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Aging netic studies in model organisms revealed that specific lipid profiles and signals might delay aging. In order to

Mass spectrometry

0Odd chain fatty acids
Oxidized lipids
Vinyl-Ether lipids
Polyunsaturated fatty acids

identify and quantify the lipid species, researchers are taking advantage of the recent developments in the area of
lipidomics that is mainly done by mass spectrometry and further techniques, such as NMR spectroscopy and
chromatographic separations.

This review will emphasize the role of lipid composition and metabolism during aging. We review the mo-

lecular and physiological changes during the progression of aging with a special focus on the role of lipids.
Interventions to modulate life span in a variety of organisms such caloric restriction, show a significant extension
of their maximum life-span and a decrease in the onset of age-related diseases. In particular, the influence of
dietary restriction in lipid metabolism will be a major point of this review.

1. Introduction

Biological aging is a universal process characterized by a pro-
gressive deterioration of tissue structure and function (Balcombe and
Sinclair, 2001), which increases the risk of developing multiple chronic
conditions such as cancer, cardiovascular, metabolic, neurodegenera-
tive and autoimmune diseases, leading finally to death (Burkle et al.,
2007; Stepanova et al., 2015).

Why and how do we age is still an open question. A wide number of
theories have been proposed over the past decades (Medvedev, 1990),
ranging from the accumulation of damage to the biological pro-
grammed aging. It is widely accepted, however, that theories from both
categories are not necessarily exclusive, and aging is regarded as a
complex, multifactorial process driven by both intrinsic (genetic) and
extrinsic (environmental) factors (Balcombe and Sinclair, 2001;
Medvedev, 1990).

Recent reviews of the aging process integrate many different the-
ories in a global perspective. An interesting example is the work by
Lépez-Otin et al. (Lopez-Otin et al., 2013), which describes the etiology
and progression of senescence by proposing 9 universal hallmarks.
These are, in turn, classified into three categories according to their role
during the aging process: primary, antagonistic and integrative hall-
marks, which will be further discussed in the following section. How-
ever, because they are highly interconnected (Lopez-Otin et al., 2016),

a major goal is to dissect such connectivity and understand their re-
lative contributions to senescence.

This review will focus on the role of lipids composition and meta-
bolism during aging, as recent research reveals a connection between
lipid profiles and longevity (Bustos and Partridge, 2017; Schroeder and
Brunet, 2015). Although fat is historically associated with poor health
and obesity (Naude et al., 2018) specific lipid profiles and signals may
delay aging as shown in recent studies with mice (Newman et al.,
2017). The continuous use of lipidomics and genetic studies of lipid
synthesis and signaling pathways is likely to reveal many new roles for
lipids in the regulation of longevity and increase our understanding of
the complex relationship between lipids and aging.

Here, we will first introduce the molecular and physiological
changes during aging with a special focus on the role of lipids. We will
then discuss the influence of dietary restriction in lipid metabolism,
recent advances in lipidomics research and, finally, changes in lipid
profiles and lipid signaling pathways during aging and age-related
diseases.
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2. Theories of aging and molecular, physiological &
pathophysiological changes with aging

2.1. Primary hallmarks

According to a recent review (Lopez-Otin et al., 2013), primary
hallmarks are the primary causes of damage, intrinsically negative and
accumulative. Previous theories of senescence fall into this category,
such as the accumulation of random genome damage throughout life
(genomic instability) (Moskalev et al., 2013), the progressive loss of
telomeres (Blasco, 2007), epigenetic alterations (Peleg et al., 2016b)
and loss of proteostasis (Labbadia and Morimoto, 2015).

Of special interest is the accumulated damage of the mitochondrial
DNA (mtDNA) during aging (Wei et al., 2009). Mitochondria are the
primary source of reactive oxygen species (ROS), so they are especially
susceptible to ROS damage at the mtDNA, membrane lipids (perox-
idation) and proteins of the respiratory chain. For instance, cardiolipin
levels in the mitochondrial membrane are imbalanced in human se-
nescent cells (Maftah et al., 1994; Chicco and Sparagna, 2007), which
triggers genome instability and alterations in the stress response sig-
nalling (Zhou et al., 2009). Such genomic damage results in further ROS
overproduction and creates a vicious cycle that leads to mitochondrial
dysfunction, tissue damage and cell death (Wei et al., 2009). In addi-
tion, there is a close relationship between mitochondrial dysfunction
and changes in metabolism during aging, such as the decline in NAD*
levels in worms (Mouchiroud et al., 2013), rodents (Braidy et al., 2011)
and humans (Massudi et al., 2012) partially due to ROS overproduction
and the altered redox state of the mitochondria.

Accordingly, lipid homeostasis is imbalanced during aging from
worms to humans. This occurs not only due to mitochondrial dys-
function but also by epigenetic alterations that modify gene expression
(Ahuja et al., 2019; Papsdorf and Brunet, 2019), so there is a bidirec-
tional cross-talk between nutrient sensing pathways and epigenetics.
For example, lipids are able to directly alter the epigenetic landscape
via Acetyl-CoA (a degradation product of fatty acid oxidation) which is
used for histone acetylation (Ahuja et al., 2019; Imhof and Peleg, 2016;
Peleg et al., 2016a, b; Brunet and Rando, 2017; Quiros et al., 2016);
while the epigenetic alterations can, in turn, modulate lipid metabolism
and distribution (Peleg et al., 2016b; Brunet and Rando, 2017; Quiros
et al., 2016). Almost all enzymes that modify chromatin use metabolites
from core metabolic pathways as substrates or co-factors, such as
Acetyl-CoA, nicotinamide adenine dinucleotide (NAD *), flavin adenine
dinucleotide (FAD), ATP or S-adenosylmethionine (SAM), uridine di-
phosphate (UDP)-glucose, and a-ketoglutarate (a-KG) (Gut and Verdin,
2013; Lu and Thompson, 2012). Such metabolites inform about the
metabolic status of the cell and are sensed by chromatin-modifier en-
zymes. An interesting example of metabolic sensors which is gaining
much attention in the scientific community are sirtuins, histone dea-
cetylases (HDAGs) that sense the intracellular NAD ™ levels, which re-
flect the energetic state of the cell (Houtkooper et al., 2012; Bonkowski
and Sinclair, 2016).

