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Abstract

The human brain is a target of the aging process like other cell systems of the human
body. Specific regions of the human brain exhibit differential vulnerabilities to the
aging process. Yet the underlying mechanisms that sustain the preservation or
deterioration of neurons and cerebral functions are unknown. In this review, we focus
attention on the role of lipids and the importance of the cross-regionally different
vulnerabilities in human brain aging. In particular, we first consider a brief approach to
the lipidomics of human brain, the relationship between lipids and lipoxidative
damage, the role of lipids in human brain aging, and the specific targets of lipoxidative
damage in human brain and during aging. It is proposed that the restricted set of
modified proteins and the functional categories involved may be considered putative
collaborative factors contributing to neuronal aging, and that mitochondrial ATP

synthase is a key lipoxidative target in human brain aging.

1. Lipidomics of human brain

The natural history of lipids is related to the origin of life and evolution of
multicellularity [1]. The result is that all living organisms and cell types have lipid
membranes. Neurons and glial cells are not an exception. Indeed, lipids supported and
allowed the brain’s evolution toward complexity [2,3].

Among tissues of the human body, nervous tissue is one of the richest in lipid content,
representing 10-12% of the fresh weight and 50% of the dry matter [4]. In addition to
their quantitative relevance, lipids of the nervous system show great structural and
functional diversity, with most lipid categories represented in neural cells as
expressions of the different needs and functions ascribed to them which are related to
the generation of membranes, cell signaling, and energy storage [5,6].

A wide spectrum of functions, from motor to cognitive, are performed by human brain
thanks to the organization and activity of a diversity of neural cells in a multitude of
neuroanatomically and functionally different regions. It has been proposed that this
diversity among neural cells, and particularly neurons, is phenotypically achieved, at

least in part, through the expression of particular lipid profiles [6]. This region-



dependent lipidomic fingerprint can play a key role in the differing vulnerability to

aging exhibited by specific regions of the human brain [6-8].

1.1. Lipids in whole human brain

Whole adult human brain contains a large amount and diversity of lipid classes and
lipid molecular species. Thus, in addition to the presence of diverse phospholipid
classes, whole brain also contains a large portion of sphingolipid species, as well as a
great pool of cholesterol and cholesterol metabolites [4](see Figure 1). Specifically,
glycerophospholipids (Gpl) represent about 4.5 to 5.4% of wet weight (4.2% in the gray
matter and 7% in the white). Among Gpl, ethanolamine glycerophospholipids (EtnGpl)
are numerically the main phospholipid (35.6%) and most of these are ethanolamine
plasmalogen (PE(P-); 50-60%). The fatty acid profile of this lipid class indicates a large
content of polyunsaturated fatty acids (PUFAs), preferentially at sn-2 position [9,10].
The predominant form of choline glycerophospholipids (ChoGpl) is
phosphatidylcholine (PtdCho or PC; 32.8%), with PC(16:0/18:1) being the major
molecular species [9,11]. The choline plasmalogen (PC(P-))and the alkyl (PC(O-))
analogue account for only about 2% of total ChoGpl. The concentration of serine
glycerophospholipids (SerGpl) is about 16.6% of total phospholipids. They occur as
phosphatidylserine (PtdSer or PS; more than 90%) and serine plasmalogen (PS(P-)).
Regarding the fatty acid profile, they contain mainly stearic acid (18:0), oleic acid
(18:1n-9), and docosahexaenoic acid (DHA, 22:6n-3) [9,10]. Gray matter PSs are
particularly rich in DHA. Inositol glycerophospholipids (InoGpl) account for about 2.6%
of the total phospholipids. Phosphatidylinositol (PtdIno or PI) and triphosphoinositide
(PIP3) are the major lipids with only trace amounts of diphosphoinositide (PIP2), with
the main fatty acid components 18:0 and arachidonic acid (AA, 20:4n-6) [4,11].
Glycerophosphates (Gpl), and specifically phosphatidic acid (PA), occur in low
concentrations in brain (about 2% of total phospholipids). Finally,
diphosphatidylglycerol (cardiolipin), mainly located in brain mitochondria, represents
around 0.2% of phospholipids. The main fatty acids included in this phospholipid
fraction are palmitic acid (16:0), palmitoleic acid (16:1), 18:0, 18:1n-9, and linoleic acid
(18:2n-6), with minor representation, if present, of linolenic acid (18:3n-3) and AA

[4,12].



Sphingolipids are a group of complex lipids present in particularly large concentrations
in human brain. This group of lipids consists of sphingomyelin, cerebrosides, sulfatides,
and gangliosides. Sphingomyelin (SM) accounts for about 14.8% of sphingolipid
content. SM fatty acids are made up mainly of 18:0, lignoceric (24:0), and nervonic
(24:1) acids [11]. Cerebrosides amount to 15.8% of the total lipids, mostly as
galactosylceramide, and the fatty acid components characteristically contain hydroxyl
fatty acids (cerebronic (24h:0) and hydroxynervonic (24h:1)) which account for more
than 50% of the total fatty acids [11]. Sulfatides are the only sulfosphingolipid present
in brain, and they account for about 6.2% of total lipids of brain. The fatty acid
composition of sulfatides is similar to that of cerebrosides [11]. Finally, gangliosides
are particularly abundant in brain. Stearic acid (18:0) is the main fatty acid and forms

over 80% of the total ganglioside fatty acid content [4].

1.2. Lipid distribution in human brain: a cross-regional comparative approach

The complexity of the adult human brain is reflected by its 900 neuroanatomically
precise subdivisions [13]. Analogously to the finding that there are region-specific
transcriptomic [13] and proteomic [14] fingerprints, it may be proposed that the
lipidome of each brain structure or region is also different. In this line, some recent
studies have used a lipidomic approach to analyze the lipid profile of human brain grey
matter at the mitochondrial and microsomal levels in three different regions of the
human cerebral cortex: entorhinal cortex (EC), hippocampus (HP), and prefrontal
cortex (PFC) [15—17]. The results show that, independently of the subcellular fraction
and brain region, the three major phospholipid classes are, in this order: ChoGpl,
EtnGpl, and SerGpl. Overall, ChoGpls comprise around 43 to 55% of total phospholipids
(43% in HP; 50% EC; and 55% PFC), and the main molecular species are PC(16:0/18:1),
PC(16:0/16:0), and PC(18:0/18:1). EtnGpls represent about 28 to 36% of total
phospholipids (36% in HP; 32.1% EC; and 30% PFC), with the major molecular species
(in this order): PE(18:0/22:6), PE(18:0/20:4), PE(18:0/22:4), and PE(16:0/22:6). Finally,
SerGpls represent around 15 to 21% of total phospholipids (21% in HP; 18% EC; and
15% PFC), with the major molecular species (in this order): PS(18:0/22:6), and
PS(18:0/18:1). Other relevant (and minor) phospholipids at the mitochondrial level like



Pl and cardiolipin were not analyzed. Currently, however, no additional information is
available for a comprehensive atlas of the adult human brain lipidome.

From another approach, an interesting scenario can be drawn when cross-regional
differences in fatty acid profiles are considered. Fatty acids are prime components of
the structural diversity of lipids of any cell type, neural cells included. Indeed, with
different permutations of head group and fatty acids up to 10,000 theoretical lipid
molecular species can be generated [18]. Fatty acids also determine the functional
properties of lipids in brain which can be ascribed to their roles in the structural and
functional integrity of neuronal and glial cell membranes, the generation of lipid
signaling mediators, and the chemical reactivity of the acyl chains [6]. In this context, a
recent study analyzing the fatty acid composition of 12 differential regions of the adult
human central nervous system (from spinal cord to cerebral cortex) [19] found shared
traits such as an average chain length of 18 carbon atoms, and a relative distribution
between saturated (SFA) and unsaturated (UFA) fatty acids of 40:60 (see Table 1).
When we focused on specific fatty acids, the findings showed that the most differential
fatty acids are 18:1n-9, 20:1n-9, 20:4n-6, 22:4n-6, and 22:6n-3 [19](see Table 1).
Among these, the monounsaturated fatty acid (MUFA) 18:1n-9 is the most abundant
(with a cross-regional range from 24 to 36%), whereas 22:6n-3 and 20:4n-6 are the
most abundant PUFAs in all regions, ranging (together) from 5 to 16%. The finding that
DHA (22:6n-3) is the main PUFA present in brain regions is in line with previous
findings pointing up the very high level of DHA in the whole brain [4], but this is clearly
in contrast to spinal cord and medulla oblongata where the content is the lowest [19].
Interestingly, it was observed that the greater the presence of MUFAs in a given
region, the lower the PUFA content.

For specific cross-regional differences in DHA (22:6n-3) content, it is relevant to
mention that these differences are due to variations in desaturase and peroxisomal
beta-oxidation activity, enzymes involved in the PUFA biosynthesis pathway. And more
interestingly, this activity can be specifically ascribed to neurons [19]. Consequently,
the protein expression linked to PUFA biosynthesis supports the cross-regional
differences in fatty acid profiles and suggests the possibility that neurons can actively

maintain their own compositional profile.



2. Lipoxidative damage and human brain

2.1. Lipid oxidation and lipoxidation-derived molecular damage

Two traits of the membrane lipids determine their vulnerability to lipoxidative
damage: the physico-chemical properties of the membrane bilayer and the chemical
reactivity of the fatty acids that compose it [20,21]. The first property is based on the
preferential solubility of reactive species (e.g., free radicals) in the fluid lipid bilayer
instead of in aqueous solution [22,23]. The second and more relevant property is
related to the fact that PUFA residues of lipids (and particularly Gpl) are very sensitive
to oxidation, and this sensitivity increases as a function of the number of double bonds
per fatty acid molecule [24-26]. So, PUFA side chains (with two or more double bonds)
are much more easily damaged by reactive species than are MUFA (one double bond);
while SFA (no double bonds) are resistant to peroxidation.

Lipid peroxidation generates hydroperoxides and endoperoxides, which undergo
fragmentation to produce reactive intermediates with different carbons in length
called reactive carbonyl species (RCS). The most reactive RCS are a,B-unsaturated
aldehydes [4-hydroxy-2-nonenal (HNE) and acrolein], di-aldehydes [malondialdehyde
(MDA) and glyoxal], and keto-aldehydes [4-oxo-2-nonenal (ONE) and isoketals] [27—
30]. Special mention must be made of neuroketals (NKT) which are keto-aldehydes
formed by the non-enzymatic oxidation of the 22:6n-3 through the neuroprostane
pathway [31]. 2-Hydroxyheptanal and 4-hydroxyhexenal are other significant aldehydic
products of lipid peroxidation of PUFAs. Additional reactive compounds are the
cyclopentenone prostaglandins, levuglandins, or oxidized phospholipids, among others
[32]. Overall, these RCS are ubiquitously generated and have two unique properties: i)
a greater half-life compared with most reactive oxygen species (ROS); and ii) a non-
charged structure that allows them to migrate easily through hydrophobic membranes
and hydrophilic cytosolic media, thereby extending the migration distance far from the
generation site [21].

RCS react with nucleophilic groups in macromolecules (lipoxidation reactions) like
proteins [32,33], DNA [34], and aminophospholipids [35], resulting in their chemical,
and non-enzymatic modification. The outcome is the generation of a diversity of
adducts and intra- and inter-molecular cross-links collectively named Advanced

Lipoxidation Endproducts (ALEs) [32,33,36] (see Figure 2). Thus, by reacting with
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nucleophilic sites in proteins (belonging basically to Cys, Lys, Arg, and His residues),
RCSs generate ALE adducts such as MDA-Lys, HNE-Lys, NKT-lys, FDP-Lys,
carboxymethyl-lysine (CML), and S-carboxymethyl-cysteine, as well as the cross-links
glyoxal-lys dimer (GOLD), and lys-MDA-lys, among others. The accumulation of MDA
adducts on proteins is also involved in the formation of lipofuscin, a non-degradable
intralysosomal fluorescent pigment formed through lipoxidation reactions already
described in human neurons by Hannover in 1842 [37,38]. Most of these compounds
have been detected, characterized, and located (by mass spectrometry, redox
proteomics, and immunohistochemistry) in the human brain. RCSs can also react with
the exocyclic amino groups of deoxyguanosine, deoxyadenosine, and deoxycytosine to
form alkylated products. Guanine is the most prone and commonly modified DNA base
because of its high nucleophilicity, and MDA-deoxyguanosine (M1dG) is the most
common adduct. Finally, the amino group of aminophospholipids can also react with
RCS, leading to the formation of adducts such as MDA-PtdEtn, and carboxymethyl-
PtdEtn. The molecular consequences derived from ALE formation include protein
alterations in physico-chemical properties (e.g., conformation, charge, hydrophobicity,
and solubility), formation of intra- and inter-molecular protein crosslinks and
aggregates, loss of enzymatic activity, DNA damage and mutagenesis, and alterations
in physico-chemical and biological properties of the lipid bilayer [21,36].

