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Abstract

young and aged mice.

levels were elevated during aging.

Background: Senescence is a well-known risk factor for several diseases, such as neurodegenerative disorders. There-
fore, studies exploring the mechanisms underlying aging are expected to guide the discovery of novel drug targets
and biomarkers for these diseases. However, a comprehensive overview of the metabolic and lipidomic changes in
healthy aging mammals is lacking. To understand the changes of metabolism with aging, especially lipid metabo-
lism, we analyzed the metabolomes and lipidomes of the cerebral corte, liver, femoral muscle, and epididymal fat in

Results: Two-dimensional cluster analysis revealed clear separation between the metabolite profiles of the aged and
young groups. Deoxydihydroceramide (doxDHCer), deoxyceramide (doxCer), and ether-linked diacylglycerol (DAG)

Conclusion: This is the first report of age-related variations in deoxysphingolipid and ether-linked DAG levels in mice.
DoxCer, doxDHCer, and ether-linked DAGs may be associated with senescence in mammalian tissues.
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Dear Editor
Senescence underlies a wide range of diseases, such as
cancer and neurodegenerative, cardiovascular, and meta-
bolic diseases [1]. Studies clarifying the mechanisms of
senescence are expected to guide the discovery of novel
drug targets and biomarkers for these diseases. Under-
standing the molecular mechanisms of senescence could
facilitate the identification of biomarkers of biological
age. Furthermore, given the underlying multisystem net-
work underlying the aging process, with changes occur-
ring at molecular and organ-based levels, biological
plausibility suggests that no single biomarker is likely to
completely explain biological age.

Because multiple mechanisms contribute to the occur-
rence of senescence, molecular network analysis has
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been frequently used to comprehensively understand this
process [1-3]. One such type is metabolomic analysis,
which provides qualitative and quantitative information
regarding all metabolites in a cell, tissue, or organ. There-
fore, metabolomic studies have the potential to provide
valuable insights into the mechanisms of senescence and
senescence-related diseases. For instance, recent stud-
ies summarizing a combination of gene expression and
metabolomic analyses have provided a footprint of aging
in mice [3, 4]. These analyses demonstrated decreased
long-chain acylcarnitine levels, increased free fatty acid
levels, and marked reduction in various amino acid levels
in the plasma of aged mice.

Additionally, research on the detection of accelerated
aging in young adults using 18 biomarkers have ena-
bled to note the differences in individuals with aging
speed. This study has mentioned metabolic changes and
physiological decline with aging by analyzing biomark-
ers [5]. However, the cause of physiological decline, i.e.,
senescence, with aging is still unclear. Furthermore, in
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addition to the less identified lipid- and disease-specific
or single organ analysis, the lipidomics approach has
been reported for aging and aging-related diseases [6, 7].

In this study, to clarify the changes in metabolism with
aging, particularly the changes in lipid metabolism, we
analyzed the metabolomes and lipidomes of the cerebral
cortex, liver, femoral muscle, and epididymal fat in young
(9 weeks old) and aged (114 weeks old) mice. A compre-
hensive analysis revealed previously unidentified meta-
bolic changes that represented age-related variations
in deoxydihydroceramide (doxDHCer), deoxyceramide
(doxCer), and ether-linked diacylglycerol (DAG) levels in
aged mice. These novel findings in the fields of molecular
biology and senescence may provide further insight into
aging-related diseases.