In mammals, sirtuins are a family of 7 proteins, from SIRT1 to
SIRT7, and their activity is enhanced upon nutrient-stress conditions
when NAD™ levels increase (Canto and Auwerx, 2012). Indeed, it has
been suggested that the beneficial effects of dietary restriction depend
on NAD™* sensing by SIRT1 (Lu and Lin, 2010; Guarente, 2013). Aging
and age-related diseases also benefit from SIRT1 activation: resveratrol
stimulates SIRT1 activity, improves mitochondrial function (Lagouge
et al., 2006) and extends lifespan in mice ((Baur et al., 2006; Minor
et al., 2011), although this only occurs when the animals are metabo-
lically stressed (i.e. fed with a high-fat diet) (Baur et al., 2006; Minor
et al., 2011). Thus, it has been recently hypothesized that sirtuins do
not play a direct role in aging but instead activate stress-response
pathways, which are involved in health and lifespan (Canto and
Auwerx, 2012).
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2.2. Antagonistic hallmarks

While primary damage accumulates throughout time, the antag-
onistic hallmarks are triggered as a homeostatic process that compen-
sates the damage. Such compensatory mechanisms are, at first, favor-
able for cell survival; but they eventually become detrimental and
promote an aging phenotype (Lopez-Otin et al., 2013). A common ex-
ample is the generation of ROS, which show beneficial physiological
roles at moderate concentrations (Valko et al., 2007; Schieber and
Chandel, 2014; Droge, 2002) but can also lead to mitochondrial dys-
function and excessive oxidative damage if they are not balanced
(Droge, 2002; Hekimi et al., 2011). Lipid peroxidation occurs when fats,
especially polyunsaturated fatty acids (PUFAs), are attacked by ROS,
and this process plays an important role in cellular aging (Ayala et al.,
2014; Arguelles et al., 2014). In response to lipid peroxidation, pan-
creatic beta cells upregulate the antioxidant machinery and other sig-
nalling pathways involved in damage repair and survival (Maulucci
et al., 2016). However, under high levels of peroxidation and oxidative
stress, cells induce apoptosis.

Another compensatory mechanism is the dysregulation of nutrient
sensing pathways, especially the insulin and Insulin-like growth factor
(IGF)-1 signaling (IIS) pathway (Riera and Dillin, 2015; Bettedi and
Foukas, 2017). Several studies show that decreased activity of the IIS
extends lifespan in many different model organisms (Kenyon, 2011;
Selman et al.,, 2011; Nelson et al., 2012; Altintas et al., 2016;
Templeman et al., 2017) but, paradoxically, studies with mice indicate
that the IIS also declines during normal aging (Schumacher et al.,
2008). Moreover, it has recently been observed that metabolic altera-
tions during aging follow a biphasic curve, where metabolic activity
increases during middle-age and declines again later in life (Baker and
Peleg, 2017). Thus, IIS down-regulation in middle age can be inter-
preted as a defensive response to systemic damage, aimed at slowing
down cell metabolism in order to reduce the rate of cellular damage and
survive longer.

Of interest is the role of the IIS pathway in modulating the meta-
bolism of lipids. Activation of the downstream factor FOXO (Forkhead
box 0), a family of transcription factors highly conserved from
Cahenorhabditis elegans to mammals, increases lifespan (Martins et al.,
2016). Interestingly, in C.elegans the FOXO ortholog DAF-16 promotes
lipid degradation and synthesis of mono-unsaturated fatty acids
(MUFAs) (Murphy et al., 2003). As PUFAs oxidize more rapidly than
MUFAs, a higher MUFA/PUFA ratio is associated with an increased
lifespan (Papsdorf and Brunet, 2018). Consistent with this, PUFAs in-
crease during aging but are lower in long-lived mice (Papsdorf and
Brunet, 2019).

The mechanistic target of rapamycin (mTOR) is also a critical player
that affects aging by regulating lipid homeostasis in response to nu-
trient availability (Caron et al., 2015; Lamming and Sabatini, 2013).
mTOR is a kinase well conserved from yeast to mammals, found in two
complexes named mTOR complex 1 (mTORC1) and mTOR complex 2
(mTORC2), which regulate cell growth and metabolism. Activation of
both complexes in response to specific nutrients (i.e. aminoacids) and
growth factors (i.e. insulin), promotes energy conservation by lipid
storage (adipogenesis and lipogenesis) and triggers the shut down of
catabolic processes such as autophagy, lipolysis and [-oxidation
(Soliman, 2011).

It is well documented that the TOR pathway mediates, at least in
part, the protective effects of dietary restriction (Garratt et al., 2016).
mTOR suppression triggers stress-response pathways which are linked
to longevity, like autophagy, heat resistance, antioxidant responses,
cell-cycle control and homeostasis (Aramburu et al., 2014). Inhibition
of mTORC1 with rapamycin or genetic interventions also extends life-
span in many model organisms (Harrison et al., 2009; Johnson et al.,
2013).

