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Abstract: The increase in life expectancy, leading to a rise in the proportion of older people, is
accompanied by a prevalence of age-related disorders among the world population, the fight against
which today is one of the leading biomedical challenges. Exploring the biological insights concerning
the lifespan is one of the ways to provide a background for designing an effective treatment for the
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profiling of 12 species of Drosophila with significant variations in natural lifespans was conducted in
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phospholipids, and carbohydrate metabolism. Such information provides a metabolome-level view
on longevity and may provide a molecular measure of organism age in age-related studies.
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1. Introduction
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death in developed countries (heart diseases, cancer, neurodegenerative diseases, etc.) [2].
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aging aspects [4]. The uncovering of their underlying molecular mechanisms can provide
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for describing the underlying mechanisms of biological processes. The metabolome is the fi-
nal downstream product of cascades biological events resulting from a complex interplay of
the genes, protein expressions, and the various environmental exposures (lifestyle, diet, gut
microbial activity, etc.) [7]. Thus, metabolic alterations can serve as an unbiased source for
generating hypotheses about changes in upstream control processes on multiple levels of
systemic regulation (genomic, transcriptional, and proteomic levels), making metabolomics
particularly relevant to the investigation of various biological processes [8-10]. Discovery
and analysis of regulatory relationships between variations in metabolomic composition
and diversity of lifespan can provide a comprehensive understanding of the physiological
mechanisms of longevity [11,12]. Notably, in recent years, panoramic metabolite profiling
has emerged as a powerful tool that has been widely and successfully applied in the
investigation of biological processes, including the molecular patterns associated with life
extension in non-mammalian and mammalian models [7,8,12].

The similarities between many metabolic pathways in flies and humans make Drosophila
(different species of drosophilids) one of the attractive models for various biomedical
studies (including longevity related) [13—15]. The strengths of Drosophila as a model are
the relatively short lifespan, high fecundity, the simplicity of maintenance and cultivation,
the fully annotated genome, the lack of regulatory ethical guidelines for experiments
with invertebrate animals, etc. [14,16,17]. In addition, the availability of a fly species with
significant differences in natural life expectancy is a notable advantage for longevity-related
studies.

The untargeted direct-injection mass spectrometry (DIMS)-based metabolite profiling
of 12 species of Drosophila with significant variations in natural lifespan was used in this
study (Figure 1). A cross-comparison study of metabolomic profiles revealed the molecular
signatures associated with the difference in life expectancy. At present, the number of
panoramic omics-level studies providing comprehension of regulatory mechanisms of
longevity is limited [18]. The conducted metabolomic analysis of flies can enrich this
knowledge as some obtained results may be important for a more profound understanding
of the regulatory mechanisms of lifespan at the molecular level.
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Figure 1. Workflow of the metabolomics study of fly species with different lifespans. Twelve different
Drosophila species were cultivated in the fly incubator. Sampling was carried out every 2-6 days. The
collected samples (whole adult fly samples) were divided into three biological replicates, weighed,
and homogenized (methanol:water 4:1). After centrifugation, the supernatant was submitted to
metabolite profiling by high-resolution direct mass spectrometry (MS). The data processing of obta-
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ined MS data (alignment, normalization, etc.) was performed. Further data analysis (univariate and
multivariate statistical analysis) revealed the relationships between the metabolomic composition of
various groups of samples and allowed to detect metabolites with statistically significant variations
between compared groups. The retrieved results were used for the over-represented metabolite set
analysis to interpret the data at the metabolic pathway level.

2. Results
2.1. Drosophila Cohorts and Mass Spectrometry Analysis

The design of the comparative study was based on the difference in lifespans across
the Drosophila species and, from the literature, the existence of age-associated metabolic
alterations [10,19-22]. At first, the Drosophila species were grouped into three cohorts
according to their life expectancy (long-lived, medium-lived, and short-lived species).
Then, the DIMS was used to profile the metabolic composition of the flies. Over 12,000
mass spectrometry (MS) peaks with the mass-to-charge ratio (11/z) of up to 1000 Da were
detected by an untargeted analytical approach across the studied samples. Preliminary
processing of the metabolic dataset allowed the selection of MS peaks that were presented
in at least 75% of the samples in each species cohort. Only these MS peaks were submitted
to further analysis.

In the next stage of the data analysis, the overall difference in the metabolomic composition
among the compiled cohorts was evaluated by the principal component analysis (PCA).
The score plot displayed a grouping of fly samples according to the assigned cohort
membership (Figure 2). This fact confirmed that the metabolome of Drosophila species is
lifespan associated, which generally justifies the study's design based on lifespan-associated
cohorts.
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Figure 2. Principal component analysis (PCA) score plot (PC1 vs. PC2) of metabolomic profiling
data. () Samples from the cohort of the long-lived species (group I), (¢) samples from the cohort
of the medium-lived species (group II), and (») samples from the cohort of the short-lived species
(group III). The first two principal components (PC1 and PC2) explain about 70% of the total variation
in the spectra.

Then, the fly samples with equivalent age from each group were submitted to the cross-
comparison study of metabolomic compositions. The fly sample selection provided a
decrease in the influence of the age-associated alterations. The relative age was used as the
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criterion for the selection. The chronological ages (days) of all collected fly samples were
transformed to relative values (Table S1).