Aged mice exhibited elevated levels of doxDHCer

in epididymal fat

The total body weights and biochemical parameters of
the young and aged mice were assessed in parallel to
confirm the phenotyping data. Body weights, glucose,
and total ketone body levels (see Additional file 1) were
consistent with the results of a previous report compar-
ing aged (22 months old) and young (3 months old) mice
[3]. We used metabolomic and lipidomic techniques
to analyze the cerebral cortex, liver, femoral muscle,
and epididymal fat tissues in aged and young C57BL/6]
mice (see Additional file 2) to understand the molecu-
lar mechanisms of senescence, and we identified more
than 1000 metabolites in these tissues. The reasons for
selecting these organs are as follows: (1) Femoral mus-
cle and liver: these organs are the most energy-generat-
ing/consuming organs; therefore, we hypothesized that
energy consumption affects aging; (2) Cerebral cortex:
cognitive dysfunction is also known to be associated
with aging, so we selected the cerebral cortex; and (3)
Epididymal fat: Increase in body weight (especially fat)
is associated with aging. However, no researcher has
investigated the changes in body fat in association with
these conditions. We hypothesized that increase in body
fat is associated with the accumulation or generation of
abnormal molecules in the fat tissue. Cardiolipins, cera-
mides, cholesterol esters, glycerolipids, dolichols, car-
nitines, ubiquinones, fatty acyl coenzyme A (CoA), free
fatty acids, and ganglioside were identified by lipidomic
analysis and metabolites from the tricarboxylic acid
cycle, glycolysis, sugars, bile acids, pyrimidine pathway,
nicotinate, and nicotinamide pathway amino acids and
their metabolites were identified by metabolomic analy-
sis (see Additional file 3). Then, the profiles of aged and
young mice were compared, and cluster analysis revealed
clear differences in terms of these profiles between these
two groups. However, it was difficult to visualize the
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results because numerous metabolites were present in
the results of cluster analysis. Therefore, we performed
re-analysis to focus on deoxysphingolipids (doxSLs) and
ether-linked DAGs. We could not find any report regard-
ing the relationship between aging and these lipids at the
time of data analyses. Thus, we chose doxSLs and ether-
linked DAGs as focused metabolites. They were chosen
as unique metabolites in aging for subsequent analyses.

From cluster analysis, we also identified unique molec-
ular species of ether-linked DAGs and sphingolipids in
aged mice that varied from the ceramide species gener-
ally found in the epididymal fat tissues, cerebral cortex,
and liver. We observed higher ether-linked DAG levels in
the cerebral cortex, fat tissue, and liver of the aged mice
than in equivalent tissues of young mice (Figs. 1a—c). The
femoral muscle showed no significant changes (see Addi-
tional file 4). Furthermore, the doxCer levels were signifi-
cantly higher (P<0.05, fold change>1) in the epididymal
fat tissues (Fig. 2a) and cerebral cortex of aged mice than
in the equivalent tissues in young ones. Moreover, doxD-
HCer levels were significantly higher in the epididymal
fat tissues (Fig. 2b). These doxSLs have been identified in
the plasma of patients with hereditary sensory and auto-
nomic neuropathy [8].

The levels of two types of doxSL, i.e., doxCer and doxD-
HCer, were significantly higher in the epididymal fat
tissue of aged mice than those in young ones (see Addi-
tional files 5 and 6). Conversely, in the cerebral cortex,
doxCer levels were higher but doxDHCer levels were
lower in aged mice than those in young ones. Further,
significant differences were not observed in the levels
of these molecules in the liver or femoral muscle. These
molecules are synthesized by serine palmitoyltransferase
(SPT), with the preferred substrates being serine and pal-
mitoyl-CoA. SPT catalyzes the condensation of L-serine
(L-Ser) and palmitoyl-CoA to form 3-keto-sphinganine
and ultimately sphinganine. Sphinganine is subsequently
N-conjugated with a second fatty acid to form dihy-
droceramide. Moreover, SPT can use L-alanine (L-Ala),
as a substitute, and conjugated alanine forms doxSLs [9]
via 1-deoxysphinganine and 1-deoxysphingosine. In an
in vitro study, doxSLs, such as doxCer and doxDHCer,
were generated in the presence of high L-Ala/L-Ser ratios
in the lipid droplets in cells [9]. Based on this informa-
tion, we analyzed L-Ser and L-Ala levels in several tissues
to clarify the reason for their accumulation in epididymal
fat.