Another antagonistic hallmark is cellular senescence (Lopez-Otin
et al., 2013), which is regarded as a tumor suppressor mechanism in
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one hand by inhibiting proliferation of damaged, aged cells; but which
also promotes a senescent associated secretory phenotype (SASP) in
which cells secrete a series of cytokines, chemokines and growth factors
to their surroundings, prompting other cells to become senescence and
creating a pro-inflammatory environment, eventually favorable for
tumor development (Coppe et al., 2010; Velarde et al., 2013). Indeed,
new work has shown several health benefits of clearing senescence cells
in mice (Baker et al., 2011, 2016).

Remarkably, senescent cells are characterized by having a stiffer
membrane (Matjusaitis et al., 2016). Membrane fluidity decreases in
brain, liver and heart in aging rats (Hulbert et al., 2007) due to an
altered lipid composition. Indeed, membrane sphingolipids can pro-
mote either cell proliferation - when they are converted into sphingo-
sine-1-phosphhatase (SP1) - or apoptosis -when they are converted into
ceramides (Papsdorf and Brunet, 2019). An imbalance of the S1P/cer-
amide axis is associated with aging and age-related diseases like dia-
betes, as it shows an important role in the regulation of energy balance
in rodents (Green et al., 2017). Moreover, SP1 is involved in multiple
cellular signaling processes like immune cell trafficking. As such, it has
been implicated in inflammatory disorders like diabetes, atherosclerosis
and cancer (Spiegel and Milstien, 2011; Kunkel et al., 2013).

2.3. Integrative hallmarks

According to Lopez-Otin et al. (2013) model, the integrative hall-
marks eventually arise when homeostatic mechanisms are not sufficient
to compensate the damage, leading to stem cell exhaustion and altered
intercellular communication. Both of these lead to an increased risk of
multimorbidity and the final aging phenotype.

Importantly, many different types of damage can trigger the same
phenotype. For instance, telomere shortening, DNA damage and onco-
gene overexpression, can all trigger cell cycle arrest and senescence,
with stem cell exhaustion as a common end-point. Such a consequence
impairs the regenerative capacity of tissues and triggers age-related
conditions like osteoporosis and sarcopenia in old mammals (Conboy
and Rando, 2012).

Similarly, stem cell exhaustion at the hematopoietic system con-
tributes to maintain a senescent immune system. A permanent low-
grade inflammation is an important biomarker of aging, and a common
denominator of several age-related diseases (Shaw et al., 2010). Inter-
estingly, studies with humans and animals reveal that the lipid com-
position and the distribution of lipid rafts is altered in aged T-lym-
phocytes (Fulop et al., 2012). Lipid rafts become less fluid and dynamic
when cholesterol content increases in aged T-cells, drastically altering
the T-cell activation signaling cascades (Fulop et al., 2012).

Another example of altered intercellular communication is that
human adipose tissue secretory profiles change with age (Gonzalez-
Covarrubias, 2013). Fat storage and plasma triglyceride levels are also
elevated, which increase the risk of developing age-related conditions
like diabetes, cardiovascular and metabolic diseases. Notably, the cel-
lular uptake of serum triglycerides seems to have a protective effect in
C. elegans, especially if they are enriched in MUFAs (Papsdorf and
Brunet, 2018). Fat remodeling effects like lipid accumulation in somatic
cells, fatty acid desaturation, lipolysis and autophagy has also been
reported in C. elegans after germline removal (Hansen et al., 2013),
thus suggesting that lipid metabolism may have an important role in
switching between somatic maintenance and reproduction.

Germ line removal is, indeed, a mechanism that significantly in-
creases lifespan in worms (Hsin and Kenyon, 1999; Arantes-Oliveira
et al., 2002) and flies (Flatt et al., 2008), although much work has been
focused on C. elegans and studies with flies have been controversial so
far (Barnes et al., 2006). Work with C. elegans shows that lifespan ex-
tension through germ-cell loss is dependent on DAF-16 (Berman and
Kenyon, 2006), therefore directly linked to the IIS pathway, which
regulates energy balance and lifespan. Of interest, the link between
reproduction and the IIS pathway can be seen also in mammals: many
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studies show a decrease in fertility after reducing the IIS or during
caloric restriction (Weindruch et al., 1986; Bruning et al., 2000; Burks
et al., 2000; Zaczek et al., 2002; Partridge et al., 2005; Martin et al.,
2008; Ghazi, 2013; Maklakov and Immler, 2016), probably due to the
interconnectivity between nutrient sensing pathways and the neu-
roendocrine control of the reproductive system (Zieba et al., 2005;
Uhlenhaut and Treier, 2011). It seems therefore that the germline
regulation of lifespan might be conserved through evolution, although
its molecular and physiological mechanisms are poorly understood.

3. Delaying aging by caloric restrictions and effects on lipid
metabolism

From yeast to primates, calorically restricted animals show an ex-
tension of their maximum life-span and a decrease in the onset of age-
related diseases (Fontana and Partridge, 2015; Puca et al., 2008; Clancy
et al., 2002; Mattison et al., 2017). Despite being one of the most stu-
died intervention for delaying aging, the underlying molecular and
cellular mechanisms of caloric restriction (CR) are still not well un-
derstood (Di Francesco et al., 2018). Several hypotheses have been
suggested, such as the reduction of metabolic rate (with no supporting
evidence nowadays) (Masoro, 2005), reduction of oxidative damage
(Mattson et al., 2014) and attenuation of the IIS pathway (Fontana
et al., 2010), among others, which are not necessarily exclusive.