2.2. Statistical Analysis and Metabolite Annotation

In the next stage of the study, a univariate analysis was performed. Non-parametric
techniques were used due to violation of assumptions that should be met for the application
of parametric tests (data not shown). The difference in metabolomic composition between
cohorts was evaluated using a Kruskal-Wallis H test. The study revealed the complete
list of m/z that are the source of heterogeneity between the cohorts of samples. A total
of 318 MS peaks showed a significant change (p < 0.05) between the cohorts. Among
these MS peaks, 28 metabolites were putatively annotated. Annotation of 9 metabolites
was confirmed by tandem mass spectrometry (MS/MS) (Table S2). Based on the results
of annotation, the selected metabolites were grouped into several groups: carbohydrates,
amino acids, carnitine, biogenic amine, and phospholipids. Subsequently, a pairwise
comparison of the annotated metabolites between each cohort by Mann-Whitney U test
was performed. Results of univariate analysis (Kruskal-Wallis H test and Mann-Whitney
U test) are summarized in Table 1.

Table 1. List of the significantly different (p < 0.01) metabolites between the cohorts of fly species.

p-Value
U Test

. easured Calculated Elemental U Test : U Test

No. Metabolite M iz iz Ion Form Composition H Test Long-Lived Long‘:lved Medium-Lived

vs.. Medium- vs..
Short-Lived Lived Short-Lived

1 Alanine 90.0545 90.0550 [M + H]* C3HyNO, 5x107° 1x10°° 9 x 107 6 x 1073
2 Betaine aldehyde 102.0911 102.0913 M]* CsH1,NO 2 x107° 5x 1077 7 x 107° 2 x 1071
3 Serine 106.0501 106.0498 [M +H]+ C3HyNO; 1x10°5 1x 1077 2 x 107 3 x10°°
4 Proline 116.0709 116.0705 M + HJ* CsHoNO, 3% 1074 9% 1077 2% 1076 3% 1071
5 Valine * 118.0867 118.0862 [M + HJ* Cs5H11NO, 9 x 10~* 4x10°° 6 x 1073 2 x107°
6 Threonine 120.0658 120.0655 M + H]* C4HyNO3 5x107* 2 %1077 7 x 1073 3x10°°
7 Picolinic acid * 124.0392 124.0392 [M + HJ* Ce¢HsNO, 8x10°° 2x10°° 8x107° 1x10°°
8 Leucine * 132.1024 132.1018 [M + H]* CeH13NO; 5x107° 4x10°° 5x107* 7 x 107
9 Asparagine 155.0450 155.0430 [M + Nal* C4HN, 05 5% 1073 4% 1073 9 x 1073 4% 107
10 Ornithine 155.0811 155.0791 [M + Na]* Cs5H12N20, 2 x 107 2 x 107 6 x 1071 1x10*
11 Glutamate * 170.0420 170.039 [M + Na]* CsHy9NOy4 2 x 1073 2 x 1072 8 x 107 9 x 1071
12 Arginine * 175.1201 175.1191 [M + H]* Ce¢H14N4 O, 1x10°* 1x10°* 4x10°° 8 x 107!
13 Tyrosine 182.0812 182.0812 M + HJ* CoH1NO; 9% 1074 3% 1076 2% 1076 1x 107!
14 Tryptophan * 205.0961 205.0971 [M + HJ* CiHipN,0, 3x 1079 2 %1076 8 x 1073 5% 1073
15 Choline 104.1068 104.1069 M]* CsH1,NO 7 % 1075 1x10° 5% 1071 4% 1076
16 LysoPE16:0* 4542926 4542928 [M + HJ* CyHuNO,P  4x 104 2 % 107 6% 107 3x 107!
17 LysoPE181* 480.3078 480.3085 [M + HJ* CyHNOP 9% 1073 8 x 1076 2 %1073 2 % 1072
18 Lyso PC 16:1 ** 494.3237 494.3241 [M + HJ* Co4HygNO7P 5x107° 8 x 1077 1x10°5 7 x 107°
19 Lyso PC 18:2 ** 520.3388 520.3398 [M + H]* CHs50NO7P 4x107* 2 x107° 3x 1072 5x107°
20 Lyso PC 18:1 ** 522.3550 522.3554 [M + H]* C6Hs5,NO7P 1x107°5 3x10°8 2 x10°° 3x 1073
21 SM d33:1 ** 689.5586 689.5592 [M + H]* C3sH77N,Og P 3x107° 4 %1077 3x10°° 2 x 107
22 PC 34:1 ** 760.5839 760.5843 [M + H]* CypHg;NOgP 1x10°¢ 2 x 1077 1x10°° 8 x 107
23 PC 36:6 ** 778.5368 778.5381 [M + H]* Cy4H76NOgP 7 x 107 1x10°5 3x107° 1x 107!
24 PC 36:2 ** 786.5998 786.6007 [M + HJ* Cy4HggsNOgP 8x10°° 2 x 107 6 x107° 4 x 107!
25 Carnitine * 162.1126 162.1124 [M + H]* C7H15NO3 5x10°° 1x1077 7 x 107° 1x10°°
26 Taurine 148.0044 148.0039 [M + Na]* C,H;NO3S 6 x107* 1x10°5 5x 1072 5x 1072
27 Glucose * 203.0545 203.0526 [M + Na]* CeH1206 1x10°° 7 x 1077 1x10°° 1x10°°
28 Trehalose * 365.1085 365.1054 [M + Na]* C12H2 011 4x107* 2 x10°° 6 x 107 8 x107°

H test, Kruskal-Wallis H test; U test, Mann—Whitney U test. * Identification of these metabolites was confirmed by the tandem mass
spectrometry (MS/MS) approach. ** The exact structure of the acyl chains was not established for phospholipids and was suggested from
database search results.