Beside the cytotoxic effects, RCSs can also work as regulatory signals inducing adaptive
responses specifically designed to decrease lipoxidative damage and improve
antioxidant defenses [21,36,39]. Two of these mechanisms involved in the modulation
of oxidative stress by RCS are: i) the modification and activation of uncoupling proteins
(UCPs) by the RCS hydroxynonenal and the subsequent decrease in mitochondrial ROS
production [40,41], and ii) the activation of the antioxidant response signaling pathway
(Nrf2 pathway) that includes, among others, the expression of enzymes such as
glutathione-S-transferase (GST) specifically designed to detoxify reactive carbonyl
compounds [42,43], and GPx4 (phospholipid hydroperoxide glutathione peroxidase)
designed to restore reduced states of membrane fatty acids from phospholipids to

ensure membrane lipid homeostasis [44—47].

2.2. Cross-regional differences in vulnerability to lipoxidative damage
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The high concentration of PUFAs in neuronal and glial cell membrane Gpl not only
makes them prime targets for lipoperoxidative damage but also enables them to
participate in long free radical chain reactions. Thus, from a given membrane fatty acid
profile it is possible to calculate its peroxidizability index (PI) by combining this
composition with the relative susceptibility of individual fatty acids to peroxidation. So,
Pl is a measure of the relative susceptibility of a given membrane fatty acid
composition to peroxidative damage. The higher the value of P, the greater the
susceptibility of the membrane bilayer to lipid peroxidation [20,21].

Available evidence comparing 12 brain regions (spinal cord, medulla oblongata,
cerebellum, substantia nigra, thalamus, amygdala, striatum, entorhinal cortex,
hippocampus, temporal cortex, occipital cortex, and frontal cortex) reveals the
presence of cross-regional differences in the Pl in the human central nervous system
and, consequently, establishes a region-dependent vulnerability [19](see Table 1). In
order to learn whether these differences followed a specific pattern, the relationship
between the Pl and their distribution according to the main subdivisions of the
embryonic vertebrate brain following the caudal-cranial axis (from spinal cord to
cerebral cortex) was evaluated [19]. The results demonstrated that the higher (more
cranial) the brain region, the greater the Pl. However, a greater Pl is not necessarily
associated with a higher degree of molecular damage. In fact, the case is quite the
reverse. Thus, the higher the Pl of the analyzed regions, the lower the lipoxidation-
derived protein damage. This dissociation is due to the lower mitochondrial stress in
the superior brain regions, and better neuronal adaptive response mediated by the
antioxidant response-signaling pathway Nrf2 [19].

The cross-regional vulnerability differences have been also evidenced using a redox
proteomics approach. Thus, a recent study analyzed, by western blot, levels of protein
adduction by lipid peroxidation (LP) end-products neuroketal (NKT) and
malondialdehyde (MDA), as markers of protein lipoxidative damage, in twelve brain
regions in normal middle-aged individuals [48]. The findings demonstrated that the
degree of molecular damage is region-dependent. Reinforcing this observation,
another work using a redox proteomic profiling of neuroketal-adducted proteins in

three human brain regions also verified a differential regional vulnerability [49].



Together, available evidence confirm the existence of a region-dependent vulnerability
and the presence of cross-regional differences to lipoxidative damage in healthy adult

human brain.

3. Lipids and lipoxidative damage during human brain aging

3.1. Lipids and brain aging

The physiological aging process induces changes at all levels of the biological
organization which are offset by allostatic adaptive response mechanisms geared to
preserving the composition and function within homeostatic limits. The cell membrane
is not an exception, and, consequently, the longer the optimal membrane lipid
composition is maintained, the better the cell survival and function [50]. However,
deterioration in structure and function of the adult human brain during aging is not
uniform throughout the brain. Consequently, human brain aging must be considered
as a heterogeneous process probably subject to region-specific (and even cell-specific)
vulnerability. Yet, regional vulnerability is often ignored in the study of brain aging.
Regional vulnerability refers to the particular sensitivity of a given region to damage by
distinct noxious stimuli and to its specific capacity to respond with the appropriate
defenses. In this framework, it is plausible to hypothesize that cross-regional
differences in human brain lipid composition, in addition to differences in oxidative
stress conditions, could be responsible for this vulnerability which, in turn, leads to
different rates of aging.

Two early studies, from the 1950s and 1960s [51,52], both performed in whole brain
samples, offered the first evidence that the membrane lipid composition of the human
brain changes with aging. They found that the amount of total lipids decreased after
the second decade of life. Subsequent studies confirmed the occurrence of age-related
lipid alterations in different areas of human brain. Overall, the described changes are
aligned to the progressive and deleterious character of the aging process, and
demonstrate that concentrations of most lipids in the human brain decrease after the
age of 50. Nevertheless, the brain levels of different Gpls like PI, PE, and PC decrease
very slowly with age, with less than 10% loss in the period between 40 and 100 years
of age [53]. In another study, 10%-20% loss of Gpl in different brain regions (grey

matter, white matter, nucleus caudatus, hippocampus, pons, cerebellum, and medulla
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oblongata) was observed only in 90-year-olds compared to 35-year-olds, while
phospholipid composition in various brain regions remained unchanged during aging
[54]. In a similar way, another work found that the Gpl decrease starts slowly after age
20, and after age 80 becomes more pronounced, with no significant difference in lipid
profile between male and female brains [55,56]. It has been also described how PE(P-)
brain levels decrease 18% (till the age of 70) and 29% (till the age of 100), and SM brain
levels decrease 12% and 20% in the same time period, respectively [57]. The effect of
region-specific aging on brain cholesterol content has been also described. Thus, the
studies of Svennerholm et al [56] and Soderberg et al [54] reported a reduction in
cholesterol levels starting at 20 years of age in human frontal and temporal cortices, as
well as hippocampus, nucleus caudatus, medulla oblongata, and cerebellum.

More recent studies focused on the mitochondrial and microsomal lipidome of frontal
cortex, hippocampus, and entorhinal cortex of subjects from 20 to 100 years old [15—
17], showing that minor lipid molecular species of Gpl from PC, PE, and PS classes and
containing adrenic acid (22:4n-6) and AA specifically decreased along adult life in the
three regions of the cerebral cortex, whereas particular PC, PE, and PS containing DHA
increased or remained the same during the same period. Similarly, minor changes or
none at all were observed in the distribution of lipid classes and fatty acid composition
of lipid rafts from normal human frontal cortex throughout the human lifespan (24-85
years) [58].

An additional research line comes from studies focused on the analysis of the fatty acid
compositional profile in different regions of the human cerebral cortex such as
orbitofrontal cortex (OFC, Brodmann area 10) [59], prefrontal cortex [15], frontal
cortex (area 8) [60], entorhinal cortex [17], and hippocampus [16], in healthy subjects
ranging from 20 to 80 years old. No data are available from other regions of the human
central nervous system. The findings of these studies point to some basic ideas: i) a
general sustained and preserved fatty acid profile throughout the adult lifespan in
most studied regions; ii) maintenance or minor changes with age in the saturated and
monounsaturated fatty acid content; iii) decrease in the PUFA content from series n-6
with age, particularly affecting 20:4n-6 and 22:4n-6; and iv) maintenance or minor
increase in 22:6n-3 content during aging with eventual reduction at a very advanced

age.
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Sustained SFA, MUFA, and DHA content with age could be interpreted as an adaptive
response to aging to preserve neurons and cerebral function by helping to maintain
the geometric properties of lipids and, consequently, functional properties such as
exocytosis and membrane domain formation [5]. The meaning of changes (though
minor) in the average chain length and double bond index at advanced ages, which can
also influence the geometric properties of lipids and their functional properties,
remains to be explored. In contrast to these observations, decreases in PUFANn-6, and
particularly the 20:4n-6 and 22:4n-6 fatty acid content, could have biological effects in
that they are substrates for lipid mediators. Thus, one explanation for this finding lies
in the reported decline in the PUFA biosynthesis pathway [60]; but there is also
increased consumption by enzymes involved in anti-inflammatory pathways which
synthetize a diversity of compounds with neuroprotective properties to ensure cell
survival and functioning during normal aging [60]. For this reason it is proposed that
during normal human brain aging, the lipid profile is particularly resistant to changes
with age because they are under strict control to ensure neuronal survival and
function.

Overall, the available evidence suggests that major adult human brain lipids undergo
slight but progressive and significant changes in their concentrations and distribution
during the aging process. However, the individual contribution of these lipid patterns
to the aging process is as yet unknown. Therefore, a goal of future research is to define
which types of lipids change with age in the different human brain areas and how they
relate both to the function of the area and to the dysfunction leading to
neuropathology. Indeed, it is not yet known whether the changes in the confirmed
lipids represent neutral changes with age, changes causing physiological aspects of
aging, or rather are beneficial responses to damaging agents. In any case, the
described findings suggest that lipid species and their metabolism are closely linked to

human brain aging.

3.2. Cross-regional differences in lipoxidative damage during human brain aging
Although the membrane lipid composition is largely maintained to guarantee cell
survival and function, there is a continuous physiological lipoperoxidative attack on the

membrane, and this membrane becomes a source of carbonyl compounds with the
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ability to damage other cellular components. Consequently, it is suggested that
progressive lipoxidation-derived molecular damage is a conserved, central mechanism
of age-related functional decline in human brain.

Thus, recently, the first study analyzing selective and specific protein damage markers
by mass spectrometry in frontal cortex from healthy human covering a range of age
between 43 and 86 years old was published [61]. The results demonstrated that there
is an increase in the steady-state level of protein oxidative and lipoxidative damage in
human frontal cortex over the adult lifespan, with a breakpoint at 60 years of age (the
detected and quantified markers for protein oxidation were glutamic semialdehyde
and aminoadipic semialdehyde; and carboxymethyl-lysine (CML) and carboxyethyl-
lysine (CEL), for protein lipoxidation). This increase seems to be selective because
temporal trajectories for the steady-state level of markers derived from the non-
enzymatic modification of cysteine residues (carboxymethyl-cysteine, CMC; and
succinyl-cysteine, SC) remained unchanged with age. This dissociation in the behavior
of the different protein damage markers analyzed may be ascribed to the cellular
homeostatic mechanisms behind their formation. Thus, the increase in the oxidation
markers may reflect an increase in the net flux of free radical generation, but also a
decrease in the activity of protein turnover mechanisms; and for protein lipoxidation,
the increased levels can express an increased oxidative stress status (again free radical
generation and protein turnover), but also an increased level in the content of PUFAs
which act as substrate for the formation of RCS and these markers. In contrast, the
unchanged content in markers derived from cysteine modification may be an
indication of better preservation of cysteine residues and their functionality by specific
repair mechanisms over the adult lifespan—mechanisms which are absent for other
kind of markers. The presence of other kind of nonenzymatic modifications affecting
cysteine residues cannot be discarded.

In another recent work [49] the regional differences in the protein damage markers
derived from the RCS neuroketals (NKT) and malondialdehyde (MDA) in twelve brain
regions (frontal cortex area 8, parietal cortex area 7, inferior temporal cortex area 20,
occipital cortex 17-18, cingulate gyrus area 24, entorhinal cortex, hippocampus, head
of the caudate, anterior putamen, thalamus, substantia nigra, and upper vermis) in

two groups of individuals, middle-aged and old-aged, were analyzed. The middle-aged
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group presented no neuropathological lesions and the old-aged group presented
neurofibrillary tangles (NFT) pathology at stage I-ll considered consistent with normal
brain aging [62,63]. Steady state levels of these markers were also analyzed as a
function of age as continuous variables. The levels of NKT-modified proteins showed
discrete regional variations in old-aged human brain. NKT-protein adducts were
increased in frontal cortex, visual cortex, and substantia nigra, and reduced in
thalamus when comparing the two groups. However, only NKT-protein adduct levels in
the thalamus remained significantly decreased considering age as a continuous
variable. In addition, reduced NKT adducts with age were identified in the putamen.

In contrast to NKT, MDA-lys showed wide regional presentation in aged human brain.
Furthermore, this non-enzymatic modification affected more regions in old age when
compared with NKT. Five brain regions display increased MDA protein adduction in
old-aged individuals, including frontal cortex, parietal cortex, hippocampus, thalamus,
and putamen. Curiously, decreased levels of MDA adduction with age occur in
temporal cortex and entorhinal cortex when comparing middle-aged with old-aged
individuals. However, only increased MDA protein adduction in frontal cortex, parietal
cortex, and thalamus, and reduced MDA adduction in entorhinal cortex, remain
significant when considering age as a continuous variable. Significantly reduced MDA
adducts in the temporal cortex and increased adducts in the putamen were
additionally recognized. Interestingly, in addition to MDA-lys, lipofuscin shows a nearly
linear accumulation with age in the nervous system [64,65]. Whether regional
lipofuscin deposition parallels regional accumulation of MDA adducts invites additional
study.