Interestingly, it has been suggested that such theories are just mere
examples of hormetic processes (Rattan, 2008; Masoro, 2005), so CR
can be regarded as a small stressor that triggers upregulation of path-
ways for maintenance and repair in a pleiotropic way, with the IIS
pathway, mTOR, FOXO, AMP-aktivierte Proteinkinase (AMPK), heat
shock factor (HSF) protein and sirtuins involved (Fontana and
Partridge, 2015). For instance, CR increases the formation of free ra-
dicals within the mitochondria, which causes a secondary induction of
antioxidant defenses, a clear example of hormesis (Ristow and
Schmeisser, 2014; Shimokawa and Trindade, 2010). Similarly, autop-
hagy, an evolutionary conserved process that degrades cellular com-
ponents in response to starvation, is very much associated with health
and longevity, and it’s induced during CR (Longatti et al., 2012).

Regarding the relationship between CR and lipid metabolism, it is
noteworthy that CR delays age-related DNA methylation in mammals,
including primates (Maegawa et al., 2017, Hahn et al., 2017, de
Magalhaes and Church, 2005) affecting genes involved in lipid meta-
bolism and finally leading to higher lipolysis and shorter fatty acid
chain lengths (Hahn et al.,, 2017). In addition, lipid homeostasis is
fundamental for regulation of autophagy, since deletion of enzymes
responsible for triglycerides (TG) and sterol esters completely blocks
starvation-induced autophagy in yeast cells (Velazquez et al., 2016).
Indeed, lipids play an essential role not only at regulating autophagy-
related genes but also at the level of membrane components (Bustos and
Partridge, 2017).

In humans, long term caloric restriction (CR) influences the same
biological parameters that are altered with aging (Anderson and
Weindruch, 2010; Most et al., 2017). These include risk factors for
atherosclerosis, such as reduction of serum total cholesterol, low den-
sity lipoprotein cholesterol (LDL), TG, fasting glucose and insulin, high
sensitivity C-reactive protein, systolic and diastolic pressure, while
other factors like high density lipoprotein (HDL) are increased (Fontana
et al., 2004). Changes in adipose tissue secreted systemic factors like
adipokines are also altered (Miller et al., 2017; Zhu et al., 2004). Adi-
ponectin levels strongly increase in CR animals, which is accompanied
by a reduction of plasma and tissue TGs, and an improvement of insulin
sensitivity (Zhu et al., 2004).

Other protective effects in calorically restricted versus ad libitum
rats include a decrease of lipid peroxidability and maintenance of
membrane fluidity (Yu et al., 1992). Changes in lipid membrane bilayer
profiles (decrease in the C20:4n-6/C18:2n-6 ratio) that occur under CR
are associated with reduced peroxidability (Laganiere and Yu, 1993;
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Fig. 1. Lipid profiles of FDCPmix cells cultivated under a) normal glucose
content and b) low glucose starvation measured by MALDI-TOF mass spectro-
metry in the positive ion mode after organic extraction and is reproduced with
modifications and permission from Elsevier (Fuchs et al., 2011a,b). The PC
species containing 3 or more double bonds (PUFA) decreases drastically in
comparison to PC species with 2 or 1 double bonds under glucose deprivation.
Further, the ether-linked lipid species decrease as well almost entirely. Ab-
breviations: GPC, glycerophosphocholine; PC, phosphatidylcholine.

Hulbert, 2005). As demonstrated in Fig. 1, under low glucose starvation
the lipid membrane bilayer profile of cultured FDCPmix cells shifts
drastically to a decreased PC 36:4/PC 36:2 ratio (Fuchs et al., 2011a).
High membrane fluidity and low membrane peroxidability are the op-
timal membrane conditions for promoting longevity (Puca et al., 2008).
This theory has been generated from the observation that body mass/
maximum life span in mammal and bird species correlates directly and
inversely with the membrane levels of C18:1 n-9 and C22:6 n-3, re-
spectively. This can be explained by the fact that the latter one is 320-
fold more susceptible than C18:1 n-9 to peroxidation, while they both
have good fluidity properties (Hulbert, 2005).

In mice, CR also promotes longevity via induction of endothelial
nitric oxide synthase (e-nos) expression (which exerts cardiovascular
protection), mitochondrial biogenesis and ATP production. These ef-
fects are strongly reduced in e-nos null mutant mice (Nisoli et al.,
2005), although this work was later challenged (Hancock et al., 2011).
Still, there is evidence that the molecular stressor NO’, an e-nos product
that induces trans-fatty acids formation (Kermorvant-Duchemin et al.,
2005), plays a role in CR. One possibility is that in wild-type CR animals
NO', acting via mitochondrial biogenesis, increases $3-oxidation and li-
polysis. This may result in reduced accumulation of fat and an increased
lifespan (Nisoli et al., 2005).

CR is perhaps the most studied intervention that effectively delays
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the onset of age-related diseases and extends lifespan. However,
bringing this therapy to society has major drawbacks. As the typical CR
regimen entails a 20-40% decrease in calories, most individuals find it
difficult to sustain such a diet over time. Moreover, CR requires careful
planning and appropriate patient counseling, as associated concerns
with long-term CR include an increased risk of osteoporosis, fatigue and
loss of muscle mass (Lipsky and King, 2015). Other regimes such as
intermittent fasting or macronutrient restrictions without calorie deficit
have proved to be a more feasible and safe intervention, equally pow-
erful as CR (Greer and Brunet, 2009); Mattson et al., 2014; (Lee and
Longo, 2016). For instance, recent studies show that restriction of
protein or specific amino acids (i.e. methionine and tryptophan) also
extends health and lifespan in various animal models (Mirzaei et al.,
2014). Recent reports also support the notion that a low carbohydrate,
fat-based diet -ketogenic diet- is beneficial for increased healthy life
span (Newman et al., 2017; Roberts et al., 2017). In addition, drugs that
mimic the CR effects have also great potential and may be better
translated to society. Examples that are being investigated are Met-
formin, a drug for diabetes which targets insulin metabolism (Anisimov,
2013), Rapamycin, which interacts with mTOR signaling and affects
autophagy (Blagosklonny, 2012), and Resveratrol, which interferes
with sirtuin activity (Gertz et al., 2012).