The overview of the results of the cross-cohort analysis indicated that the highest level
of the annotated metabolites was observed in the long-lived fly species and the lowest in
the short-lived species. The exception was sphingomyelin (SM d33:1), the highest levels of
which were in the samples of the short-lived species. A pairwise comparison of metabolite
levels showed that all annotated metabolites differed significantly between the long- and
short-lived cohorts. At the same time, there was no significant difference in the levels of
some metabolites between long- and medium-lived or medium- and short-lived cohorts of
species (Table 1). A possible relatively high similarity in the metabolomic composition of
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medium-lived species with species of both other compared cohorts is the reason for this.
The variation in the levels of the annotated metabolites between the cohorts of species is
illustrated in Figure 3.
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Figure 3. Box and whisker plots of the annotated metabolites between cohorts of Drosophila species. The box-whisker
plot presents the distribution of normalized intensity values of the annotated metabolites. The top and bottom of the
boxes represent the 25% and 75% percentiles; the 5% and 95% percentiles are indicated as error bars. The median value
is indicated by horizontal lines within each box. The outliers were eliminated before the analysis. The results of the
pairwise comparisons of the metabolite levels between cohorts are displayed (the changes were calculated using medians of
individual metabolite levels across the lifespan). The pairwise differences were calculated by the Mann-Whitney U test
(*p <0.05 (** p < 0.01), significant change between long-lived and short-lived species; # p <0.05 (## p < 0.01), significant
change between long-lived and medium species; & p < 0.05 (%% p < 0.01), significant change between medium-lived and
short-lived species).
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2.3. Metabolic Pathway Enrichment Analysis

The metabolic pathway analysis (functional analysis module implemented in Metabo-
Analyst v. 5.0, www.metaboanalyst.ca, accessed on 22 June 2021) was applied to detect
the relevant metabolic pathways. The list of annotated metabolites was submitted into
MetaboAnalyst to clarify the metabolic pathways associated with the differentially abun-
dant metabolites. The analysis revealed seven enriched metabolic pathways. The metabolic
pathway analysis plot is shown in Figure S1. The results of the analysis are summed in
Table 2.

Table 2. Over-representation analysis (ORA) results for altered metabolites revealed in the compara-
tive analysis of Drosophila species with different lifespans.

No. Pathway Name ! Total Hits Raw p 2 —log(p)  Impact
1 Aminoacyl-tRNA biosynthesis 48 12 1.64 x 1078 11.8 0.17
2 Valine, leucine, and isoleucine biosynthesis 8 3 0.0003 35 0.13
3 Arginine biosynthesis 12 3 0.0011 29 0.63
4 Arginine and proline metabolism 31 4 0.0020 2.7 0.42
5  Alanine, aspartate, and glutamate metabolism 23 3 0.0079 2.1 0.28
6 Glycine, serine, and threonine metabolism 30 3 0.0170 1.8 0.32
7 Starch and sucrose metabolism 14 2 0.0270 1.6 0.17
8 Glyoxylate and dicarboxylate metabolism 24 2 0.0720 12 0.07

1 Pathways were sorted according to the probability (p-value) of detection of a particular number of significantly
altered metabolites in the compound list of a certain pathway. 2 p-Values lower than 0.05 are marked by bold.

Thus, based on the result of the analysis, the following differentially abundant
metabolic pathways were chosen as the significantly relevant pathways in terms of p-value
and impact value: aminoacyl-tRNA biosynthesis; valine, leucine, and isoleucine biosynthe-
sis; arginine biosynthesis (Figure S2); arginine and proline metabolism; alanine, aspartate,
and glutamate metabolism; glycine, serine, and threonine metabolism; and starch and
sucrose metabolism. The complete list of the enriched pathways and corresponding
metabolites identified within the pathways is shown in Table S3.

2.4. Ontogenetic (Intra-Group) Analysis

In the next stage of the experiment, ontogenetic changes of the identified metabolites
were discovered. Unfortunately, the absence of visible age-related phenotypic signs and
objective methods for determining the age of adult fruit flies do not allow to clearly
define the boundary of different age periods (young, adult, mature, elderly). The relative
biological age was used as a criterion for the formation of the different age subgroups in
each cohort (long-, medium-, and short-lived fly species). The first subgroup included the
samples in which the relative biological age varied from 10 to 30% of the maximum lifespan
of the species (the subgroup was named “young”). The second subgroup consisted of the
samples in which the relative biological age was from 60 to 70% of the maximum lifespan
of the species (the subgroup was named “mature”). The detailed information about the
formed subgroups (the maximum lifespan of each species, the relative and chronological
age of the samples included in the subgroups, etc.) is summarized in Supplementary
Table S1. The ontogenetic alterations (young vs. mature) in each cohort were evaluated by
the Mann—-Whitney U test (results are summarized in Table S54). The variation in the levels
of the annotated metabolites is illustrated in (Figure 4).

Results of the intra-cohort comparison (comparative analysis of the formed subgroups
in each cohort) demonstrated a decrease in the levels of most annotated metabolites in all
cohorts as animals mature. It should be noted that not all of the ontogenetic alterations
were statistically significant, but a decline in the level of the annotated metabolites with age
was observed in all cohorts. A small fraction of metabolites (that were putatively annotated
as phospholipids: PC 34:1, PC 36:6, and PC 36:2), opposite, demonstrated the elevation
of level with age in all formed cohorts (Figure 4). The pronounced changes in metabolite
levels were detected among the young and mature subgroups of long-lived species. At the
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Figure 4. Box plot graphs of the age-related drift of selected metabolites within every fly cohort. The box-whisker plot
presents the distribution of normalized intensity values of the annotated metabolites. Each cohort is represented by two
boxes of the same background color. The first box (left box) is the young subgroup, and the second box (right box) is the
mature subgroup. The top and bottom of the boxes represent the 25% and 75% percentiles; the 5% and 95% percentiles
are indicated as error bars. The median value is indicated by horizontal lines within each box. In addition, the results of
the pairwise comparisons of the metabolite levels between the two subgroups in each cohort are displayed (Table S2). The
pairwise differences were calculated by the Mann-Whitney U test (* p < 0.05 (** p < 0.01), significant change between
subgroups (young vs. mature) of long-lived species; * p < 0.05 (*# p < 0.01), significant change between subgroups (young
vs. mature) of medium species; & p <0.05 (&& p < 0.01), significant change between subgroups (young vs. mature) of

short-lived species).