So, the present findings show unexpectedly few variations restricted to certain brain
regions and mainly involving the production of MDA adducts. It would be interesting to
integrate trajectories of different variables like free radical production, changes in fatty
acid profile, and lipoxidative damage to explain the differential impact of aging

according to the brain region.

4. Selectivity of lipoxidation-derived molecular damage in human brain

4.1. Selective protein lipoxidation in human brain and during brain aging
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Although the steady state levels of ALEs in proteins increase in human brain in a
region-specific way during aging, such evidence does not elucidate the specific
mechanisms that cause losses in particular cellular/tissue functions. Is there a selective
pattern of lipoxidative protein damage? If true, what are the protein targets? Why this
pool of proteins (if any) is modified? What is the putative mechanism by which
selective protein damage plays a causal role in aging? Few studies have addressed
these questions.

The human transcriptomics study demonstrates the existence of 20,344 putative
protein-coding genes, with about 74% of these genes expressed in the brain compared
to other human tissues [66]. More specifically, in total 10,465 protein entries
(corresponding to 7797 protein-coding genes) have been detected and identified in
healthy human brain by mass spectrometry-based proteomics [67]. Assuming this
number of brain proteins, available evidence demonstrates that only 0.7 % of the
healthy adult brain proteome is lipoxidatively modified (71 proteins from 10465) (see
Table 2). Importantly, the degree of lipoxidative damage increases with age, and in all
the identified proteins increased lipoxidation is not due to a higher content of the
corresponding protein but rather to increased flux of protein damage. This small but
significant pool of lipoxidized protein probably will increase with time because i)
currently available studies are exclusively restricted to different areas of the human
cerebral cortex (e.g. parietal cortex, frontal cortex, temporal cortex, entorhinal cortex,
cingulate gyrus, and hippocampus), and ii) the ALEs detected are limited to those
derived from HNE, lipofuscin, MDA, and NKTs. Consequently, further studies extending
analyzed brain regions and the lipoxidation markers detected are needed to obtain a
more detailed view.

The potential selectivity of lipoxidation and its derived molecular damage is supported
by several works (some articles/reviews addressing the topic of the selectivity of
lipoxidation in different experimental models are [68—-71]. In proteomic studies,
frequently only a subset of proteins is found to get modified in a complex system, and
only one or a few residues become adducted in a given protein, generally, residues
with particularly low pKa or high reactivity. Also the structure of the modifying species

influences the selectivity of the modification.
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The structural characterization of the modified proteins in the healthy adult human
brain with PredictProtein software analysis (https://www.predictprotein.org/) reveals
some shared specific traits which may explain this specificity rendering proteins more
susceptible to oxidative damage [48]. Thus, i) the predominant structures of
lipoxidized proteins are alpha helix and loops, ii) most proteins (excepting cytoskeletal
proteins) are globular and form soluble coiled-shaped molecules with hydrophobic
groups at the core and exposed hydrophilic groups to the medium, and iii) among the
most recurrent amino acids encountered in the exposed regions is lysine, in addition to
glutamic acid and aspartic acid, a frequent target of non-enzymatic modification on
proteins.

Another factor that may be important in the selectivity of modified proteins is the
spatial location. Localization of proteins may make them more vulnerable as a result of
their environmental conditions. Positioning refers to a particular cell type or to a
subcellular compartment. From data in Table 2, an example of cell type-related
vulnerability is GFAP localized in astrocytes which are brain producers of DHA and its
lipid peroxidation derivatives. Regarding subcellular localization, several lipoxidized
proteins are located in the mitochondria, the principal source of damaging free
radicals; other proteins are located in membranes belonging to different subcellular
compartments or even cell membranes, which show a high content in PUFAs. In
contrast, other damaged proteins are those of the cytoskeleton, or they are located in
the growth cones, involved in neurotransmission, or present in synaptic vesicles. It is
worth stressing that axons and synaptic terminals have high bioenergetic demands
achieved by continuous mitochondrial activity and recruitment, and rapid energy
transduction. In addition, axons are radial structures with a small diameter in
comparison with the cell body which heightens the probability of stochastic
interactions between free radicals and membrane lipids, thus propitiating lipid
peroxidation and further non-enzymatic modification of proteins.

Overall, these observations show that i) the cerebral cortex in healthy adults contains
lipoxidized proteins, the levels of which vary among regions, ii) the ALE-modified
proteins increase in aged subjects, and iii) the selectivity of molecular damage is

associated with specific structural traits and spatial location.
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4.2. Functional clustering of lipoxidatively-damaged proteins

The identification of specific lipoxidation-modified proteins in the brain of adult and
aged subjects provides an overview of the selective cellular functions that are affected
during the aging process. The proteins listed in Table 2 show us the biological
processes affected by RCS-related protein damage. If we consider these molecular
pathways, we verify that energy metabolism (with 31% of modified proteins, n=22),
neurotransmission (including neuronal communication, synaptic plasticity, and other
processes) (with 25% of modified proteins, n=18), and cytoskeleton (17% of modified
proteins, n=12) are the main affected cellular functions. Other significant molecular
pathways involved but with a lesser number of modified proteins are proteostasis
(9.8%, n=7 modified proteins), antioxidants (5.6%, n=4), 0,/CO,/heme metabolism
(4.2%, N03), transport (4.2%, n=3), and signal transduction (2.8%, n=2).

There is an extensive evidence that energy metabolism is particularly affected during
aging [8,72-74]. The reported observations give some clues about the molecular
substrates of energy failure with aging after the identification of key proteins as
targets of lipoxidative damage including proteins of glycolysis ENO1, ENO2, ALDO A,
GAPDH, LDHB, PGK1, PGAM1, PKM, and TPI1; proteins of the tricarboxylic acid (TCA)
cycle ACO2, GLUD1, and MDH2; protein subunits of the mitochondrial electron
transport chain complexes COX5A, DLD, NDUFS3, and UQCRC1; and different protein
subunits of mitochondrial ATP synthase or complex V responsible for oxidative
phosphorylation. All of these proteins are components of coupled processes which are
necessary to fulfill the ATP requirements of cells. Neuronal activity is highly dependent
on these processes since, in normal conditions, glucose is the exclusive energy
substrate for the brain [75]. In addition, CKB and CKMT1A are in charge of rapid ATP
production from phosphocreatine reservoirs in response to acute increased energy
demands in neurons, but both proteins are also key players in the ‘phosphocreatine
circuit’ for cellular energy homeostasis [76]. Thus CKB and CKMT1A provide neurons
with a reservoir and also an alternative source of ATP to glycolysis, TCA cycle, and
respiration.

The second major biological process that is affected during aging based on the number
of lipoxidized proteins is neurotransmission [38,48,77-81]. The 18 affected proteins

are: GOT1, BASP1, CAMK2A, CLTC, CNP, DPYSL2, GLUL, CD47, LSAMP, PEBP1, YWHAG,
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YWHAE, YWHAZ, SYN1, SNAP25, STX1B, STXBP1, and VAMP2. These proteins are
involved in several functions such as neurotransmitter metabolism, axon growth and
guidance, growth cone collapse and cell migration, neuron differentiation, synaptic
transmission and plasticity, synaptic vesicle trafficking, signaling pathways, and
regulation transcriptional activity, among others. These modifications together with
those linked to the high energy demands make synapses especially vulnerable to
oxidative stress damage. Interestingly, these biological processes potentially affected
by the modified proteins are aligned with the concept that most of the functional
decline associated with normal brain aging is caused by relatively subtle changes such
as changes in the molecular profile of synapses, altered spine morphologies,
reductions in spine densities, or loss of dendrites [7,82].

Cytoskeletal proteins are also lipoxidized being the third major biological process with
a great number of modified proteins (n=12). The affected proteins are: beta-Actin,
dynamin 1, glial fibrillary acidic protein, neurofilament light polypeptide,
neurofilament medium polypeptide, spectrin alpha chain brain, spectrin beta chain
brain 1, thy-1 membrane glycoprotein, tubulin alpha 1B chain, tubulin beta chain,
tubulin polymerization-promoting protein (TPPP), and vimentin. Thus, proteins
belonging to the main components of cytoskeleton seem to be affected:
microfilaments, intermediate filaments, and microtubules. These findings are in line
with previous observations showing that neurofilaments are major targets of HNE
adduction in mice nervous system [83,84]. Consequently, general neuronal and glial
processes linked to cytoskeleton such as the cytoskeleton organization itself,
cytoskeleton-dependent intracellular transport, and maintenance of the integrity of
the microtubule network and microtubule-based processes can become dysfunctional
as a consequence of the non-enzymatic modification of their protein components. But
additional functions more specifically linked to neural cells which require cytoskeleton
integrity can also be affected secondarily to protein lipoxidation [7,82]. Among these
functions are vesicle trafficking, synaptic plasticity, axon guidance, development of the
central nervous system, maintenance of the neuronal caliber, and synaptogenesis.
Seven damaged proteins are involved in proteostasis. These proteins are: alpha-
crystallin B chain (heat shock protein B5) (CRYAB), elongation factor Tu (TUFM),
eukaryotic translation initiation factor 2A (EIF2A), heat shock protein 60KDa (HSPD1),
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heat shock protein 70KDa protein 1A (HSPA1A), protein/nucleic acid deglycase DJ-1
(PARK7?), and ubiquitin carboxyl-terminal hydrolase L1 (UCHL1). Whereas TUFM and
EIF2A are involved in protein biosynthesis and HSPD1 participates in mitochondrial
protein import and macromolecular assembly, folding of proteins, and apoptotic
process, the rest of the proteins (UCHL1, CRYAB, HSPA1A, and PARK7) play a relevant
role in oxidative stress homeostasis. Thus, UCHL1 participates in processing of
ubiquitin precursors and ubiquitinated proteins for proteasomal degradation [85], and
CRYAB shows chaperone-like activity and prevents aggregation of proteins under stress
conditions [86]. HSPA1A is a molecular chaperone involved in the protection of the
proteome from stress, playing a pivotal role in the protein quality control system,
ensuring the correct folding of proteins and the re-folding of misfolded proteins, and
controlling the targeting of proteins for subsequent degradation [87—89]. PARK7 is a
protein and nucleotide deglycase that catalyzes the degradation of adducts formed
between amino groups of proteins or nucleotides and RCS. Thus, it functions as a
protein repair system [90-93]. It deglycates cysteine, arginine, and lysine residues in
proteins, and thus reactivates these proteins by reversing non-enzymatic modification
by RCS. Analogously, it also functions as a nucleotide deglycase able to repair modified
guanine in the free nucleotide pool (GTP, GDP, GMP, dGTP) and in DNA and RNA.
Furthermore, it plays an important role in cell protection against oxidative stress and
cell death, acting as an oxidative stress sensor and redox-sensitive chaperone and
protease. And finally, it is involved in neuroprotective mechanisms linked to
mitochondrial uncoupling proteins, L-type channels, and inflammatory responses. So
the modified chaperones are deeply involved in maintaining neuronal oxidative stress
homeostasis. Assuming that nonenzymatic modifications are mostly linked to the loss
of function, it may be proposed that the inactivation of the modified chaperones
[85,92,94,95] are involved in brain aging by promoting cellular oxidative stress.
Reinforcing the dysfunction in oxidative stress homeostasis derived from the modified
chaperones, lipoxidation-derived damage also affects some antioxidant enzymes such
as carbonyl reductase (NADPH)1 (CBR1), hemeoxygenase 1 (HMOX1), manganese
superoxide dismutase (SOD2), and peroxiredoxin 6 (PRDX6). CBR1 participates in the
reduction of carbonyl compounds; HMOX1 has cytoprotective effects since an excess

of free heme sensitizes cells to undergo apoptosis; SOD2 destroys superoxide radicals
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generated by mitochondrial complex | and Il (the main cell generators of free radicals),
and PEDX6 has antioxidant properties.

Three proteins related to heme metabolism and O, and CO, regulation, biliverdin
reductase B (BLVRB), carbonic anhydrase (CA), and hemoglobin 1A (HB1A), are also
lipoxidatively damaged. CA participates in the conversion of CO; into bicarbonate and
participates in the transport of CO, out of the tissues. BLVDR regulates the final step in
heme metabolism, but it also regulates glucose metabolism and has neuroprotective
effects [96]. HBA1 is a component of hemoglobin, the role of which in the nervous
system is still poorly understood. Hemoglobin has been found in neurons where it
probably plays a role in O, transport or in the regulation of cytosolic neuronal O, [97].
Lipoxidative damage to these three proteins tags cell O, and CO, regulation as a target
of putative cellular respiratory dysfunction in the elderly.