In summary, understanding how lipid content and composition is
altered during aging may offer novel insight as to how various hall-
marks of aging are changed. As the analysis of lipids is rather complex,
various mass spectrometry-based techniques have emerged. Next, we
discuss such technologies and methods to characterize lipidomics and
how novel lipidomics data enable novel insights into aging.

4. Technological advances in —omics research, mass spectrometric
methods in lipidomics research

The first step in the lipidomics analyses is the two phase extraction
of the lipid species done in most cases by the Bligh & Dyer or Folch
method (Bligh and Dyer, 1959; Folch et al., 1957). The obtained lower
chloroform layer of the organic extraction can be used for further
analysis without the necessity of further purification. In Fig. 2 the ty-
pical workflow for lipid analysis and several selected techniques are
shown. This table provides a very general overview of various methods
and the underlying principles as well as the corresponding advantages
and disadvantages. The methods can be grouped into techniques based
on chromatography, mass spectrometry (MS) and other spectroscopic
techniques. In order to obtain the maximum of information, it is ad-
visable to combine two or more techniques, such as liquid chromato-
graphy (LC)-MS and gas chromatography (GC)-MS.

Modern lipid analysis approaches are normally done by MS (Want
et al., 2005) and typically preceded by LC separation (Sommer et al.,
2006; Zhao et al., 2014) or GC (A et al., 2005; Kohler et al., 2016;
Jurowski et al., 2017). The dynamic range for lipid analyses has been
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affectedly extended that it is nowadays possible to identify and quantify
lipid classes of very low concentrations (e.g., lysophospholipids, cer-
amide, sphingosine-1-phosphate) (Han et al., 2005; Farwanah et al.,
2011) and/or achieve analysis of very low-abundant molecular species
in many lipid classes (e.g. phosphatidylinositols, cardiolipins and ether
lipids) (Han et al., 2006; Tyurina et al., 2014). New MS-based lipi-
domics methods allow the study of intact lipid molecules from very
small amounts of extracted samples (Han and Gross, 2005; Schwudke
et al., 2006).

Lipidomics has made fast progress on various fronts over the past
years although it still needs to achieve the same level of advancement
and knowledge as genomics and proteomics. The challenge is the di-
versity of lipid species for both the experimental and the informatics
positions. There is the need for a robust bioinformatics infrastructure
for the (a) establishment of a globally accepted classification system,
creation of databases of lipid structures, lipid related genes and proteins
(done by the initiative of the LIPID MAPS consortium); (b) efficient
analysis of experimental data; (c) integration of experimental data and
existing knowledge into metabolic and signaling pathways; and (d)
development of software for efficient search, display, and analysis of
lipidomic data, among others (Naudi et al., 2015).

Characterizing lipids presents unique challenges, but new technol-
ogies facilitate quantitative detection of diverse lipids in human sam-
ples and model organisms typically used in aging studies (Schroeder
and Brunet, 2015). Current methods utilizing LC-MS can detect a great
variety of unique lipid species, including novel lipid molecules
(Brugger, 2014). Although it is still not possible to detect all types of
lipid molecules in one sample, LC-MS-based methods combined with
sophisticated software to aid in lipid identification can detect hundreds
of distinct lipids. Other methods that degrade lipids into its chain
components can detect differences in FA structure at high resolution,
revealing trends in lipid profiles (Li et al., 2014; Brugger, 2014). Ana-
lysis of metabolites without specifically targeting lipids can also iden-
tify some new lipid molecule species (Folick et al., 2015b).

Lipidomics requires specific solutions for analysis, data handling
and lipid pathway analysis because of the huge diversity of lipids
(Yetukuri et al., 2008; Tumanov and Kamphorst, 2017). Fig. 2 gives an
outline of different steps of a lipidomics platform. The first decision
before performing lipidomics analyses is to define the number of lipid
species of interest. For a defined set of metabolites a targeted approach
should be selected or an untargeted approach should be chosen if the
goal of the experiment is entire lipidome determination (Patti et al.,
2012; Cajka and Fiehn, 2016).

However, no single extraction method is capable to extract all lipid
classes from a biological matrix with good efficiency because lipids are
very heterogeneous and complex molecules. Hence, an important step
in any lipidomics analysis is the choice of the lipid extraction method
that depends on the experiment objective and the targeted lipid classes
(Pellegrino et al., 2014).

The second decision in the lipidomics analyses workflow is the de-
tection of the extracted lipid species. Mass spectrometry and nuclear
magnetic resonance (NMR) have become powerful tools for lipid
characterization (Fuchs, 2015). It is called liquid chromatography MS
(LC—MS) when the extract is introduced into MS after chromatographic
separation by LC (Laaksonen et al., 2006; Zhao et al., 2014) or “shotgun
lipidomics” if the lipid extract is introduced directly into the mass
spectrometer (Schwudke et al., 2006; Wang et al., 2016). Beside LC,
other frequently used separation tools for analysis of lipids in complex
samples are thin-layer chromatography (TLC) and GC (Fuchs et al.,
2015; Jurowski et al., 2017). As TLC uses a solid phase for separation,
direct TLC coupling to MALDI-MS is possible (Fuchs, 2012). Ad-
ditionally, MALDI-based lipid visualization can provide imaging re-
solution (Amoscato et al., 2014; Luberto et al., 2019; Ellis et al., 2013).