In the last stage of the experiment, cross-cohort comparative studies of the formed
subgroups were performed (young vs. young; mature vs. mature). The analysis enabled
the evaluation of variations in the levels of the annotated metabolites between cohorts at
the different periods of the adult phase of the fly life cycle. The difference was evaluated
by the Kruskal-Wallis H test. Subsequently, a test of pairwise differences of the selected
metabolites between each cohort by Mann—-Whitney U test was performed. The results
of univariate analysis (the Kruskal-Wallis H test and the Mann—-Whitney U test) are sum-
marized in Supplemental Table (Table S5). Visualization of the results of the comparative
analysis is presented in Figure S3.

Results of the cross-cohort comparative study displayed the availability of variations
in abundance levels of the annotated metabolites both between the younger age subgroups
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and between the oldest age subgroups. The presence of the differences in the metabolite
levels at the various stages of the adult phase is a confirmation of the correct choice
of metabolites. Nevertheless, it should be noted that the most significant alterations in
the metabolite abundance levels were found between the young subgroups of formed
cohorts (the significant difference p < 0.05). While, in many cases, there were no significant
differences between the mature subgroups (p > 0.05) (Table S5).

3. Discussion

The design of the experiment to reveal the longevity signatures was based on the
cross-comparison study of metabolomic compositions of species with different lifespans.
Initially, it was assumed that the comparative analysis of the metabolomic composition of
each fly species with every other fly species is hardly effective. Very likely, the source of
most of the metabolomic variations between species is the result of phenotypic plasticity
that is a consequence of evolutionary adaptation to prevailing environmental factors and
not related to the longevity mechanism. It is complicated to isolate and identify from
this metabolite set the particular metabolites involved in the lineage-specific lifespan
extension mechanisms. It was decided to focus on studying common longevity-related
mechanisms that apply across closely related species with a similar lifespan [18]. For
this purpose, species with a similar lifespan were grouped into separate cohorts. This
allowed eliminating the species-specific perturbations (only cohort-specific perturbations
that are typically for all fly species of this cohort were enabled for analysis). The approach
based on comparing the cohort-specific metabolic compositions minimizes the number
of significantly different metabolites, which potentially correlates with the difference in
longevity [8,23,24].

Due to the dramatic lifespan fluctuation across the species, individuals of different
species with similar chronological ages are at various stages of life. In addition, the
metabolomic composition of model organisms changes significantly throughout life [19-22].
In this case, the hallmarks of aging may be expected to have detectable effects on the
metabolome that can prevent a correct selection of relevant metabolites. In turn, it can
affect the interpretation of the outcome of the comparative study, leading to a reduction in
the research effectiveness [25]. Considering the lack of clear parameters for the evaluation
of adult fly aging, the relative age was proposed as the criterion. The relative age in every
sampling point was expressed as a percentage of the maximum lifespan of the species (the
maximum lifespan of the species was taken as 100%). Thus, the design of the study was
based on the selection of samples of equivalent relative age from each species. Then, the
selected samples were combined in the cohorts for the comparative analysis.

Results of the comparative analysis showed that significantly different metabolites
belong to various chemical classes: carbohydrates, amino acids, carnitines, biogenic amines,
and lipids. The highest level of most annotated metabolites was observed in long-lived
species. Based on the list of annotated metabolites, the relevant enriched pathways were
detected. Most of these pathways were associated with amino acid biosynthesis and
metabolism. Despite numerous studies demonstrating the link of the amino acid level and
life expectancy [26-32], the specific mechanisms of the amino acid-mediated modulation
of the lifespan are little known [33]. Alterations in the amino acid level can lead to
changes in the activity of the amino acid metabolism-related processes (intensification of
protein synthesis and synthesis of biologically active compounds, amplification of cellular
differentiation and growth, up-regulation of antioxidant defense and immune response
systems, etc.), which may be one of the causes of the observed phenomenon [28,34-37].
The effect of amino acids on energy metabolism should be noted especially. The positive
correlation between the enhancement of energy metabolism and lifespan extension was
demonstrated in many species [38,39]. Earlier, it was shown that amino acids can modulate
energy metabolism through enhancement of the mitochondrial biogenesis [36,40,41], via
activation of the synthesis of various mitochondrial components (mitochondrial protein
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synthesis, etc.) [42], and by elevation of adenosine triphosphate (ATP) production (products
of amino acid catabolism can enter into the TCA cycle as intermediates) [28].

Previously published studies have shown that the level of sugars (glucose and tre-
halose) has an important role in the regulation of the lifespan in such model organisms as
worms and fruit flies (modest elevation in their levels promoted an extending of life) [43—45].
These sugars have a wide range of biological effects. On one hand, the sugars are the main
circulating fuel sources and precursors of various building blocks for cellular biosynthe-
sis [46—48]. On the other hand, they are involved in the regulation of various processes
(autophagy, maintenance of water homeostasis, immunity, etc.) [45,49-51]. Probably, a
combination of the beneficial effects of the sugars is the reason for the positive effect on
longevity processes. The relevance of sugars to longevity can also be explained by the ratio
of proteins to carbohydrates (P:C), which affects the lifespan of flies [52]. The lowering
of this ratio leads to a lifespan extension [53,54]. Based on this phenomenon, it has been
hypothesized that high sugar levels in long-lived species lead to a drop in the (P:C) ratio
and thus increase longevity [45]. However, despite numerous studies on the (P:C) ratio in
prolonging lifespan, the mechanism of this phenomenon is still being debated [55]. One
of the possible mechanisms is upregulation in the expression of antimicrobial peptides,
leading to improved immunity and resistance to infection [56].