Finally, molecular interactions of lipoxidized proteins in the human cerebral cortex
were explored to identify systems that may be indirectly impaired as a result of
primary protein lipoxidation and presumed loss of function. Ubiquitin C has been
identified as the central node of the network of interactions [48]. Ubiquitin
conjugation to proteins plays a cardinal role in the ubiquitin/proteasome system and
protein turnover which has been identified as being affected by aging [98,99]. Since
ubiquitin conjugation to target proteins occurs through the e-amino group of lysine,
RCS adduction of this group can restrain protein-ubiquitin interactions and then
hamper the degradation of altered proteins. In addition, 50% of the ubiquitin binding
sites are not involved in protein degradation by the ubiquitin/proteasome system
[100], thus suggesting that ubiquitin serves in other molecular pathways. If true,
several pathways can be deregulated as a result of altered ubiquitin conjugation with

lipoxidized proteins [101].

5. ATP-synthase is a key lipoxidative target in human brain aging

5.1. Human ATP-synthase structure and function

Mitochondrial dysfunction and energy metabolism deficiencies have been recognized

as molecular events in human brain aging and have been correlated with impairments
of cognitive abilities. ATP synthase is a macromolecular structure located in the inner

mitochondrial membrane and is the last complex (complex V) of the electron transport
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chain to play a key role in energy metabolism. Complex V has a central role in cellular
energy (as ATP) supply.

Human mitochondrial ATP synthase is a complex of 583 kDa. It is composed of 15
different protein subunits and organized into two domains: a membrane-extrinsic and
matrix-oriented F1 (371 kDa) catalytic domain, and a membrane-embedded FO (212
kDa) domain, the two connected by a peripheral and central stalk [102—106]. More
specifically, the FO domain is a trans-membrane channel that translocates protons and
F1, a synthase domain that binds to ADP and inorganic phosphate and synthesizes ATP
on its surface. The coupling between FO and F1 and coordination of conformational
changes of their subunits is critical for efficient ATP generation.

The F1 domain is composed of 5 subunits with a stoichiometry of a3B3yd¢; the
component (af)3 is the catalytic head and fundamental structure into which the ybe
central stalk rotor penetrates. The FO domain consists of 10 subunits: a, b, ¢, d, e, f, g,
OSCP (oligomycin sensitivity conferring protein), F6, and A6L. These subunits shape a
ring that shuttles protons across the membrane, forms the peripheral stalk connecting
the catalytic head to the membrane stator, and participates in the formation of ATP
synthase dimers [107] that self-assemble in longer ribbons important for cristae
formation [108,109].

FOF1 ATP synthase activity is regulated by several factors such as membrane
electrochemical potential, allostery, including ATPase inhibitory peptides, and protein
synthesis [102], as well as membrane lipid environment [110], and post-translational
modifications [111]. Interestingly, some of the functional properties of ATP synthase
and regulatory mechanisms are linked to the integrity of specific residues such as
lysine, arginine, and cysteine [102,110,111]. Thus, for instance, specific post-
translational and reversible modifications like acetylation and methylation play
important roles in ATP synthase regulation by modifying e-amino groups of lysine, with
the resulting conformational changes of the active sites and decreased enzymatic
activity [111]. In a similar way, the integrity of structural lysine residues is a key point
to promote the interaction with membrane lipids, particularly cardiolipin, in order to

ensure correct ATP synthase activity [110].

5.2. ATP-synthase as target of lipoxidative damage in human brain aging
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Available evidence demonstrates that ATP synthase is a systematically damaged key
protein. The lipoxidation-derived protein adducts described are formed from
hydroxynonenal, malondialdehyde, neuroketals, or lipofuscin (see Table 2).
Lipoxidation damage affects preferentially, but not exclusively, to subunits a and B (see
Table 2); although the specific residues targeted are still unknown. The
immunohistochemical studies suggest that the only cell type damaged are neurons
[80]; modified ATP synthase has been detected in different regions of the human
cerebral cortex, and this lipoxidation-derived protein damage increases in the elderly
[48,80,112].

This preferential and selective non-enzymatic modification of ATP synthase is related
to several factors such as structural traits, location, and functional characteristics that
can influence this specificity (see Figure 3). Concerning structural traits, it has been
demonstrated that the presence of alpha helices and loops, globular shapes that
additionally form soluble coiled-shaped molecules with hydrophobic groups to the
center and exposed hydrophilic groups, and the presence and exposure of amino acids
like lysine which are particularly vulnerable, render ATP synthase susceptible to
lipoxidative damage [48]. As to location, ATP synthase is a mitochondrial complex
located inside the inner membrane and oriented toward the mitochondrial matrix.
Thus, ATP synthase is exposed to a potentially dangerous environment because of
proximity to the main generators of free radicals (mitochondrial complex | and Ill) at
the cellular level, and its insertion in a lipid bilayer highly enriched in PUFAs.

The non-enzymatic modification of the specific subunits a and B probably changes
ATP-synthase conformation, leading to the inactivation of the complex and defects in
ATP synthesis. It has been demonstrated that ATP synthase activity is decreased in the
cerebral cortex of aged individuals [80]. Importantly, ATP synthase lipoxidation and its
loss of activity are not accompanied by reduced total expression levels of this protein
[80]. In fact, it is documented that ATP synthase content does not change with age
[61]. Therefore, the non-enzymatic and irreversible modification by carbonyl
compounds derived from lipid peroxidation of ATP synthase likely explains their
reduced activity and reduced ATP levels during the human brain aging process.
Furthermore, this loss of ATP synthase activity can affect the electron transport chain,

inducing a mitochondrial dysfunction leading to increased reactive oxygen species
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production, and consequently impairment, in cellular oxidative stress conditions, with

the subsequent neuronal damage.

6. Conclusions

Overall, the available evidence provides robust information about increased steady
state levels of protein damaged by lipoxidation reactions with aging in a region-specific
way which may compromise vital cell functions such as energy metabolism,
neurotransmission, cytoskeleton, proteostasis, antioxidants, and O,/ CO,/heme
homeostasis. Post-translationally modified proteins resulting from lipoxidative damage
may be considered putative collaborative factors contributing to neuronal aging.
Protein vulnerability to non-enzymatic modifications is related to the particular
structural traits and spatial location at the subcellular level. Mitochondrial ATP
synthase is a key lipoxidative target in human brain aging. Importantly, since
lipoxidative damage to proteins is already identified in middle-aged normal individuals
and increases physiologically in the elderly, it seems reasonable to act upon the
appropriate free radical-producing targets and lipid metabolism at the appropriate

middle-age window.

22



Acknowledgements

I.P. received predoctoral fellowships from the University of Lleida. We thank T.

Yohannan for editorial help.

Funding

Research by the authors was supported by the Spanish Ministry of Economy and
Competitiveness, Institute of Health Carlos Il (FIS grants P114/00757 and P114/00328),
and the Autonomous Government of Catalonia (2017SGR696) to I.F. and R.P. This
study was co-financed by FEDER funds from the European Union (‘A way to build

Europe’).

Author Contributions

The manuscript was written by M.J., I.P., M.D-G,, I.F., and R.P., and edited by R.P.

Notes

The authors declare no competing financial interest.

23



Bibliography

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

[11]

J. Lombard, P. Lopez-Garcia, D. Moreira, The early evolution of lipid membranes
and the three domains of life, Nat. Rev. Microbiol. 10 (2012) 507-515.
doi:10.1038/nrmicro2815.

C.L. Broadhurst, Y. Wang, M.A. Crawford, S.C. Cunnane, J.E. Parkington, W.F.
Schmidt, Brain-specific lipids from marine, lacustrine, or terrestrial food
resources: potential impact on early African Homo sapiens., Comp. Biochem.
Physiol. B. Biochem. Mol. Biol. 131 (2002) 653—73.
http://www.ncbi.nlm.nih.gov/pubmed/11923081 (accessed October 9, 2018).

M.A. Crawford, C. Leigh Broadhurst, M. Guest, A. Nagar, Y. Wang, K.
Ghebremeskel, W.F. Schmidt, A quantum theory for the irreplaceable role of
docosahexaenoic acid in neural cell signalling throughout evolution,
Prostaglandins, Leukot. Essent. Fat. Acids. 88 (2013) 5-13.
doi:10.1016/j.plefa.2012.08.005.

P.S. Sastry, Lipids of nervous tissue: composition and metabolism., Prog. Lipid
Res. 24 (1985) 69-176. http://www.ncbi.nlm.nih.gov/pubmed/3916238
(accessed October 9, 2018).

D. Piomelli, G. Astarita, R. Rapaka, A neuroscientist’s guide to lipidomics, Nat.
Rev. Neurosci. 8 (2007) 743-754. doi:10.1038/nrn2233.

A. Naudi, R. Cabré, M. Jové, V. Ayala, H. Gonzalo, M. Portero-Otin, I. Ferrer, R.
Pamplona, Lipidomics of Human Brain Aging and Alzheimer’s Disease Pathology,
Int. Rev. Neurobiol. 122 (2015) 133—189. doi:10.1016/BS.IRN.2015.05.008.

M.P. Mattson, T. Magnus, Ageing and neuronal vulnerability, Nat. Rev. Neurosci.
7 (2006) 278-294. d0i:10.1038/nrn1886.

M. Jové, M. Portero-Otin, A. Naudi, I. Ferrer, R. Pamplona, Metabolomics of
Human Brain Aging and Age-Related Neurodegenerative Diseases, J.
Neuropathol. Exp. Neurol. 73 (2014) 640-657.
doi:10.1097/NEN.0000000000000091.

J.S. O’Brien, E.L. Sampson, Lipid composition of the normal human brain: gray
matter, white matter, and myelin., J. Lipid Res. 6 (1965) 537—-44.
http://www.ncbi.nlm.nih.gov/pubmed/5865382 (accessed December 3, 2018).

R.V Panganamala, L.A. Horrocks, J.C. Geer, D.G. Cornwell, Positions of double
bonds in the monounsaturated alk-1-enyl groups from the plasmalogens of
human heart and brain., Chem. Phys. Lipids. 6 (1971) 97-102.
http://www.ncbi.nlm.nih.gov/pubmed/5557221 (accessed December 3, 2018).

G. Rouser, C. Galli, G. Kritchevsky, Lipid class composition of normal human
brain and variations in Metachromatic Leucodystrophy, Tay-Sachs, Niemann-
Pick, Chronic Gaucher’s and Alzheimer’s diseases., J. Am. Oil Chem. Soc. 42
(1965) 404-10. http://www.ncbi.nlm.nih.gov/pubmed/14324330 (accessed

24



[12]

(13]

(14]

[15]

[16]

[17]

December 3, 2018).

Z.Z. Guan, M. Soéderberg, P. Sindelar, C. Edlund, Content and fatty acid
composition of cardiolipin in the brain of patients with Alzheimer’s disease.,
Neurochem. Int. 25 (1994) 295-300.
http://www.ncbi.nlm.nih.gov/pubmed/7833797 (accessed December 3, 2018).

M.J. Hawrylycz, E.S. Lein, A.L. Guillozet-Bongaarts, E.H. Shen, L. Ng, J.A. Miller,
L.N. van de Lagemaat, K.A. Smith, A. Ebbert, Z.L. Riley, C. Abajian, C.F.
Beckmann, A. Bernard, D. Bertagnolli, A.F. Boe, P.M. Cartagena, M.M.
Chakravarty, M. Chapin, J. Chong, R.A. Dalley, B.D. Daly, C. Dang, S. Datta, N.
Dee, T.A. Dolbeare, V. Faber, D. Feng, D.R. Fowler, J. Goldy, B.W. Gregor, Z.
Haradon, D.R. Haynor, J.G. Hohmann, S. Horvath, R.E. Howard, A. Jeromin, J.M.
Jochim, M. Kinnunen, C. Lau, E.T. Lazarz, C. Lee, T.A. Lemon, L. Li, Y. Li, J.A.
Morris, C.C. Overly, P.D. Parker, S.E. Parry, M. Reding, J.J. Royall, J. Schulkin, P.A.
Sequeira, C.R. Slaughterbeck, S.C. Smith, A.J. Sodt, S.M. Sunkin, B.E. Swanson,
M.P. Vawter, D. Williams, P. Wohnoutka, H.R. Zielke, D.H. Geschwind, P.R. Hof,
S.M. Smith, C. Koch, S.G.N. Grant, A.R. Jones, An anatomically comprehensive
atlas of the adult human brain transcriptome, Nature. 489 (2012) 391-399.
doi:10.1038/nature11405.