In untargeted lipidomics methodologies the most common ioniza-
tion technique is electrospray ionization (ESI), but also matrix-assisted
laser desorption ionization (MALDI), which are both soft ionization

63

Chemistry and Physics of Lipids 222 (2019) 59-69

methods (Yang and Han, 2016). ESI (and also MALDI) can be combined
with several types of mass analyzers such as time-of-flight (TOF), Or-
bitrap®, triple quadrupole (QqQ), and ion trap. The latter two ioniza-
tion techniques are usually used for targeted approaches and the first
two for untargeted experiments. Positive ion mode ESI (ESI+) allows
the detection of diverse lipid classes such as major glycerolipids (GL),
glycerophospholipids (GP), and sphingolipids (SP). Nevertheless, for
some lipid classes such as phosphatidic acid (PA), phosphatidylserine
(PS), phosphatidylinositol (PI), free fatty acids, and carboxylate anions
of the fatty acids only the negative ion mode (ESI-) can provide useful
information (Seppanen-Laakso and Oresic, 2009; Watson, 2006). For
specific lipid classes (such as steroids) are more sensitive ionization
techniques available, for example atmospheric pressure chemical ioni-
zation or chemical ionization (Gross, 2017).

5. Changes in (glycerophospho)lipids, fatty acids, vinyl-ether
lipids (plasmalogens) and oxidized lipids in aging & age related
diseases

5.1. Lipid peroxidation

Total lipids extracted from plasma or isolated from erythrocyte
membranes of children of long-lived individuals (nonagenarians or
centenarians) contain a higher MUFA/PUFA ratio, relative to matched
controls (Gonzalez-Covarrubias, 2013). As already commented, an in-
creased MUFA/PUFA ratio may influence lifespan by reducing oxida-
tive stress and damage (Han et al., 2017). PUFAs are most susceptible to
oxidation, and oxidation of fatty acids (FAs) propagates further free
radical production, thus high levels of PUFAs could increase oxidative
damage (Shmookler Reis et al., 2011). There are other findings that
support a link between PUFA synthesis, oxidative damage, and aging:
comparing several long-lived mutants in C. elegans, the longest-lived
mutants have the highest MUFA/PUFA ratios (Shmookler Reis et al.,
2011). Also, higher levels of A9 desaturase that converts saturated FAs
to MUFAs are found in long lived worms.

The oxidative stress theory of aging includes polyunsaturated lipids
that are particularly susceptible to the ROS attack, whereby saturated
and monounsaturated fatty acyl chains (SFA and MUFA) are essentially
resistant to peroxidation (Gonzalez-Covarrubias, 2013). Moreover,
oxidized lipids are able to damage other macromolecules or form ad-
ducts because they are radicals itself (Hulbert, 2003). The resulting
products are mutagenic and carcinogenic, so this might contribute to
the onset of age-related diseases and aging (Muller et al., 2007).

Investigations have shown that a higher MUFA/PUFA ratio is as-
sociated with lower peroxidation, oxidative damage and maximum
lifespan in different tissues and animal species (Hulbert, 2005; Portero-
Otin et al., 2001; Pamplona et al., 2000b, a). High levels of PUFA, such
as arachidonic acid, may cause myocardial injury by induction of sys-
temic inflammation with subsequent development of cardiovascular
disease (Halade et al., 2016). PUFAs, as well as other specific FAs,
might change differently in different lipid classes, such as phosphati-
dylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol
(PI) and triacylglycerol (TAG) class species (Fuchs et al., 2011b).

The susceptibility of individual FA to peroxidation is known to in-
crease exponentially with increasing number of double bonds on carbon
chains. This allows the calculation of a value that is referred as the
peroxidation index (Munro and Blier, 2012). Munro and Blier (2012)
found that the extreme longevity of Arctica islandica (maximum re-
ported life time = 507 years) is associated with increased peroxidation
resistance. The mitochondrial membrane peroxidation index was found
to have an exponential decrease with increasing longevity among spe-
cies, whereby the peroxidation index of other cell membranes showed a
linear decrease. This suggests that an increase in longevity primarily
results from decreasing lipid peroxidation in the mitochondrial en-
vironment. The significantly lower peroxidation index and elevated
levels of plasmalogens found for A. islandica mitochondria should be a
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Fig. 3. Lipid profiles of FDCPmix cells culti-
vated under a) self-renewal conditions, b) er-
ythropoietin and c) granulocyte-colony stimu-
lating factor (G-CSF) measured by MALDI-TOF
mass spectrometry in the positive ion mode
after organic extraction. Further details about
FDCP mix murine progenitor cells can be found
in (Ditz et al., 2018; Fuchs et al., 2011a). The
PC species containing 3 or more double bonds
(PUFA) decreases drastically in comparison to
PC species with 2 or 1 double bonds during
erythroid differentiation (Ery Diffs) (b) and
myeloid differentiation (G/M Diffs) (c). The
ether-linked lipid species increase. Abbrevia-
tions: GPC, glycerophosphocholine; PC, phos-
phatidylcholine.
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prime factor contributing to this species’ extraordinary longevity.