The last group of metabolites that are the source of heterogeneity among the com-
parative species is lipids (Table 1). There were no enriched lipid-associated pathways in
the study. Probably, lipidomics-based approaches should be used for the identification of
the specific lipid-related pathways. The potential mechanisms of the influence of lipids
on life expectancy and the role of particular lipids in the process are still poorly under-
stood [57-59]. Nevertheless, a close link between alterations in cellular lipid composition
and lifespan has been demonstrated in numerous studies [57]. Apparently, the impact of
lipid composition on life expectancy is associated with regulation of the effectiveness of
some cellular processes (autophagic activity, etc.) and physical properties of the membrane
of cellular organelles (the viscosity of mitochondrial membrane, etc.) [57]. The observed
versatile change in lipid levels with age may reflect age-related changes in the lipid ratios
of cell membranes.

Thus, based on the obtained results, it was hypothesized that the longevity in fly
species was associated with shifts in amino acid, carbohydrate, and lipid metabolism. A
review of the biological effects of annotated metabolites indicated that a common attribute
in most is the ability to integrate into the regulation of cellular energy production (as fuel
sources, modulating factors, etc.). Energy metabolism plays a crucial role in a plethora of
vital cellular processes [60]. A decrease in the energy supply or any failures in the cellular
energy status leads to a significant reduction in lifespan [61]. Probably, a shift in energy
production is one of the specific patterns of long-lived species. Thus, the enhancement of
cell energy metabolism in combination with beneficial effects associated with the annotated
metabolites and metabolite-related pathways is one of the potential longevity-related
mechanisms.

The found alterations in metabolite levels as animals mature can indicate their possible
link with the aging process. A review of the trajectories of the annotated metabolite levels
changes showed that they resemble the age-related alterations in metabolites identified
in the previously published studies [62,63]. Remarkably, at least some of the annotated
metabolites (trehalose, BCAA) are involved in the earlier discovered metabolic signatures
related to aging [62]. It was hypothesized that longevity and aging processes are similar and
can be regulated by the same metabolic pathways. Perhaps, the lifespan extension of long-
lived species is determined by genetics-based up-regulation of the annotated metabolite
that leads to enhancement of beneficial effects of detected metabolite-associated pathways.

The application of the omics-based approaches revealed the relevant molecular path-
ways associated with metabolites of interest. It was hypothesized that these pathways are
potentially associated with longevity and aging processes and the variations in their biolog-
ical activities contribute to the interspecific difference in life expectancy. The background



Int. J. Mol. Sci. 2021, 22, 12873

10 of 16

can provide a design of molecular signatures of biological age. The metabolomics-based
signatures can be used as a tool for developing a clock of age. Previous studies have shown
a strong correlation of metabolic profiles with age [64,65]. Thus, the model for assessing the
health and functional capacity of an organism based on metabolomic signatures has a great
future. The enriched pathways should also be studied in other species, including mammals.
We can hope that due to the similar basic biological processes of flies and mammals, at
least some of the detected pathways associated with the regulation of life expectancy in
flies can be revealed in mammals. The knowledge can contribute to the understanding of
the general principles of lifespan control on the molecular level and can help pave the way
for the design of new therapeutic strategies that may promote the modest extension of the
healthy years of life.

4. Materials and Methods
4.1. Drosophila Maintenance

The living cultures of 12 different species of Drosophilid, D. virilis, D. ananassae,
D. saltans, D. simulans, D. austrosaltans, D. bipectinata, D. yakuba, D. melanogaster, D. willistoni,
D. erecta, D. kikkawai, and D. biarmipes, were purchased from UC San Diego Stock Center
(La Jolla, CA, USA). The species were grouped into the 3 groups according to their lifespan
(long-lived, medium-lived, and short-lived species). General information about the species
of flies is presented in Table 3.

Table 3. Biological characteristics of the 12 fruit fly species.