M.-S. Kim, S.M. Pinto, D. Getnet, R.S. Nirujogi, S.S. Manda, R. Chaerkady, A.K.
Madugundu, D.S. Kelkar, R. Isserlin, S. Jain, J.K. Thomas, B. Muthusamy, P. Leal-
Rojas, P. Kumar, N.A. Sahasrabuddhe, L. Balakrishnan, J. Advani, B. George, S.
Renuse, L.D.N. Selvan, A.H. Patil, V. Nanjappa, A. Radhakrishnan, S. Prasad, T.
Subbannayya, R. Raju, M. Kumar, S.K. Sreenivasamurthy, A. Marimuthu, G.J.
Sathe, S. Chavan, K.K. Datta, Y. Subbannayya, A. Sahu, S.D. Yelamanchi, S.
Jayaram, P. Rajagopalan, J. Sharma, K.R. Murthy, N. Syed, R. Goel, A.A. Khan, S.
Ahmad, G. Dey, K. Mudgal, A. Chatterjee, T.-C. Huang, J. Zhong, X. Wu, P.G.
Shaw, D. Freed, M.S. Zahari, K.K. Mukherjee, S. Shankar, A. Mahadevan, H. Lam,
C.J. Mitchell, S.K. Shankar, P. Satishchandra, J.T. Schroeder, R. Sirdeshmukh, A.
Maitra, S.D. Leach, C.G. Drake, M.K. Halushka, T.S.K. Prasad, R.H. Hruban, C.L.
Kerr, G.D. Bader, C.A. lacobuzio-Donahue, H. Gowda, A. Pandey, A draft map of
the human proteome, Nature. 509 (2014) 575-581. d0i:10.1038/nature13302.

S.E. Norris, M.G. Friedrich, T.W. Mitchell, R.J.W. Truscott, P.L. Else, Human
prefrontal cortex phospholipids containing docosahexaenoic acid increase
during normal adult aging, whereas those containing arachidonic acid decrease,
Neurobiol. Aging. 36 (2015) 1659-1669.
doi:10.1016/j.neurobiolaging.2015.01.002.

S.E. Hancock, M.G. Friedrich, T.W. Mitchell, R.J.W. Truscott, P.L. Else, Decreases
in Phospholipids Containing Adrenic and Arachidonic Acids Occur in the Human
Hippocampus over the Adult Lifespan, Lipids. 50 (2015) 861-872.
doi:10.1007/s11745-015-4030-z.

S.E. Hancock, M.G. Friedrich, T.W. Mitchell, R.J.W. Truscott, P.L. Else, The
phospholipid composition of the human entorhinal cortex remains relatively
stable over 80 years of adult aging, GeroScience. 39 (2017) 73-82.

25



(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

doi:10.1007/s11357-017-9961-2.

L. Yetukuri, K. Ekroos, A. Vidal-Puig, M. Oresic¢, Informatics and computational
strategies for the study of lipids, Mol. Biosyst. 4 (2008) 121-127.
doi:10.1039/b715468b.

A. Naudi, R. Cabré, M. Dominguez-Gonzalez, V. Ayala, M. Jové, N. Mota-
Martorell, G. Pifiol-Ripoll, M.P. Gil-Villar, M. Rué, M. Portero-Otin, |. Ferrer, R.
Pamplona, Region-specific vulnerability to lipid peroxidation and evidence of
neuronal mechanisms for polyunsaturated fatty acid biosynthesis in the healthy
adult human central nervous system., Biochim. Biophys. Acta. 1862 (2017) 485—
495, doi:10.1016/j.bbalip.2017.02.001.

A.J. Hulbert, R. Pamplona, R. Buffenstein, W.A. Buttemer, Life and Death:
Metabolic Rate, Membrane Composition, and Life Span of Animals, Physiol. Rev.
87 (2007) 1175-1213. doi:10.1152/physrev.00047.2006.

R. Pamplona, Membrane phospholipids, lipoxidative damage and molecular
integrity: A causal role in aging and longevity, Biochim. Biophys. Acta. (2008)
1249-1262. doi:10.1016/j.bbabio.2008.07.003.

M. Moller, H. Botti, C. Batthyany, H. Rubbo, R. Radi, A. Denicola, Direct
measurement of nitric oxide and oxygen partitioning into liposomes and low
density lipoprotein., J. Biol. Chem. 280 (2005) 8850—4.
doi:10.1074/jbc.M413699200.

A. Gamliel, M. Afri, A.A. Frimer, Determining radical penetration of lipid bilayers
with new lipophilic spin traps, Free Radic. Biol. Med. 44 (2008) 1394-1405.
doi:10.1016/j.freeradbiomed.2007.12.028.

R.T. Holman, Autoxidation of fats and related substances, Prog. Chem. Fats
Other Lipids. 2 (1954) 51-98. doi:10.1016/0079-6832(54)90004-X.

B.H. Bielski, R.L. Arudi, M.W. Sutherland, A study of the reactivity of HO2/02-
with unsaturated fatty acids., J. Biol. Chem. 258 (1983) 4759-61.
http://www.ncbi.nlm.nih.gov/pubmed/6833274 (accessed December 16, 2017).

H. Yin, L. Xu, N.A. Porter, Free Radical Lipid Peroxidation: Mechanisms and
Analysis, Chem. Rev. 111 (2011) 5944-5972. doi:10.1021/cr200084z.

H. Esterbauer, R.J. Schaur, H. Zollner, Chemistry and biochemistry of 4-
hydroxynonenal, malonaldehyde and related aldehydes., Free Radic. Biol. Med.
11 (1991) 81-128. http://www.ncbi.nlm.nih.gov/pubmed/1937131 (accessed
October 9, 2018).

A. Catal3, Lipid peroxidation of membrane phospholipids generates hydroxy-
alkenals and oxidized phospholipids active in physiological and/or pathological
conditions, Chem. Phys. Lipids. 157 (2009) 1-11.
doi:10.1016/j.chemphyslip.2008.09.004.

P. Zimniak, Relationship of electrophilic stress to aging, Free Radic. Biol. Med. 51

26



(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

(2011) 1087-1105. doi:10.1016/j.freeradbiomed.2011.05.039.

K.S. Fritz, D.R. Petersen, An overview of the chemistry and biology of reactive
aldehydes, Free Radic. Biol. Med. 59 (2013) 85-91.
doi:10.1016/j.freeradbiomed.2012.06.025.

N. Bernoud-Hubac, S.S. Davies, O. Boutaud, T.J. Montine, L.J. Roberts, Formation
of Highly Reactive y-Ketoaldehydes (Neuroketals) as Products of the
Neuroprostane Pathway, J. Biol. Chem. 276 (2001) 30964—30970.
doi:10.1074/jbc.M103768200.

R.M. Domingues, P. Domingues, T. Melo, D. Pérez-Sala, A. Reis, C.M. Spickett,
Lipoxidation adducts with peptides and proteins: deleterious modifications or
signaling mechanisms?, J. Proteomics. 92 (2013) 110-31.
do0i:10.1016/j.jprot.2013.06.004.

S.R. Thorpe, J.W. Baynes, Maillard reaction products in tissue proteins: New
products and new perspectives, Amino Acids. 25 (2003) 275-281.
doi:10.1007/s00726-003-0017-9.

J.D. West, L.J. Marnett, Endogenous Reactive Intermediates as Modulators of
Cell Signaling and Cell Death, Chem. Res. Toxicol. 19 (2006) 173-194.
doi:10.1021/tx050321u.

A. Naudi, M. Jové, V. Ayala, R. Cabré, M. Portero-Otin, R. Pamplona, Non-
enzymatic modification of aminophospholipids by carbonyl-amine reactions.,
Int. J. Mol. Sci. 14 (2013) 3285-313. d0i:10.3390/ijms14023285.

R. Pamplona, Advanced lipoxidation end-products, Chem. Biol. Interact. 192
(2011) 14-20. d0i:10.1016/j.cbi.2011.01.007.

Hannover A, Mikroskopiske undersogelser af nerve systemet, Det K. Danske
Vidensk. Selsk. Naturvidenskabelige Og Math. Afh. 10 (1843) 1-112.

P. Ottis, K. Koppe, B. Onisko, |. Dynin, T. Arzberger, H. Kretzschmar, J.R.
Requena, C.J. Silva, J.P. Huston, C. Korth, Human and rat brain lipofuscin
proteome, Proteomics. 12 (2012) 2445—-2454. doi:10.1002/pmic.201100668.

A. Higdon, A.R. Diers, J.Y. Oh, A. Landar, V.M. Darley-Usmar, Cell signalling by
reactive lipid species: new concepts and molecular mechanisms, Biochem. J. 442
(2012) 453-464. doi:10.1042/BJ20111752.

M.D. Brand, C. Affourtit, T.C. Esteves, K. Green, A.J. Lambert, S. Miwa, J.L. Pakay,
N. Parker, Mitochondrial superoxide: production, biological effects, and
activation of uncoupling proteins., Free Radic. Biol. Med. 37 (2004) 755-67.
doi:10.1016/j.freeradbiomed.2004.05.034.

K.S. Echtay, T.C. Esteves, J.L. Pakay, M.B. Jekabsons, A.J. Lambert, M. Portero-
Otin, R. Pamplona, A.J. Vidal-Puig, S. Wang, S.J. Roebuck, M.D. Brand, A
signalling role for 4-hydroxy-2-nonenal in regulation of mitochondrial
uncoupling., EMBO J. 22 (2003) 4103-10. doi:10.1093/emboj/cdg412.

27



[42] J. Maher, M. Yamamoto, The rise of antioxidant signaling--the evolution and
hormetic actions of Nrf2., Toxicol. Appl. Pharmacol. 244 (2010) 4-15.
doi:10.1016/j.taap.2010.01.011.

[43] G.l Giles, Redox-Controlled Transcription Factors and Gene Expression, in: C.
Jacob, P.G. Winyard (Eds.), Redox Signal. Regul. Biol. Med., Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim, Germany, 2009: pp. 245-270.
doi:10.1002/9783527627585.ch11.

[44] H.Imai, Y. Nakagawa, Biological significance of phospholipid hydroperoxide
glutathione peroxidase (PHGPx, GPx4) in mammalian cells., Free Radic. Biol.
Med. 34 (2003) 145-69. http://www.ncbi.nlm.nih.gov/pubmed/12521597
(accessed December 3, 2018).

[45] M. Conrad, M. Schneider, A. Seiler, G.W. Bornkamm, Physiological role of
phospholipid hydroperoxide glutathione peroxidase in mammals., Biol. Chem.
388 (2007) 1019-25. doi:10.1515/BC.2007.130.

[46] R. Brigelius-Flohé, Glutathione peroxidases and redox-regulated transcription
factors., Biol. Chem. 387 (2006) 1329-35. doi:10.1515/BC.2006.166.

[47] V. Casaiias-Sanchez, J.A. Pérez, N. Fabelo, D. Quinto-Alemany, M.L. Diaz,
Docosahexaenoic (DHA) modulates phospholipid-hydroperoxide glutathione
peroxidase (Gpx4) gene expression to ensure self-protection from oxidative
damage in hippocampal cells., Front. Physiol. 6 (2015) 203.
doi:10.3389/fphys.2015.00203.

[48] M. Dominguez, E. de Oliveira, M.A. Odena, M. Portero, R. Pamplona, I. Ferrer,
Redox proteomic profiling of neuroketal-adducted proteins in human brain:
Regional vulnerability at middle age increases in the elderly, Free Radic. Biol.
Med. 95 (2016) 1-15. doi:10.1016/j.freeradbiomed.2016.02.034.

[49] M. Dominguez-Gonzalez, M. Puigpinds, M. Jové, A. Naudi, M. Portero-Otin, R.
Pamplona, |. Ferrer, Regional vulnerability to lipoxidative damage and
inflammation in normal human brain aging, Exp. Gerontol. 111 (2018) 218-228.
doi:10.1016/J.EXGER.2018.07.023.

[50] R.M. Hagen, S. Rodriguez-Cuenca, A. Vidal-Puig, An allostatic control of
membrane lipid composition by SREBP1., FEBS Lett. 584 (2010) 2689—98.
doi:10.1016/j.febslet.2010.04.004.

[51] M. BURGER, K. SEIDEL, [Chemical biomorphosis of the human brain and sciatic
nerve; a survey]., Z. Alternsforsch. 12 (1958) 52-79.
http://www.ncbi.nlm.nih.gov/pubmed/13593524 (accessed October 9, 2018).