5.2. (VinylD)-Ether lipids - Plasmalogens

After birth and during growth, a major increase in brain weight
occurs and the plasmalogen content more than doubles in developing
brain (Erickson and Lands, 1959; Farooqui and Horrocks, 2001).
Changes of plasmalogen lipids in endothelial phenotype cells generated
from human induced pluripotent stem cells were investigated by re-
verse-phase ultrahigh-pressure liquid chromatography mass spectro-
metry analysis. The levels of plasmalogen phosphatidylethanolamines
(38:5) and (38:4) increased during differentiation of endothelial cells
(Nakamura et al., 2017). This increase could be also shown during
differentiation of hemopoietic (murine) stem cells (Fuchs et al.,
2011a,b) (as shown in Fig. 3). However, such plasmalogen gradually
declines starting from 30 years old in normal human brain during aging
(Rouser and Yamamoto, 1968; Lessig and Fuchs, 2009). Indeed, an
80 year old person reaches the actual plasmalogen content value of a
one year old child. Other studies also show a decreased plasmalogen
concentration with age (Brosche and Platt, 1998; Maeba et al., 2007).
The decreasing plasmalogen content in the aging brain is associated
with an increasing ratio of plasmalogen epoxide to native plasmalogen,
suggesting a potential role of lipid peroxidation (Weisser et al., 1997;
Braverman and Moser, 2012).

In (Yamazaki et al., 2014), age-related diseases were investigated
and the serum levels of different human subjects quantified by a '?°I-
HPLC method and characterized by LC-MS/MS. Oxidized products of
plasmalogens, free aldehydes and a-hydroxyaldehydes accumulate at
30-times higher concentrations in aged brains, indicating an increased
turnover of plasmalogens, their increased hydrolysis and a more sig-
nificant extent of oxidation reactions (Weisser and Spiteller, 1996; Dean
and Lodhi, 2018). Nevertheless, the mild stress that occurs during
normal aging can be nearly completely tolerated by the up-regulation of
the antioxidant defense systems, such as tocopherols and ascorbic acid,
which are able to restore the oxidative balance (Farooqui and Horrocks,
2001).

The review of (Gonzalez-Covarrubias, 2013) gave an overview
about lipidomic profiles associated with familial longevity on one hand
and lipid species associated with risk of type 2 diabetes on the other.
Particularly, an increase of specific ether-linked phosphatidylcholine
and sphingomyelin species seems to be involved in lowering the risk of
type 2 diabetes and finally increase longevity. Similarly, (Kawanishi
et al., 2018) found that serum levels of specific ether-linked PC and
phosphatidylethanolamine (PE) molecular species (e.g., PC 0-36:4 and
PE 0-36:5) were lower in old than in young individuals. Thus, de-
creased ether-linked phospholipids (PL) species could be a hallmark of
aging and aging-related diseases. Indeed, they are generally called “free
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radical scavengers” and exhibit protective effects on other molecular
species, cells and tissues, by mitigating oxidative stress (Dean and
Lodhi, 2018). This might be because ether-linked PLs contain a long
chain fatty alcohol in the sn-1 position of the glycerol backbone instead
of the fatty acyl chain (Lessig and Fuchs, 2009; Braverman and Moser,
2012). However, in contrast to vinyl-ether PLs (plasmalogens) that are
modified by plasmenyl-desaturase in sn-1 position, unmodified ether-
linked lipids are very stable and not susceptible to oxidative stress. Only
the additional double bond, after the further desaturase step, makes
plasmalogens very susceptible to oxidative stress and therefore able to
act as scavenger molecules. Although it is possible to distinguish vinyl-
ether PLs (plasmalogens) from ether-PLs in lipidomics analysis (Lessig
and Fuchs, 2009), their identity remains uncertain in some studies
because e.g. PE-O 36:5 and PE-P 36:4 (plasmalogen) are isomers.

5.3. Saturation of fatty acids

Deregulation of the stem cell niche is regarded as one of the reasons
for tissue degeneration and aging. In Fig. 3 the lipid profile of hemo-
poietic (murine) stem cells (Fuchs et al., 2011a) are shown and com-
pared with the lipid profile after their differentiation into erythrocytes
and granulocytes/monocytes (Ditz et al., 2018). In both blood cell
types, the PC species containing 3 or more double bonds (PUFA) de-
crease drastically in comparison to PC species with 2 or 1 double bonds
during differentiation. In contrast, the content of ether-linked lipid
species in both differentiated cell types increases. Consequently, lower
PUFA content and higher ether lipid content should protect these blood
cells optimally from ROS and age-related diseases after differentiation.

In contrast to the results above, (O’Rourke et al., 2013) found that
supplementing C. elegans or human epithelial cells with PUFA increases
their resistance to starvation and extends their life span in conditions of
food abundance, via autophagy activation. Indeed, inactivation of au-
tophagy reverses this effect (O’Rourke et al., 2013; Kniazeva and Han,
2013).

Surprisingly, in a review by (Puca et al., 2008), increased levels of
endogenous trans fatty acids are associated with a predisposition to
exceptional longevity. However, studies so far showed only that trans
fatty acids decrease the rate of lipid peroxidation, an effect that may
mitigate the atherogenic effect of these fatty acids (Sargis and
Subbaiah, 2003).

0dd chain fatty acid metabolism might have an underestimated role
in health and disease and longevity (Jenkins et al., 2015). Historically,
odd chain saturated FAs (esterified in intact lipids) were used as in-
ternal standards in GC-MS (or LC-MS) methods, as it was thought that
their concentrations were insignificant in humans. Later on, increased
consumption of dairy products was associated with the increased blood
plasma levels of odd chain FAs. However, there is evidence for an
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Fig. 4. Key aspects of lipids in aging and their connection to the hallmarks of aging.

endogenous metabolism of C 17:0 and C15:0. Furthermore, even and
odd chain saturated FAs seem to have an inverse association with
adipokine profiles, in glucose metabolism and type 2 diabetes (Kurotani
et al., 2017).