s o Genus/ Maximum . Development 4 Reference
S%e;:‘?c Subgenus/Species  Lifespan’ Haﬁ:t’:r‘i: 2 Time 3 BOd)EnEIeISgth Nﬁi;‘}éiln Genome/Stock
Group/Species (Days) y (Days) Number
Cohort #1 Long-lived species (aver. lifespan of animals (days) £ s.d. = 82.0 & 25.4)
. . South, Southeast Asia, Ensembl
EZZ:Z; g;l: ZZ(I);ZZ h;lsut/e 5}35:;5[’:5;:6/ 71 Polynesia, regions of 13 2.4 +0.03 Decaying fruits [67] dana_caf1.21/
3 Australia and Americas [66] 14024-0371.13
Drosophila  Drosophila/Sophophora/ . . Rotting Unpublished/
saltans saltans/saltans 70 Tropical North America [65] 17 26+002 tropical fruits [69] 14045-0911.00
. . Ensembl
?;?;g’;g’;i“ D;Z?i’;’;ﬁ:‘// i;’l”i’;;’f:f’m/ 67 A centiﬁl aC“d .i%“th 0] 155 234002 Rotting fruits [70] dwil_caf1.21/
7 (7 i merica, the Caribbean 14030-0811.24
i . Fluxes of willows
. . . Deciduous forests of China, Ensembl
Drosophila D "’5"?’7;.1“// Drosophila/ 120 arid regions of Iran and 20 3.6 +0.03 doe ha other dvir_caf.21/
virilis virilis/virilis Afghanistan [71] ecaying parts o 15010-1051.87
trees [72]
Cohort #2 Medium-lived species (aver. lifespan of animals (days) & s.d. =43.4 £+ 5.9)
Drosophila  Drosophila/Sophophora/ 40 Central and South America 165 27 4 0.03 Rotting Unpublished/
austrosaltans  saltans/austrosaltans [73] : . ’ tropical fruits [69] 14045-0881.00
. Drosophila/Sophophora/ o NCBI
5“2‘;?’25; melanogaster/ 4 Soug‘e?? AOS“" ‘Slf“;;?s of 145 1.6 £ 0.02 Fruits [75] AFFE00000000.2/
tpectim bipectinata acttie Leean 14024-0381.19
Drosophila Drosophila/Sophophora/ Rotten, fermenting Ensembl
melam;: aster melanogaster/ 50 West Africa [76] 13 2.4 +0.04 fruits; marula fruit BDGP5.75/
8 melanogaster [76] 14021-0231.36
Drosophila  Drosophila/Sophophora/ Sub-Saharan Africa, Ensembl
simulans melanogaster/simulans 36 Madagascar [77] ’ 125 284003 Rotting fruits [75] WUGSC1.21/
8 & 14021-0251.194
. . . . . . Ensembl dyak_r1.3
Dropa DrsopilSqoplors g gl At s aom Spome RO
& 021-0261.01
Cohort #3 Short-lived species (aver. lifespan of animals (days) + s.d. = 28.0 & 2.6)
. . Ensembl
Dr:::c;;}lula %i;;gglzgfz ﬁgghﬂorﬂ/ 25 Equatorial West Africa [79] 14.5 2.2 +0.02 Pandanus fruits [78] dere_caf1.21/
3 14021-0224.01
Drosophila  Drosophila/Sophophora/ NCBI
biarmipes melanogaster/biarmipes 30 Hindustan [80] 175 2.4 +0.03 Rotting fruit [81] AFFD00000000.2/
P & P 14023-0361.09
Drosophila  Drosophila/Sophophora/ NCBI
osophi P priophor 29 Hindustan, Brazil [82] 155 2.4 +0.02 Exotic fruits [83] AFFH00000000.2/
kikkawai melanogaster/kikkawai

14028-0561.14

1A vivarium was used for growth. 2 The original habitat area is specified. Currently, some species have a worldwide distribution, probably
due to human movements and activities. > Development time (from egg to adult; 18 °C, days). Information was received from [73]. 4 Body
length is for adult male fly (mean =+ s.d.).
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The flies were maintained in the fly incubator at 25 °C and 60% humidityina 12 h/12 h
light/dark cycle on a standard sugar-yeast-based diet (7 g of agar, 30 g of sugar, 30 g of
semolina, 8 g of yeast, and 10 mL/L propionic acid) [84]. The day of emerging from the
pupae was defined as day 1 for each species. The samples for analysis were obtained every
2-6 days. At each time point, flies from each of the 12 species were gently collected (about
30 male adult flies from each of the species) and segregated into 3 equal fractions (each
about 10 flies). Every fraction of flies was transferred to individual Eppendorf, frozen, and
stored at —80 °C. The sampling was stopped when 80 percent of the flies of a particular
species died (the surviving animals were not representative of the species population).

4.2. Sample Preparation

Every collected fraction (about 10 whole adult flies) was segregated into two or three
equal sub-fractions (biological replicates) and weighed. Next, the flies of each sub-fractions
were defrosted on ice and accurately washed to remove food, debris, and other types of
soil from the body surface. For this purpose, the flies were placed into centrifuge tube
filters (Corning Costar Spin-X, Corning Life Sciences, NY, USA). Then 1 mL of ice water
(Sigma-Aldrich, St. Louis, MO, USA) was added to the samples and gently vortexed for
1 min, followed by centrifugation for 15 min at 800x g, 4 °C (Centrifuge 5804R; Eppendorf
AG, Hamburg, Germany). The washing procedure was repeated twice. The extraction
was performed according to [85-87] with slight modifications. The pre-weighed sub-
fractions were transferred to a pre-cooled 1 mL glass hand-held homogenizer (Kimble-
Chase, Rockwood, TN, USA) containing a mixture of methanol:water (4:1, v/v; 28.5 pL/mg
(dry mass)). The samples (whole flies) were homogenized on ice three times for 2-3 min at
3- to 4-min intervals (homogenizer was maintained on ice and periodically vortexed). The
total time of extraction was 15 min. The obtained homogenate was transferred into the pre-
cooled glass centrifuge tube. Then, an equal volume of the same mixture was added to the
homogenizer, vortexed for 1 min, and transferred into a centrifuge tube with homogenate.
This step enabled collecting the remaining homogenate particles from the homogenizer
and glass pestle. Thus, the final volume of the mixture methanol:water (4:1, v/v) was
57 uL/mg (dry mass). After centrifugation (15,000x g, 4 °C, 15 min), the supernatant was
transferred to a clean 200 pL glass vial (Waters, Milford, MA, USA), which was placed into
a glass autosampler vial (1.5 mL) with a screw cap (Waters, Milford, MA, USA). A blank
sample containing only the mixture of methanol:water (4:1, v/v) was prepared in parallel.

Before the mass spectrometry analysis, an aliquot (10 uL) of the supernatant was
diluted 50-fold by 90% methanol (J.T. Baker, Gliwice, Poland) with 0.1% formic acid (Fluka,
Munich, Germany) [88-90]. As an internal standard, 0.4 uL (5 mg/L) of losartan solution
was added.