[52] G.Rouser, A. Yamamoto, Curvilinear regression course of human brain lipid
composition changes with age, Lipids. 3 (1968) 284—-287.
doi:10.1007/BF02531202.

[53] A.A.Farooqui, L. Liss, L.A. Horrocks, Neurochemical aspects of Alzheimer’s
disease: involvement of membrane phospholipids., Metab. Brain Dis. 3 (1988)

28



(54]

[55]

(56]

(57]

(58]

(59]

(60]

[61]

[62]

(63]

19-35. http://www.ncbi.nlm.nih.gov/pubmed/3062351 (accessed October 9,
2018).

M. Séderberg, C. Edlund, K. Kristensson, G. Dallner, Lipid compositions of
different regions of the human brain during aging., J. Neurochem. 54 (1990)
415-23. http://www.ncbi.nlm.nih.gov/pubmed/2299344 (accessed October 9,
2018).

L. Svennerholm, K. Bostréom, C.G. Helander, B. Jungbjer, Membrane lipids in the
aging human brain., J. Neurochem. 56 (1991) 2051-9.
http://www.ncbi.nlm.nih.gov/pubmed/2027013 (accessed October 9, 2018).

L. Svennerholm, K. Bostrom, B. Jungbjer, L. Olsson, Membrane lipids of adult
human brain: lipid composition of frontal and temporal lobe in subjects of age
20 to 100 years., J. Neurochem. 63 (1994) 1802-11.
http://www.ncbi.nlm.nih.gov/pubmed/7931336 (accessed October 9, 2018).

L.A. Horrocks, M. VanRollings, A.J. Yates, Lipid changes in the ageing brain, in:
A.N. Davinson, R.H.S. Thompson (Eds.), Mol. Basis Neuropathol., Edward Arnold,
London, 1981.

V. Martin, N. Fabelo, G. Santpere, B. Puig, R. Marin, I. Ferrer, M. Diaz, Lipid
Alterations in Lipid Rafts from Alzheimer’s Disease Human Brain Cortex, J.
Alzheimer’s Dis. 19 (2010) 489-502. doi:10.3233/JAD-2010-1242.

R.K. McNamara, Y. Liu, R. Jandacek, T. Rider, P. Tso, The aging human
orbitofrontal cortex: Decreasing polyunsaturated fatty acid composition and
associated increases in lipogenic gene expression and stearoyl-CoA desaturase
activity, Prostaglandins, Leukot. Essent. Fat. Acids. 78 (2008) 293-304.
doi:10.1016/j.plefa.2008.04.001.

R. Cabré, A. Naudi, M. Dominguez-Gonzalez, M. Jové, V. Ayala, N. Mota-
Martorell, I. Pradas, L. Nogueras, M. Rué, M. Portero-Otin, I. Ferrer, R.
Pamplona, Lipid Profile in Human Frontal Cortex is Sustained Throughout
Healthy Adult Lifespan to Decay at Advanced Ages, Journals Gerontol. Ser. A. 73
(2018) 703-710. doi:10.1093/gerona/glx164.

R. Cabré, A. Naudi, M. Dominguez-Gonzalez, V. Ayala, M. Jové, N. Mota-
Martorell, G. Pifiol-Ripoll, M.P. Gil-Villar, M. Rué, M. Portero-Otin, I. Ferrer, R.
Pamplona, Sixty years old is the breakpoint of human frontal cortex aging, Free
Radic. Biol. Med. 103 (2017) 14-22. d0i:10.1016/j.freeradbiomed.2016.12.010.

H. Braak, D.R. Thal, E. Ghebremedhin, K. Del Tredici, Stages of the Pathologic
Process in Alzheimer Disease: Age Categories From 1 to 100 Years, J.
Neuropathol. Exp. Neurol. 70 (2011) 960-969.
doi:10.1097/NEN.0b013e318232a379.

I. Ferrer, Defining Alzheimer as a common age-related neurodegenerative
process not inevitably leading to dementia, Prog. Neurobiol. 97 (2012) 38-51.
doi:10.1016/J.PNEUROBIO.2012.03.005.

29



[64]

(65]

(66]

(67]

(68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

J.N. Keller, E. Dimayuga, Q. Chen, J. Thorpe, J. Gee, Q. Ding, Autophagy,
proteasomes, lipofuscin, and oxidative stress in the aging brain, Int. J. Biochem.
Cell Biol. 36 (2004) 2376-2391. d0i:10.1016/j.biocel.2004.05.003.

D.A. Gray, J. Woulfe, Lipofuscin and Aging: A Matter of Toxic Waste, Sci. Aging
Knowl. Environ. 2005 (2005) rel-rel. doi:10.1126/sageke.2005.5.rel.

M. Uhlen, L. Fagerberg, B.M. Hallstrom, C. Lindskog, P. Oksvold, A. Mardinoglu,
A. Sivertsson, C. Kampf, E. Sjostedt, A. Asplund, I. Olsson, K. Edlund, E. Lundberg,
S. Navani, C.A.-K. Szigyarto, J. Odeberg, D. Djureinovic, J.0. Takanen, S. Hober, T.
Alm, P.-H. Edqvist, H. Berling, H. Tegel, J. Mulder, J. Rockberg, P. Nilsson, J.M.
Schwenk, M. Hamsten, K. von Feilitzen, M. Forsberg, L. Persson, F. Johansson,
M. Zwahlen, G. von Heijne, J. Nielsen, F. Ponten, Tissue-based map of the
human proteome, Science (80-. ). 347 (2015) 1260419-1260419.
doi:10.1126/science.1260419.

J. Fernandez-Irigoyen, A. Labarga, A. Zabaleta, X.M. de Morentin, E. Perez-
Valderrama, M.V. Zelaya, E. Santamaria, Toward defining the anatomo-
proteomic puzzle of the human brain: An integrative analysis, PROTEOMICS -
Clin. Appl. 9 (2015) 796-807. doi:10.1002/prca.201400127.

E.K. Ahmed, A. Rogowska-Wrzesinska, P. Roepstorff, A.-L. Bulteau, B. Friguet,
Protein modification and replicative senescence of WI-38 human embryonic
fibroblasts, Aging Cell. 9 (2010) 252-272. d0i:10.1111/j.1474-
9726.2010.00555.x.

C.L. Oeste, D. Pérez-Sala, Modification of cysteine residues by cyclopentenone
prostaglandins: interplay with redox regulation of protein function., Mass
Spectrom. Rev. 33 (2014) 110-25. d0i:10.1002/mas.21383.

G. Aldini, M.R. Domingues, C.M. Spickett, P. Domingues, A. Altomare, F.J.
Sanchez-Gémez, C.L. Oeste, D. Pérez-Sala, Protein lipoxidation: Detection
strategies and challenges., Redox Biol. 5 (2015) 253-66.
doi:10.1016/j.redox.2015.05.003.

G. Vistoli, C. Mantovani, S. Gervasoni, A. Pedretti, G. Aldini, Key factors
regulating protein carbonylation by a,B unsaturated carbonyls: A structural
study based on a retrospective meta-analysis., Biophys. Chem. 230 (2017) 20—
26. doi:10.1016/j.bpc.2017.08.002.

D. Harman, Aging: overview., Ann. N. Y. Acad. Sci. 928 (2001) 1-21.
http://www.ncbi.nlm.nih.gov/pubmed/11795501 (accessed October 9, 2018).

R. Pamplona, G. Barja, Mitochondrial oxidative stress, aging and caloric
restriction: The protein and methionine connection, Biochim. Biophys. Acta -
Bioenerg. 1757 (2006) 496-508. doi:10.1016/j.bbabio.2006.01.009.

N.A. Bishop, T. Lu, B.A. Yankner, Neural mechanisms of ageing and cognitive
decline., Nature. 464 (2010) 529-35. d0i:10.1038/nature08983.

P.J. Magistretti, Cellular bases of functional brain imaging: insights from neuron-

30



[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

glia metabolic coupling., Brain Res. 886 (2000) 108—-112.
http://www.ncbi.nlm.nih.gov/pubmed/11119692 (accessed October 9, 2018).

T. Wallimann, M. Wyss, D. Brdiczka, K. Nicolay, H.M. Eppenberger, Intracellular
compartmentation, structure and function of creatine kinase isoenzymes in
tissues with high and fluctuating energy demands: the “phosphocreatine circuit”
for cellular energy homeostasis., Biochem. J. 281 ( Pt 1) (1992) 21-40.
http://www.ncbi.nlm.nih.gov/pubmed/1731757 (accessed October 9, 2018).

T. Reed, M. Perluigi, R. Sultana, W.M. Pierce, J.B. Klein, D.M. Turner, R. Coccia,
W.R. Markesbery, D.A. Butterfield, Redox proteomic identification of 4-Hydroxy-
2-nonenal-modified brain proteins in amnestic mild cognitive impairment:
Insight into the role of lipid peroxidation in the progression and pathogenesis of
Alzheimer’s disease, Neurobiol. Dis. 30 (2008) 107-120.
doi:10.1016/j.nbd.2007.12.007.

M. Perluigi, R. Sultana, G. Cenini, F. Di Domenico, M. Memo, W.M. Pierce, R.
Coccia, D.A. Butterfield, Redox proteomics identification of 4-hydroxynonenal-
modified brain proteins in Alzheimer’s disease: Role of lipid peroxidation in
Alzheimer’s disease pathogenesis, PROTEOMICS - Clin. Appl. 3 (2009) 682—693.
doi:10.1002/prca.200800161.

T.T. Reed, W.M. Pierce, W.R. Markesbery, D.A. Butterfield, Proteomic
identification of HNE-bound proteins in early Alzheimer disease: Insights into
the role of lipid peroxidation in the progression of AD, Brain Res. 1274 (2009)
66—76. d0i:10.1016/j.brainres.2009.04.009.

B. Terni, J. Boada, M. Portero-Otin, R. Pamplona, |. Ferrer, Mitochondrial ATP-
Synthase in the Entorhinal Cortex Is a Target of Oxidative Stress at Stages I/Il of
Alzheimer’s Disease Pathology, Brain Pathol. 20 (2010) 222-233.
doi:10.1111/j.1750-3639.2009.00266.x.

F. Di Domenico, A. Tramutola, D.A. Butterfield, Role of 4-hydroxy-2-nonenal
(HNE) in the pathogenesis of alzheimer disease and other selected age-related
neurodegenerative disorders, Free Radic. Biol. Med. 111 (2017) 253-261.
doi:10.1016/j.freeradbiomed.2016.10.490.

S.N. Burke, C.A. Barnes, Neural plasticity in the ageing brain., Nat. Rev. Neurosci.
7 (2006) 30-40. doi:10.1038/nrn1809.

E.A. Perry, R.J. Castellani, P.I. Moreira, A. Nunomura, Q. Lui, P.L.R. Harris, L.M.
Sayre, P.A. Szweda, L.I. Szweda, X. Zhu, M.A. Smith, G. Perry, Neurofilaments are
the major neuronal target of hydroxynonenal-mediated protein cross-links.,
Free Radic. Res. 47 (2013) 507-10. doi:10.3109/10715762.2013.794265.

T. Wataya, A. Nunomura, M.A. Smith, S.L. Siedlak, P.L.R. Harris, S. Shimohama,
L.I. Szweda, M.A. Kaminski, J. Avila, D.L. Price, D.W. Cleveland, L.M. Sayre, G.
Perry, High molecular weight neurofilament proteins are physiological
substrates of adduction by the lipid peroxidation product hydroxynonenal., J.
Biol. Chem. 277 (2002) 4644—-8. d0i:10.1074/jbc.M110913200.

31



(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

S.H. Graham, H. Liu, Life and death in the trash heap: The ubiquitin proteasome
pathway and UCHL1 in brain aging, neurodegenerative disease and cerebral
Ischemia., Ageing Res. Rev. 34 (2017) 30-38. doi:10.1016/j.arr.2016.09.011.

W.C. Boelens, Cell biological roles of aB-crystallin., Prog. Biophys. Mol. Biol. 115
(2014) 3-10. d0i:10.1016/j.pbiomolbio.2014.02.005.

I. Martinez de Toda, M. De la Fuente, The role of Hsp70 in oxi-inflamm-aging
and its use as a potential biomarker of lifespan., Biogerontology. 16 (2015) 709—
21. doi:10.1007/s10522-015-9607-7.

R.R. Porto, F.D. Dutra, A.P. Crestani, R.M.D. Holsinger, J.A. Quillfeldt, P.I. Homem
de Bittencourt, L. de Oliveira Alvares, HSP70 Facilitates Memory Consolidation
of Fear Conditioning through MAPK Pathway in the Hippocampus.,
Neuroscience. 375 (2018) 108-118. doi:10.1016/j.neuroscience.2018.01.028.

