G93A versus WT rats (FC>2 and p-value FDR-
adjusted<0.05). AcylCer: acylceramide, HexCer: hexosylceramide, SM: sphingomielyn, Cer:
ceramide, CL: cardiolipin, LPC: lysophosphatidylcholine, LPE: lysophosphatidylethanolamine,
PC: phosphatidylcholine, PDME: phosphatidyl-dimethylethanolamine, PE:
phosphatidylethanolamine, PG: phosphatidylglycerol, Pl:  phosphatidylinositol, PS:
phosphatidylserine, PA: phosphatidic acid, Ch: cholesterol, CE: cholesteryl ester, DG:
diacylglycerol, TG: triglyceride, SE: sitosteryl ester, ADG: alkyldiacylglycerol, CoQ: coenzyme
Q, FA: free fatty acid, AC: acylcarnitine. The “0” and “p” prefixes indicate the presence of alkyl
or alkenyl ether substituent, respectively.
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