All solvents were of HPLC and UHPLC grade: water (Sigma-Aldrich, St. Louis, MO,
USA), methanol (J.T. Baker, Gliwice, Poland), and formic acid (Fluka, Munich, Germany).

4.3. Metabolite Profiling

Mass spectrometry analysis of the metabolite composition was performed using a
hybrid quadrupole time-of-flight mass spectrometer (maXis Impact, Bruker Daltonics,
Billerica, MA, USA) equipped with electrospray ionization (ESI). The targeted scan range
of m/z 50-1000 was applied, with mass accuracy up to 3 parts per million (ppm). Mass
calibration was performed daily before beginning the analysis, set by use of external
calibration standard ES Tuning Mix (Agilent Technologies, Santa Clara, CA, USA). A glass
syringe (Hamilton Bonaduz AG, Bonaduz, Switzerland) and a syringe injection pump (KD
Scientific, Holliston, MA, USA) with a flow rate of 180 uL/h were used for direct injection
of analyte into the ESI source [88,89]. Mass spectra were recorded by DataAnalysis software
(version 3.4, Bruker Daltonics, Bremen, Germany) to summarize signals for 1 min. Three
technical replicates per sample were performed.
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4.4. Preprocessing MS Data

The MS raw data generated by the experiments were processed using DataAnalysis
software and converted into a peak list. The peak lists were generated with the following
parameters: peak width, 3; signal-to-noise ratio, 2; and relative and absolute threshold
intensity, 0.05% and 100. A recalibration procedure carried out using reference masses
proved the achievement of high mass measurement accuracy. Normalization of mass peak
intensities and data filtration to eliminate low-informative peaks were carried out using
the self-made algorithm [91]. Peaks, detected in various samples, were related to the same
feature ion if the mass difference did not exceed +0.01 Da.

4.5. Metabolite Annotation

Annotation of the mass spectrometry peaks with a clear isotope pattern was carried
out manually by comparing the m/z value of the feature and their isotopic distribution with
annotated metabolites in the public metabolite databases: Human Metabolome Database
(HMDB) (www.hmbd.ca, accessed on 25 May 2021), METLIN (http://metlin.scripps.edu,
accessed on 25 May 2021), and LIPID MAPS (http:/ /lipidmaps.org, accessed on 12 May
2021). Mass tolerance was 0.01 Da. A theoretical isotope pattern was produced using Iso-
tope Pattern Calculator (Bruker Daltonics, Bremen, Germany). The algorithm of metabolite
annotation based on two orthogonal characteristics (accurate mass and isotopic distribu-
tion) was satisfied to level 2 identification (putatively annotated compounds), according to
the Metabolomics Standards Initiative (MSI) guidelines [92].

Lipid annotation variants were suggested according to accurate mass measurements
only. The structure of acyl chains was not elucidated. The identification met level 3
(putatively annotated compound classes) according to MSI guidelines. The tandem mass
spectrometry (MS/MS) approach was applied for more robust identification of selected
metabolites. In this case, identification was achieved by comparing experimental MS/MS
spectra obtained at different collision energies in positive ionization mode with the MS/MS
fragmentation patterns from the public metabolite databases (HMDB, METLIN).

4.6. Data Analysis

Multivariate statistical analysis of the metabolite profiling data (by principal com-
ponent analysis (PCA)) were carried out in ProfileAnalysis (Bruker Daltonics, Billerica,
MA, USA). Univariate statistical analysis (non-parametric Kruskal-Wallis H test, pairwise
Mann-Whitney U test) was performed using Statistica software 10.0 (StatSoft Inc., Tulsa,
OK, USA), with p < 0.05 set as the level of statistical significance. The MetPA (metabolic
pathway analysis) web-based tool implemented in MetaboAnalyst 5.0 software was used
to determine the relevant metabolic pathways that are most different between the species
groups. The fruit fly (Drosophila melanogaster) library from the KEGG database and hyper-
geometric test were selected as options for the analysis algorithm to identify the metabolic
pathways. The impact values over 0.1 and the p-values lower than 0.05 were taken as the
thresholds [93].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222312873/s1.

Author Contributions: Conceptualization, A.V.L., A.AM. and P.G.L.; methodology, N.V.Z,, A AM.,
D.LM. and O.P.T; software, O.P.T.,, S.L. and D.L.M.; validation, P.G.L. and D.L.M.; formal analysis,
O.PT, EE.B. and D.L.M,; investigation, O.P.T., D.L.M., A, AM. and N.V.Z,; resources, O.P.T., A AM.,
N.V.Z. and E.E.B.; data curation, O.P.T,, S.L. and D.L.M.; writing—original draft preparation, D.L.M.,
P.G.L. and A.AM,; writing—review and editing, O.P.T., PG.L., A.AM. and A.V.L.; visualization,
D.LM., E.EE.B. and S.L.; supervision, D.L.M. and P.G.L.; project administration, A.A.M., A.V.L. and
P.G.L.; funding acquisition, P.G.L. All authors have read and agreed to the published version of the
manuscript.


www.hmbd.ca
http://metlin.scripps.edu
http://lipidmaps.org
https://www.mdpi.com/article/10.3390/ijms222312873/s1
https://www.mdpi.com/article/10.3390/ijms222312873/s1

Int. J. Mol. Sci. 2021, 22, 12873 13 of 16

Funding: The study was performed employing “Avogadro” large-scale research facilities, and was
financially supported by the Ministry of Education and Science of the Russian Federation, Agreement
No. 075-15-2021-933, unique project ID: RF00121X0004.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Macia, E.; Chevé, D.; Montepare, ]. M. Demographic aging and biopower. J. Aging Stud. 2019, 51, 100820. [CrossRef] [PubMed]