C.A.S. Deane, |.R. Brown, Knockdown of Heat Shock Proteins HSPA6 (Hsp70B’)
and HSPA1A (Hsp70-1) Sensitizes Differentiated Human Neuronal Cells to
Cellular Stress., Neurochem. Res. 43 (2018) 340-350. d0i:10.1007/s11064-017-
2429-z.

G. Richarme, M. Mihoub, J. Dairou, L.C. Bui, T. Leger, A. Lamouri, Parkinsonism-
associated protein DJ-1/Park7 is a major protein deglycase that repairs
methylglyoxal- and glyoxal-glycated cysteine, arginine, and lysine residues., J.
Biol. Chem. 290 (2015) 1885-97. doi:10.1074/jbc.M114.597815.

M.M.M. Wilhelmus, P.G. Nijland, B. Drukarch, H.E. de Vries, J. van Horssen,
Involvement and interplay of Parkin, PINK1, and DJ1 in neurodegenerative and
neuroinflammatory disorders., Free Radic. Biol. Med. 53 (2012) 983-92.
doi:10.1016/j.freeradbiomed.2012.05.040.

M.A. Wilson, The role of cysteine oxidation in DJ-1 function and dysfunction.,
Antioxid. Redox Signal. 15 (2011) 111-22. doi:10.1089/ars.2010.3481.

S.E. Oh, M.M. Mouradian, Cytoprotective mechanisms of DJ-1 against oxidative
stress through modulating ERK1/2 and ASK1 signal transduction, Redox Biol. 14
(2018) 211-217. doi:10.1016/j.redox.2017.09.008.

R. Kiss, M. Zhu, B. Jéjart, A. Czajlik, K. Solti, B. Férizs, E. Nagy, F. Zsila, T. Beke-
Somfai, G. Téth, Structural features of human DJ-1 in distinct Cys106 oxidative
states and their relevance to its loss of function in disease, Biochim. Biophys.
Acta - Gen. Subj. 1861 (2017) 2619-2629. doi:10.1016/j.bbagen.2017.08.017.

M.C. Meulener, K. Xu, L. Thomson, L. Thompson, H. Ischiropoulos, N.M. Bonini,
Mutational analysis of DJ-1 in Drosophila implicates functional inactivation by
oxidative damage and aging., Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 12517-22.
doi:10.1073/pnas.0601891103.

D.E. Baranano, M. Rao, C.D. Ferris, S.H. Snyder, Biliverdin reductase: a major
physiologic cytoprotectant., Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 16093-8.
doi:10.1073/pnas.252626999.

32



[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

M. Biagioli, M. Pinto, D. Cesselli, M. Zaninello, D. Lazarevic, P. Roncaglia, R.
Simone, C. Vlachouli, C. Plessy, N. Bertin, A. Beltrami, K. Kobayashi, V. Gallo, C.
Santoro, I. Ferrer, S. Rivella, C.A. Beltrami, P. Carninci, E. Raviola, S. Gustincich,
Unexpected expression of alpha- and beta-globin in mesencephalic
dopaminergic neurons and glial cells., Proc. Natl. Acad. Sci. U. S. A. 106 (2009)
15454-9. doi:10.1073/pnas.0813216106.

R.J. Mayer, A. Ciechanover, M. Rechsteiner, Protein degradation, Wiley-VCH,
Verlag GmbH and CoKGaA, Weinheim, 2008.

T. Hoppe, Life and destruction: ubiquitin-mediated proteolysis in aging and
longevity., F1000 Biol. Rep. 2 (2010) 79. doi:10.3410/B2-79.

S.A. Wagner, P. Beli, B.T. Weinert, M.L. Nielsen, J. Cox, M. Mann, C. Choudhary,
A Proteome-wide, Quantitative Survey of In Vivo Ubiquitylation Sites Reveals
Widespread Regulatory Roles, Mol. Cell. Proteomics. 10 (2011) M111.013284.
doi:10.1074/mcp.M111.013284.

G.S. McDowell, A. Philpott, New Insights Into the Role of Ubiquitylation of
Proteins., Int. Rev. Cell Mol. Biol. 325 (2016) 35-88.
doi:10.1016/bs.ircmb.2016.02.002.

Y. Kagawa, T. Hamamoto, H. Endo, M. Ichida, H. Shibui, M. Hayakawa, Genes of
human ATP synthase: their roles in physiology and aging., Biosci. Rep. 17 (1997)
115-46. http://www.ncbi.nlm.nih.gov/pubmed/9217963 (accessed October 9,
2018).

M. Allegretti, N. Klusch, D.J. Mills, J. Vonck, W. Kiihlbrandt, K.M. Davies,
Horizontal membrane-intrinsic a-helices in the stator a-subunit of an F-type ATP
synthase, Nature. 521 (2015) 237-240. doi:10.1038/nature14185.

E. Morales-Rios, M.G. Montgomery, A.G.W. Leslie, J.E. Walker, Structure of ATP
synthase from Paracoccus denitrificans determined by X-ray crystallography at
4.0 A resolution, Proc. Natl. Acad. Sci. 112 (2015) 13231-13236.
doi:10.1073/pnas.1517542112.

A. Zhou, A. Rohou, D.G. Schep, J. V Bason, M.G. Montgomery, J.E. Walker, N.
Grigorieff, J.L. Rubinstein, Structure and conformational states of the bovine
mitochondrial ATP synthase by cryo-EM, Elife. 4 (2015).
doi:10.7554/elife.10180.

A. Dautant, T. Meier, A. Hahn, D. Tribouillard-Tanvier, J.-P. di Rago, R.
Kucharczyk, ATP Synthase Diseases of Mitochondrial Genetic Origin, Front.
Physiol. 9 (2018) 329. doi:10.3389/fphys.2018.00329.

A. Hahn, K. Parey, M. Bublitz, D.J. Mills, V. Zickermann, J. Vonck, W. Kiihlbrandt,
T. Meier, Structure of a Complete ATP Synthase Dimer Reveals the Molecular
Basis of Inner Mitochondrial Membrane Morphology, Mol. Cell. 63 (2016) 445—
456. doi:10.1016/j.molcel.2016.05.037.

D.F. Parsons, Mitochondrial Structure: Two Types of Subunits on Negatively

33



Stained Mitochondrial Membranes, Science (80-. ). 140 (1963) 985-987.
doi:10.1126/science.140.3570.985.

[109] M. Strauss, G. Hofhaus, R.R. Schroder, W. Kiihlbrandt, Dimer ribbons of ATP
synthase shape the inner mitochondrial membrane, EMBO J. 27 (2008) 1154—
1160. doi:10.1038/embo0j.2008.35.

[110] A.L. Duncan, A.J. Robinson, J.E. Walker, Cardiolipin binds selectively but
transiently to conserved lysine residues in the rotor of metazoan ATP synthases,
Proc. Natl. Acad. Sci. 113 (2016) 8687—-8692. doi:10.1073/pnas.1608396113.

[111] S. Nesci, F. Trombetti, V. Ventrella, A. Pagliarani, Post-translational
modifications of the mitochondrial FIFO-ATPase, Biochim. Biophys. Acta - Gen.
Subj. 1861 (2017) 2902-2912. d0i:10.1016/J.BBAGEN.2017.08.007.

[112] R.Pamplona, E. Dalfé, V. Ayala, M.J. Bellmunt, J. Prat, I. Ferrer, M. Portero-Otin,
Proteins in Human Brain Cortex Are Modified by Oxidation, Glycoxidation, and
Lipoxidation, J. Biol. Chem. 280 (2005) 21522-21530.
d0i:10.1074/jbc.M502255200.

Figure Legends

Figure 1. Main adult human brain lipids: (1) major fatty acids present in adult human
brain amounting to about 80-90% of total fatty acid profile [19]; (2) glycerolipids (GL)
are fatty acid esters of glycerol and in human brain mostly comprise mono- and
diacylglycerols; (3) glycerophospholipids includes distinct lipid classes based on the
nature of the head group linked to the phosphate at the sn-3 position of the glycerol
backbone: Phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylserine (PS), and phosphatidylinositols (Pl) are the main phospholipids
present in human brain [4]; (4) representative sphingolipids present in human brain
are shown; and (5) cholesterol is the main sterol lipid presents in human brain. Lipid
molecular species structures are adapted from LipidMaps

(https://www.lipidmaps.org/).

Figure 2. General structures of principal reactive carbonyl species (RCS) detected in
human brain. RCSs can react with nucleophilic groups in macromolecules (proteins,

DNA and lipid species—aminophospholipids) resulting in their chemical, non-enzymatic
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and irreversible modification leading to the formation of a variety of adducts and

crosslinks collectively called Advanced Lipoxidation End-products (ALEs).

Figure 3. Schematic diagram of mitochondrial processes that are important for aging. It
shows that mitochondrial complex | and complex Il are the main free radical (ROS)
generators. Oxygen radicals attack lipids, carbohydrates, proteins, and DNA. The
products of lipid peroxidation include highly reactive molecules (RCS, reactive carbonyl
species) that can cause lipoxidative damage to mitochondrial DNA, proteins, and
aminophospholipids and, by extension, damage to other cellular components.

Mitochondrial ATP-synthase is a key lipoxidative target in human brain aging.
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Table 1. Fatty acid profiles of 12 different regions from adult healthy human central

nervous system.

Fatty Acid SC MO cB SN TH AM ST EC HC TC ocC FC
140 19 1.8 1.1 13 13 1.2 1.0 0.8 13 1.0 1.2 13
16:0 18.2 18.2 255 20.2 20.5 243 216 21.8 221 234 23.7 20.0
16:1n-7 1.5 1.7 1.2 14 1.0 1.1 1.1 0.9 1.3 1.1 1.3 1.5
18:0 19.0 18.1 17.8 19.0 18.4 195 20.7 224 20.1 20.1 212 204
18:1n-9 36.2 36.7 23.9 32.1 29.5 24.9 25.7 28.0 271.0 243 24.8 24.6
18:2n-6 0.5 0.6 1.0 0.8 0.8 0.7 0.8 0.8 1.3 0.8 1.1 1.2
18:3n-3 0.2 0.3 0.2 0.2 0.3 0.1 0.4 0.1 0.1 0.2 0.1 0.2
18:4n-3 0.2 0.2 0.6 0.3 0.3 0.3 0.3 0.1 0.2 0.4 0.1 0.4
20:0 0.6 0.5 0.7 0.4 0.5 0.3 0.6 0.2 0.3 0.8 0.3 05
20:1n-9 6.3 46 1.2 25 22 0.9 1.6 1.2 1.3 11 1.3 1.7
20:2n-6 0.4 0.3 03 0.4 04 0.4 0.4 0.3 0.3 0.3 0.3 0.4
20:3n-6 14 14 1.5 1.3 14 1.2 1.1 1.0 12 14 14 1.1
20:4n-6 4.0 45 72 6.2 6.5 8.4 75 77 76 6.6 6.6 6.9
20:5n-3 0.3 0.2 04 0.4 0.5 0.3 0.4 0.1 0.3 0.4 0.3 0.4
22:0 0.6 0.6 0.5 0.6 0.6 0.3 0.5 02 0.5 0.5 0.3 0.5
22:4n-6 34 3.9 3.0 45 4.9 54 52 4.9 54 4.8 3.9 4.8
22:5n-6 0.3 04 1.1 0.5 0.8 0.9 0.9 0.8 1.1 0.9 0.7 1.0
22:5n-3 0.3 0.3 0.6 0.6 0.6 0.5 05 0.3 0.4 0.5 0.4 0.7
22:6n-3 1.7 22 10.0 5.0 6.8 75 741 741 6.6 9.3 9.4 104
24:0 14 21 0.7 0.8 1.0 0.7 0.9 04 0.7 0.8 0.4 0.9
24:5n-3 0.2 0.2 0.2 0.2 0.3 0.1 0.2 0.1 0.1 0.1 0.1 0.2
24:6n-3 0.4 04 0.3 0.3 0.4 0.2 04 0.04 0.1 0.2 0.2 0.1
ACL 18.1 18.2 18.3 18.2 184 18.3 184 18.3 18.3 18.4 183 18.5
SFA 418 415 46.6 425 425 46.5 456 459 45.2 46.8 47.3 43.7
UFA 58.1 58.4 534 574 574 53.4 54.3 54.0 54.7 53.1 52.6 56.2
MUFA 44.2 431 264 36.1 32.9 26.9 284 30.3 29.6 26.7 215 27.9
PUFA 139 156.3 26.9 213 245 264 25.9 237 251 264 250 282
PUFAn-3 3.6 4.0 125 74 94 9.2 9.7 8.0 8.1 114 108 126
PUFAn-6 10.3 1.2 14.3 13.9 15.0 172 16.1 15.7 16.9 15.0 142 15.6
DBI 101.6 107.2 152.7 130.2 143.5 146.5 145.3 137.4 140.9 149.6 144.2 160.0
PI 614 68.9 146.8 105.1 125.1 135.0 132.2 1213 124.5 142.0 135.1 153.3

For fatty acids, values are means from 5 to 8 different adult healthy subjects and are

expressed as mol %.