While saturated FAs with even chains are associated with increased
metabolic disease risk and aging, odd chain FAs (C:15, C:17) correlate
with a reduced risk with C:17 having the strongest risk reduction.
Furthermore circulating C:15 levels correlated with diary intake and
C:17 seems to have other influencing factors (Jenkins et al., 2017).
There is evidence that C:17 can be also biosynthesized in vivo in
mammals (Wakil, 1966, 1965). However, odd numbered FAs are more
likely to accumulate in the adipose tissue than even numbered FAs
(Gotoh et al., 2008). In the review of Jenkins et al. (Jenkins et al., 2015)
it is described that odd chain FAs increase membrane fluidity to a si-
milar degree as PUFAs. Though, this hypothesis seems to be con-
troversial, but is stemming from the fact that an odd-chain acid has a
lower melting point than its next lower even-numbered homolog
(Holman et al., 1995, 1989). Thus, FA C:15:0 has a lower melting point
than FA C:14:0.

5.4. Lipids as signaling molecules

Steroids like molecules have an important function in longevity in
different organism and many of their interactions have been identified.
Mammalian nuclear hormone receptors (NHRs), such as liver X re-
ceptor, farnesoid X receptor, and peroxisome proliferator-activated re-
ceptors (PPARs), precisely control energy metabolism. Van Gilst et al.
(Van Gilst et al., 2005) found that the two phenotypes of the nhr-49
knockout were linked to distinct pathways and were separable: The
high-fat phenotype was due to reduced expression of enzymes in fatty
acid B-oxidation, and the shortened adult life span resulted from im-
paired expression of stearoyl-CoA desaturase. Further studies by Pa-
thare et al. (Pathare et al., 2012) suggest that NHR-80 and NHR-13’s
modulation of NHR-49 regulated fatty acid desaturase genes contribute
to the shortened lifespan phenotype of nhr-49 deletion mutant animals.
Antebi (Antebi, 2013) reviewed how hormonal signaling is linked to the
gonodal longevity pathway: Removal of the gonad or parts thereof can
extent life span in a variety of species.

In C. elegans longevity was promoted by oleoylethanolamide (OEA),
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an N-acyl ethanolamine-derived lipid that was detected by high-
throughput metabolomics analysis (Folick et al., 2015a). Because of the
physiological importance of this molecule a novel GC-MS method has
been recently developed to quantify this molecular specie accurately
(Annibal et al., 2018).

6. Summary and conclusions

Lipids occur in a variety of sizes, biophysical properties, and relative
abundance. Dietary lipids, de novo lipogenesis, and hundreds of en-
zymes influence together the lipid profile of an organism. Enzymes that
are suggested to be involved in lipid metabolism of longevity modulate
the length and desaturation of FA chains and their incorporation into
more complex lipid molecules (Schroeder and Brunet, 2015). For in-
stance, lipases liberate FAs from lipid molecules to serve as energy
sources, as signaling molecule or for remodeling. Desaturases and
elongases introduce new double bonds into FA chains and catalyze
carbon chain extension, respectively. Thus, targeting such lipid sig-
naling pathways with genetic, pharmacological or dietary interventions
would probably affect longevity and help us understand better the role
of lipid metabolism in the aging process.

One of the most studied interventions in these regards is caloric
restriction, which successfully delays aging in a wide number of model
organisms; however, despite all the literature on this topic, the under-
lying molecular and cellular mechanisms of CR are still not well un-
derstood. This might be due to its pleiotropic effects, as CR triggers a
wide number of responses at different levels, affecting the epigenetic
landscape and several metabolic pathways involved in maintenance
and repair, nutrient sensing, cellular senescence and longevity. More
research is needed regarding the CR effects on the metabolism of spe-
cific fatty acids, lipid profiles and epigenetic changes that may alter
lipid signaling pathways.

In Fig. 4 the hallmarks of aging and their connection with lipid
metabolism and profiles are schematically shown. One of the key as-
pects of lipids that affect the aging process has to do with their per-
oxidability: a higher MUFA/PUFA ratio clearly delays aging and age-
related diseases in model organisms. Polyunsaturated lipids are parti-
cularly susceptible to the ROS attack, whereby saturated and mono-
unsaturated fatty acyl chains (SFA and MUFA) are essentially resistant
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to peroxidation that would act further as amplifiers of oxidative stress.
Other obvious changes in long-lived animals are an increase of specific
odd chain FAs and an increase in ether lipids. While odd chain FAs
increase the fluidity similar to PUFAs, they are resistant to ROS like
SFA. In addition, ether lipids are the pre-stage of vinyl-ether PLs
(plasmalogens), which are discussed as efficient antioxidants.

In contrast to these findings, it is of great interest the fact that
dietary intake of saturated FAs has been mistakenly regarded -and still
remains to be- as a major culprit of obesity and cardiovascular diseases
and is also associated with a higher risk of all-cause mortality.
However, recent meta-analyses cannot find significant evidence of such
associations (Siri-Tarino et al., 2010; de Souza et al., 2015; Harcombe
et al., 2015) and more care should be placed when developing dietary
guidelines. It would be of interest to determine the relative effects of
different saturated FAs at different levels, such as peroxidability and
atherogenic capacity, as well as developing more randomized con-
trolled trials rather than observational and epidemiological studies.
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