Epididymal fat tissues displayed no changes in L-Ser

and L-Ala levels

We analyzed L-Ser and L-Ala levels in the liver, cer-
ebral cortex, epididymal fat, and femoral muscle tis-
sue in aged and young mice to determine whether the
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Fig. 1 Two-dimensional cluster heat-map visualization of detected lipids and metabolites from aged and young mice. DoxCers (red), doxDHCers
(blue), DAG (aa) (yellow) and DAG(ae) (purple) in epididymal fat (a), the cerebral cortex (b), and the liver (c) in young (9 weeks old) and aged
(114 weeks old) mice. DAG, diacylglycerol; aa, di-acyl; ae, acyl and ether; doxDHCer, deoxydihydroceramide; doxCer, deoxyceramide

L-Ala/L-Ser ratio changed with aging via amino acid
quantification (Fig. 2c). The aged mice exhibited lower
L-Ser levels in the liver and cerebral cortex as well as
lower L-Ala in the cerebral cortex and femoral muscle
than those in young ones. Conversely, no changes were
observed in the epididymal fat. Nevertheless, lower L-
Ser and r-Ala levels and higher doxCer and dosDHCer
levels in the epididymal fat than those in the other tis-
sues were observed. There were no changes between
aged and young mice with respect to the L-Ala/L-Ser
ratio, which was 0.9-1.13. In addition, the standard
deviation of the L-Ala/L-Ser ratio was lower than the
individual values of L-Ala and L-Ser in all tissues. We
hypothesize that these phenomena are attributable
to the accumulation of doxCers and doxDHCers in
epididymal fat rather than de novo synthesis because

we did not observe differences in L-Ser levels and
observed lower L-Ser levels in epididymal fat than in
the other tissues.

In the cerebral cortex, significantly lower L-Ser and L-
Ala levels were observed in aged mice than in young ones
(Fig. 2c). A previous report found that the L-Ala/L-Ser
ratio is a likely determinant of doxSL production; how-
ever, L-Ser levels were significant reduced in the cerebral
cortex. Regarding the decreases in doxDHCer levels in
the cerebral cortex, we speculate that there are two rea-
sons for this: First, the lower L-Ala and L-Ser levels in the
aged group than in the young group may have reduced
the total production of doxDHCer. Second, the sup-
pression of the enzyme activity, including serine palmi-
toyltransferase, 3-dehydrosphinganine reductase, and
ceramide synthetase in the ceramide de novo synthesis
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Fig. 2 Volcano plot of the fold changes in the levels of doxSLs and concentrations of -Ser and 1-Ala. DoxCer (a) and doxDHCer (b) between aged
and young mice and the corresponding p-values (white square: cerebral cortex; black triangle: liver; white circle: femoral muscle; black diamond:
epididymal fat tissues). Each data point represents the mean value of five mice per group and different carbon chain-length and degree of
unsaturation of fatty acid in each metabolite. A log 10 scale is used for the x-axis. ¢ Fold changes (aged/young) in the mean concentrations of L-Ser
and t-Ala. P-values are indicated for the metabolites with significant differences in abundance between groups. ***P <0.001, **P <0.01, *P <0.05

until doxDHCer in the aged group, may also affect the
total production of doxDHCer. Regarding the increase in
doxCer levels in the cerebral cortex of the aged group, we
speculate that the activation of the sphingolipid salvage
pathway is one possible cause of the increase in doxCer
levels. Because the decreases in doxDHCer levels had
already been observed, we speculate that doxCer synthe-
sis from the de novo synthesis pathway is less likely. The
use of enzyme activity to evaluate the decrease in doxD-
HCer levels in the brains of aged mice may be a useful
method in understanding this phenomenon.

Recently, some reports have described an associa-
tion between doxSLs and diseases; for example, patients
with aberrant plasma L-Ser and r-Ala levels, a situation
which can be secondary to mitochondrial disorders,
exhibit peripheral neuropathy with similar elevated levels
of atypical sphingolipids [10]. Further, doxSL levels are
elevated in type 2 diabetes mellitus [11], and such com-
pounds are cytotoxic for insulin-producing cells [12].

These symptoms are similar to those of aging-associ-
ated diseases that are caused by the progressive loss or
dysfunction of cells. Based on the findings of our study
and those from the abovementioned reports, we believe
that further studies are warranted to understand age-
related diseases and doxSLs. These studies indicate that
the intracellular metabolites of deoxysphinganine, par-
ticularly doxDHCer, are important cytotoxic mediators
[12, 13]. To our knowledge, the present study is the first
reporting age-related variations in doxCer and doxDH-
Cer levels in vivo.