Fatty acid indexes: ACL, average chain length; SFA, saturated fatty acids; UFA,

unsaturated fatty acids; MUFA, monounsaturated fatty acids; PUFA n-6 or n-3,

polyunsaturated fatty acids n-3 or n-6; DBI, double bound index; Pl, peroxidizability

index. For calculations, see [19].

36




Abbreviations: SC, spinal Cord; MO, medulla oblongata; CB, cerebellum; SN, substantia

nigra; TH, thalamus; AM, amygdala; ST, striatum; EC, entorhinal cortex; HC,

hippocampus; TC, temporal cortex; OC, occipital cortex; FC, frontal cortex.

Adapted with permission from Naudi et al, 2017 [19].

Table 2. Lipoxidized proteins identified by redox proteomics from healthy adult/aged

human cerebral cortex.

ID
(entry Protein Gene Main location ALEs detected Biological process Reference(s)
human)
P06733 alpha-Enolase ENO Cytosol, cel HNE, MDA, NKT | Eneray metabolism [48,77-81,112]
membrane, nucleus (glycolysis)
P09104 gamma-Enolase ENO2 Cytosol, cell Lipofuscin, MDA | Eneray metabolism 38.112]
membrane (glycolysis)
PO4075 Fructose-bisphosphate ALDO A Cytosol HNE Energy metabollsm [77-81]
aldolase A (glycolysis)
Cytosol, .
P04406 Glyceraldehyde-3- GAPDH | cytoskeleton, Lipofuscin, NKT | Eneray metabolism [38,48]
phosphate dehydrogenase (glycolysis)
nucleus
POT195 Lacltate dehydrogenase B LDHB Cytosol HNE Energy metabollsm [77-81]
chain (glycolysis)
P00558 Phosphoglycerate kinase 1 | PGK1 Cytosol HNE Energy metabolism [77-81]
(glycolysis)
P18669 Phosphoglycerate mutase 1 | PaAM1. | CViosoh EVE, NKT Energy metabolism 48]
nucleus (glycolysis)
P14618 Pyruvate kinase PKM Cytosol, nucleus HNE, NKT Energy metabollsm [48,77-81]
(glycolysis)
P60174 Triosephosphate isomerase | TPI1 Cytosol, EVE, HNE, lipofuscin | Eerey metabolism [38,77-81]
nucleus (glycolysis)
Q99798 Aconitate hydratase ACO2 Mitochondrion HNE, NKT Ey“;gy metabolism (TCA [48,77-81]
P00367 ?Iutamate dehydrogenase GLUD1 Mitochondrion MDA E;;gy metabolism (TCA (112
P40926 Malate dehydrogenase MDH2 Mitochondrion HNE Ey“jgy metabolism (TCA [77-81]
P20674 fﬁﬂ’g?e ¢ oxidase COX5A | Mitochondrion Lipofuscin Energy metabolism (ETC) 38]
P09622 Dinydrolipoyt DLD Mitochondrion, NKT Energy metabolism (ETC) 48]
dehydrogenase nucleus
NADH dehydrogenase
075489 (ubiquinone) iron-sulfur NDUFS3 Mitochondrion Lipofuscin Energy metabolism (ETC) [38]
protein 3
Ubiquinol-cytochrome ¢
P31930 reductase complex core UQCRC1 Mitochondrion MDA Energy metabolism (ETC) [112]
protein 1
P25705 :ll:;y”thase subunt ATPSF1A | Mitochondrion :EE pofuscin, | ¢reray metabolism (OxPhos) | [38.48,77-81]
P06576 ATP synthase subunitbeta | ATP5F1B | Mitochondrion Lipofuscin, MDA Energy metabolism (OxPhos) | [38,112]
075947 ATP synthase subunit d ATP5H Mitochondrion Lipofuscin Energy metabolism (OxPhos) | [38]
P48047 ATP synthase subunit o ATP5PO Mitochondrion Lipofuscin Energy metabolism (OxPhos) | [38]
P12277 Creatine kinase B-type CKB Cytosol Lipofuscin, MDA, Energy metabolism (energy [38,48,112]
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NKT transduction)
P12532 Creatine Kinase U-type CKMTIA | Mitochondrion Lipofuscin Energy metabolism (energy | 5o
transduction)
P17174 Aspartate aminotransferase | GOT1 Cytosol NKT Neurotransmission [48]
P80723 Brain acid soluble protein 1 BASP1 Cell membrane, Lipofuscin, NKT Neurotransmission [38,48]
growth cone
Calcium/calmodulin- Svnapse. denditic
QouQm7 dependent protein kinase CAMK2A y pse, . Lipofuscin Neurotransmission [38]
) spine, dendrite
type Il subunit alpha
Q00610 Clathrin heavy chain 1 CLTC ?s;sr:;/vesmle/me Lipofuscin Neurotransmission [38]
P09543 2,3-cydlic nucleotide 3- CNP Cytosol/EVE/membr Lipofuscin Neurotransmission 138]
phosphodiesterase ane
) . Cytosol, i .
Dihydropyrimidinase- HNE, lipofuscin, . [38,48,77-
Q16555 related protein 2 DPYSL2 cytoskeleton, MDA, NKT Neurotransmission 81.112]
membrane
. Cytosol, -
P15104 Glutamine synthetase GLUL . ) HNE, MDA Neurotransmission [77-81,112]
mitochondrion
Leukocyte surface antigen . ' -
Q08722 (CD antigen CD47) CD47 Cell membrane Lipofuscin Neurotransmission [38]
Q13449 Limbic system asgomated LSAMP Cell membrane Lipofuscin Neurotransmission [38]
membrane protein
P30086 Phosphatidylethanolamine- | pegpq Cytosol HNE, NKT Neurotransmission [48.77-81]
binding protein 1
P61981 14-3-3 protein gamma YWHAG Cytosol Lipofuscin, NKT Neurotransmission [38,48]
P62258 14-3-3 protein epsilon YWHAE Cytosol/EVE Lipofuscin Neurotransmission [38]
P63104 14-3-3 protein zeta/delta YWHAZ Cytosol/EVE Lipofuscin Neurotransmission [38]
P17600 Synapsin-1 SYN1 Golgi a.ppargtus, NKT Neurotransmission [48]
synaptic vesicle
P60880 Synaptosomal-assomated SNAP25 Call membrane, Lipofuscin Neurotransmission [38]
protein 25 synaptosome
Membrane,
P61266 Syntaxin-1B STX1B cytoskeleton, Lipofuscin Neurotransmission [38]
nucleus
P61764 Syntaxin-binding protein 1 STXBP1 Cytosol, membrane | Lipofuscin Neurotransmission [38]
Vesicle-associated Y membrane,
P63027 . VAMP2 synaptic vesicle, Lipofuscin Neurotransmission [38]
membrane protein 2
membrane
. Cytosol HNE, Lipofuscin,
P60709 beta-Actin ACTB (cytoskeleton) MDA Cytoskeleton [38,77-81,112]
. Cytosol . .
Q05193 Dynamin 1 DNM1 (cytoskeleton) Lipofuscin Cytoskeleton [38]
el - . Cytosol Lipofuscin, MDA,
P14136 Glial fibrillary acidic protein | GFAP (cytoskeleton) NKT Cytoskeleton [38,48,112]
Neurofilament light Cytosol Lipofuscin, MDA,
P07196 polypeptide NEFL (cytoskeleton) NKT Cytoskeleton [38,48,112]
Neurofilament medium Cytosol
P07197 PORpeptide NEFM (cytoskeleton) NKT Cytoskeleton [48]
Q13813 Spectrin alpha chain brain SPTAN1 Cytosol Lipofuscin Cytoskeleton 38
P P (cytoskeleton) P y (38]
. ) . Cytosol ) !
Q01082 Spectrin beta chain, brain1 | SPTBN1 Lipofuscin Cytoskeleton [38]
(cytoskeleton)
P04216 Thy-1 membrane THY1 Cell membrane Lipofuscin Cytoskeleton 138]
glycoprotein
' ) Cytosol HNE, Lipofuscin,
P68363 Tubulin alpha 1B chain TUBA1B (cytoskeleton) MDA Cytoskeleton [38,77-81,112]
PO7437 Tubulin beta chain TUBB Cytosol Lipofuscin, MDA | Cytoskeleton 38,112
(cytoskeleton) P ' y [38,112]
Tubulin polymerization- Cytosol
094811 . poy . TPPP (cytoskeleton), Lipofuscin, NKT Cytoskeleton [38,48]
promoting protein (TPPP)
nucleus
Cytosol
P08670 Vimentin VIM (cytoskeleton), MDA Cytoskeleton [112]
nucleus
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alpha-Crystallin B chain ) ’ .
P02511 (Heat Shock Protein B5) CRYAB Cytosol, nucleus Lipofuscin, NKT Proteostasis [38,48]
P49411 Elongation factor Tu TUFM Mitochondrion HNE Proteostasis [77-81]
Eukaryotic translation .
Q9BY44 initiation factor 2A EIF2A Cytosol HNE Proteostasis [77-81]
. . . Lipofuscin, MDA, .
P10809 Heat shock protein 60KDa HSPD1 Mitochondrion NKT Proteostasis [38,48,112]
popmvg | Heatshockprotein 70KDa | g5,y | Cytosol,nucleus, | e Proteostasis [77-81]
protein 1A cytoskeleton
. L Cytosol, nucleus,
Q99497 Protein/nucleic acid PARK? | mitochondrion, cell | NKT Proteostasis 48]
deglycase DJ-1
membrane
— ) Cytosol,
P09936 Ubiquitin carboxykterminal |0y 4 | gndoplasmic Lipofuscin, NKT | Proteostasis [38,48]
hydrolase L1 )
reticulum
Carbonyl reductase o
P16152 (NADPH) 1 CBR1 Cytosol HNE Antioxidants [77-81]
P09601 Hemeoxygenase 1 HMoxq | Endoplasmic HNE Antioxidants [77-81]
reticulum
P04179 Manganese superoxide S0D2 Mitochondrion HNE Antioxidants [77-81]
dismutase
P30041 Peroxiredoxin 6 PRDX6 Cytosol, lysosome HNE Antioxidants [77-81]
P00915 Carbonic anhydrase 1 CA1 Cytosol NKT 0./CO2/heme metabolism [48]
P69905 Hemoglobin subunit alpha HBA1 Cytosol, EVE NKT 02/CO2/heme metabolism [48]
P30043 NADPH-Flavin reductase BLVRB Cytosol NKT 02/CO2/heme metabolism [48]
Sodium/potassium-
P13637 transporting ATPase ATP1A3 Cell membrane Lipofuscin lon transport [38]
subunit alpha-3
P21796 VoItage-dependent anlc.m- VDACH Mitochondrion, cell Lipofuscin lon channel [38]
selective channel protein 1 membrane
Cytosol, endosome,
P36543 V-typg proton ATPase ATP6VIE EVE, lysosome, Lipofuscin lon transport [38]
subunit E1 1
plasma membrane
Guanine nucleotide-binding
B1AKQ8 protein G(I)/G(S)/G(T) GNB1 Not described Lipofuscin, MDA Signal transduction [38,112]
subunit beta1
P0O94T1 Guanine nudleotide binding |- sya61" | cell membrane Lipofuscin Signal transduction 38
protein G(O) subunit alpha P 9 (38]

Gene, main location, and biological process are based on what was reported in the
UniProt database (http://www.uniprot.org/). EVE, extracellular vesicular exosome.
Abbreviations: TCA cycle, tricarboxylic acid cycle; ETC, electron transport chain;
OxPhos, oxidative phosphorylation; ALEs, advanced lipoxidation end-products; NKT,
neuroketals; MDA, Malondialdehyde; HNE, hydroxynonenal. Sources: [38,48,77—
81,112]
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Highlights

Human brain contains lipoxidized proteins, the levels of which vary among regions
The ALEs-modified proteins increase in aged subjects

Only 0.7 % of the healthy aged brain proteome is lipoxidatively modified

The selectivity of molecular damage is associated with specific structural traits
Energy metabolism, neurotransmission, and cytoskeleton are the affected processes
Mitochondrial ATP synthase is a key lipoxidative target in human brain aging

No ukwnNpR

Damaged proteins may be considered putative collaborative factors contributing to
neuronal aging
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