Increase in ether-linked DAG levels in aged tissues

We found that ether-linked DAG levels were significantly
higher (P<0.05, fold change>1) in the epididymal fat
tissues, cerebral cortex, and liver of aged mice than the
equivalent tissues in young ones (Fig. 3). However, the
detailed biosynthetic pathway for ether-linked DAGs has
not been determined in aged mammals.
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Fig. 3 Volcano plot of the fold changes in the levels of ether-linked diacylglycerols and ethanolamine plasmalogens. Ether-linked DAG (pink square:
cerebral cortex; blue triangle: liver; yellow circle: femoral muscle; gray diamond: epididymal fat tissue) and ethanolamine plasmalogens (white
square: cerebral cortex; white triangle: liver; white circle: femoral muscle; white diamond: epididymal fat tissues) between aged and young mice and
the corresponding p-values. Each data point represents the mean value of five mice per group and different carbon chain-length and degree of
unsaturation of fatty acid in each metabolite. A log 10 scale is used for the x-axis

The first step in the synthesis of ether-lipids occurs in
peroxisomes. Most phospholipids contain a hydrophobic
fatty acid and hydrophilic phosphoglycerol head group.
Conversely, ether-linked phospholipids contain long-
chain fatty alcohols connected by an ether bond to the
phosphoglycerol structure [14]. Plasmalogen and plate-
let-activating factor (PAF) are the members of the latter
group of lipid structures, with ethanolamine or choline
being bonded as a head group to a fatty acid ether that
is bonded to a fatty acid ester, which is in turn bonded to
a glycerol skeleton [15]. Furthermore, PAF concentration
is lower than that of ethanolamine plasmalogens [14—17].
Therefore, we hypothesized that the observed decrease in
ethanolamine plasmalogen levels is caused by the elimi-
nation of this head group.

Analysis of the fold change in ethanolamine plasm-
alogen levels in aged and young mice (Fig. 3) revealed a
significant decrease in its levels in aged mice, particularly
in the cerebral cortex and epididymal fat tissues, and this
decrease was accompanied by an increase in ether-linked
DAG levels. Ether-linked diglyceride species, in contrast
to ester-linked diglyceride species, do not activate protein
kinase C [18] and ether-linked DAGs can induce growth
arrest, but not apoptosis, in vascular/aortic cell lines [19].

The mechanisms underlying the accumulation and
biosynthesis of ether-linked DAGs in aged mammals
are unknown. The lipid profile observed in our analysis

predicts that ethanolamine plasmalogens are the sub-
strates of ether-linked DAGs.

Plasmalogen levels in the brain are reduced in patients
with Alzheimer’s disease [20] and those with neurological
injuries, including ischemia and spinal cord trauma [21].
A previous report suggested that the stimulation of plas-
malogen-selective phospholipase A2 (PSPLA2) caused
this phenomenon, and plasmalogen degradation by
PSPLA?2 resulted in the generation of arachidonic acid,
eicosanoids, and PAFs [21]. In the present study, plas-
malogen levels reduced in the cerebral cortex, whereas
ether-linked DAG levels increased. Moreover, ether—lipid
levels are reportedly elevated in human tumors, mak-
ing such tumors more aggressive [22]. A recent study
has evaluated the alkylglycerone phosphate synthetase
enzyme activities promotes tumor growth, which in
the peroxisomally localized activities promotes tumor
growth [22]. Furthermore, the investigation of the rela-
tionship of growth arrest and apoptosis with ether-linked
DAG levels may provide insights into healthy aging.

We hypothesize that ethanolamine plasmalogen
hydrolysis increases ether-linked DAG levels in the cer-
ebral cortex and epididymal fat tissues. Ether-linked
DAGs have been identified in mammalian tissues such
as the mouse brain and heart [23]; however, quantita-
tive changes in its levels in aged animal models have
not yet been reported. Therefore, further studies on the
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biological functions of ether-linked DAGs are warranted
to determine whether these molecules play a role in the
aging process.

We identified doxDHCer, doxCer, and ether-linked
DAGs as aging-associated lipids, and their possible role
in senescence could be investigated. Although some
metabolic changes associated with aging have previ-
ously been investigated, to the best of our knowledge,
this is the first time that changes in the levels of these
three lipids have been unambiguously demonstrated
using mass spectrometry. However, further research is
needed to fully establish the relevance of these lipids to
aging and clarify the biosynthesis of the newly identified
age-related lipids. In addition, two questions need to be
answered in future studies. First, what is the significance
of the decrease in doxDHCer levels in the cerebral cor-
tex? Second, can doxDHCer, doxCer, and ether-linked
DAG levels be detected in the plasma of aged mammals?
In this study, we could not conduct lipidomic analysis of
plasma because of low sample amounts. If the plasma
levels of doxDHCer, doxCer, and ether-linked DAGs can
be detected, these data may provide insights into healthy
senescence and facilitate the discovery of novel drug tar-
gets and biomarkers. The results obtained in this study
will contribute to the understanding of the aging process
and the prevention of accelerated aging and aging-associ-
ated diseases.

Additional files

Additional file 1. Plasma biochemical parameters. Glucose (Glu), triglyc-
eride (TG), glutamic pyruvic transaminase (GPT), total cholesterol (T-CHO),
and total ketone body (T-KB) levels; body weights; and weight reduction
rates (%).

Additional file 2. Materials and methods.

Additional file 3. A list of identified metabolites and lipids in the cerebral
cortex, liver, femoral muscle, and epididymal fat in aged and young mice.
Retention time (RT), observed mass (ObsMass), coefficient of variation of
mixQC (CV), and ion from lipidomics analysis (lon) and database identifiers
(KEGG and HMDB) for metabolomics analysis are also included in table.
Abbreviations: MG, monoacyl; DG, diacylglycerol; TG, triacylglycerol; aa,
di-acyl; aaa, tri-acyl; aaaa, tetra-acyl; ae, acyl and ether; phosphatidylcho-
line, PC; lysophosphatidylcholine, LPC; phosphatidylethanolamine, PE;
lysophosphatidylethanolamine, LPE; phosphatidylserine, PS; lysophos-
phatidylserine, LPS; phosphatidylglycerol, PG; lysophosphatidylglycerol,
LPG; phosphatidic acid, PA; lysophosphatidic acid, LPA; phosphatidylino-
sitol, PI; lysophosphatidylinositol, LPI; CL, cardiolipins; Cer, ceramides; SM,
sphingomyelins.

Additional file 4. Ether-linked DAGs in epididymal fat (a), the cerebral
cortex (b), liver (c), and femoral muscle (d) in young (9 weeks old) and
aged (114 weeks old) mice. Data are presented as box-and-whisker plot,
with whiskers showing minimum and maximum values and each dot plot
showing individual values (white bar and blue dot: young, gray bar and
red dot: aged). P-values are indicated for the metabolites with signifi-
cant differences in terms of abundance between groups. ***P < 0.001,

**P <0.01,*P <0.05.
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Additional file 5. The doxCers in epididymal fat (a), the cerebral cortex
(b), liver (c), and femoral muscle (d) in young (9 weeks old) and aged
(114 weeks old) mice. Data are presented as box-and-whisker plot, with
whiskers showing minimum and maximum values and each dot plot
showing individual values (white bar and blue dot: young, gray bar and
red dot: aged). P-values are indicated for the metabolites with significant
differences in terms of abundance between groups. Abbreviations: DG,
diacylglycerol; ag, acyl and ether. ***P < 0.001, **P < 0.01, *P < 0.05.

Additional file 6. The doxDHCers in epididymal fat (a), the cerebral cortex
(b), liver (c), and femoral muscle (d) in young (9 weeks old) and aged (114
weeks old) mice. Data are presented as box-and-whisker plot, with whisk-
ers showing minimum and maximum values and each dot plot showing
individual values (white bar and blue dot: young, gray bar and red dot:
aged). P-values are indicated for the metabolites with significant differ-
ences in terms of abundance between groups. ***P < 0.001, **P < 0.01,

*P <0.05.

Abbreviations

doxDHCer: deoxydihydroceramide; doxCer: deoxyceramide; DAG: diacylglyc-
erol; CoA: coenzyme A; SPT: serine palmitoyltransferase; PSPLA2: plasmalogen-
selective phospholipase A2; L-Ser: L-serine; L-Ala: L-alanine; PAFs: platelet-
activating factors.
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