2. de Magalhaes, ].P; Wuttke, D.; Wood, S.H.; Plank, M.; Vora, C. Genome-environment interactions that modulate aging: Powerful
targets for drug discovery. Pharmacol. Rev. 2012, 64, 88-101. [CrossRef] [PubMed]

3.  Lunenfeld, B.; Stratton, P. The clinical consequences of an ageing world and preventive strategies. Best Pract. Res. Clin. Obstet.
Gynaecol. 2013, 27, 643. [CrossRef]

4.  Tian, X,; Seluanov, A.; Gorbunova, V. Molecular Mechanisms Determining Lifespan in Short- and Long-Lived Species. Trends
Endocrinol. Metab. 2017, 28, 722-734. [CrossRef] [PubMed]

5. Phillip, ].M.,; Aifuwa, I.; Walston, ]J.; Wirtz, D. The Mechanobiology of Aging. Annu. Rev. Biomed. Eng. 2015, 17, 113-141.
[CrossRef]

6. Balashova, E.E.; Maslov, D.L.; Lokhov, P.G. A Metabolomics Approach to Pharmacotherapy Personalization. J. Pers. Med. 2018, 8,
28. [CrossRef]

7.  Srivastava, S. Emerging insights into the metabolic alterations in aging using metabolomics. Metabolites 2019, 9, 301. [CrossRef]
[PubMed]

8.  Gao, AW, Smith, R.L.; van Weeghel, M.; Kamble, R.; Janssens, G.E.; Houtkooper, R.H. Identification of key pathways and
metabolic fingerprints of longevity in C. elegans. Exp. Gerontol. 2018, 113, 128-140. [CrossRef]

9. Cox, J.E; Thummel, C.S.; Tennessen, ]. M. Metabolomic Studies in Drosophila. Genetics 2017, 206, 1169-1185. [CrossRef]

10. Hoffman, ].M.; Soltow, Q.A.; Li, S.; Sidik, A.; Jones, D.P.; Promislow, D.E.L. Effects of age, sex, and genotype on high-sensitivity
metabolomic profiles in the fruit fly, Drosophila melanogaster. Aging Cell 2014, 13, 596-604. [CrossRef]

11. Avanesov, A.S.; Ma, S.; Pierce, K.A.; Yim, S.H.; Lee, B.C.; Clish, C.B.; Gladyshev, V.N. Age- and diet-associated metabolome
remodeling characterizes the aging process driven by damage accumulation. Elife 2014, 3, €02077. [CrossRef]

12.  Sarup, P; Pedersen, SM.M.; Nielsen, N.C.; Malmendal, A.; Loeschcke, V. The Metabolic Profile of Long-Lived Drosophila
melanogaster. PLoS ONE 2012, 7, e47461. [CrossRef] [PubMed]

13. Brandt, A,; Vilcinskas, A. The Fruit Fly Drosophila melanogaster as a Model for Aging Research. Adv. Biochem. Eng. Biotechnol. 2013,
135, 63-77. [CrossRef]

14. Lee, H-Y,; Lee, S.-H.; Min, K.-J. Insects as a model system for aging studies. Entomol. Res. 2015, 45, 1-8. [CrossRef]

15. Lee, S.H.; Min, K.J. Drosophila melanogaster as a model system in the study of pharmacological interventions in aging. Transl. Med.
Aging 2019, 3, 98-103. [CrossRef]

16. Ma, S.; Avanesov, A.S.; Porter, E.; Lee, B.C.; Mariotti, M.; Zemskaya, N.; Guigo, R.; Moskalev, A.A.; Gladyshev, V.N. Comparative
transcriptomics across 14 Drosophila species reveals signatures of longevity. Aging Cell 2018, 17, €12740. [CrossRef]

17.  Hoffmann, J.; Romey, R.; Fink, C.; Roeder, T. Drosophila as a Model to Study Metabolic Disorders. Adv. Biochem. Eng. Biotechnol.
2013, 135, 41-61. [CrossRef]

18.  Ma, S.; Gladyshev, V.N. Molecular signatures of longevity: Insights from cross-species comparative studies. In Seminars in Cell &
Developmental Biology; Academic Press: Cambridge, MA, USA, 2017; Volume 70, pp. 190-203. [CrossRef]

19. Kapranas, A.; Snart, C.J.P; Williams, H.; Hardy, L. C.W.; Barrett, D.A. Metabolomics of aging assessed in individual parasitoid
wasps. Sci. Rep. 2016, 6, 34848. [CrossRef]

20. Hoffman, ].M,; Ross, C.; Tran, V.L.; Promislow, D.E.L.; Tardif, S.; Jones, D.P. The metabolome as a biomarker of mortality risk in
the common marmoset. Am. . Primatol. 2019, 81, €22944. [CrossRef]

21. Lind, A; Boraxbekk, CJ.; Petersen, E.T.; Paulson, O.B.; Siebner, H.R.; Marsman, A. Regional myo-inositol, creatine, and choline
levels are higher at older age and scale negatively with visuospatial working memory: A cross-sectional proton mr spectroscopy
study at 7 tesla on normal cognitive ageing. . Neurosci. 2020, 40, 8149-8159. [CrossRef]

22.  Katz-Brull, R.; Koudinov, A.R.; Degani, H. Choline in the aging brain. Brain Res. 2002, 951, 158-165. [CrossRef]

23. Ball, H.C,; Levari-Shariati, S.; Cooper, L.N.; Aliani, M. Comparative metabolomics of aging in a long-lived bat: Insights into the
physiology of extreme longevity. PLoS ONE 2018, 13, e0196154. [CrossRef]

24. Hoffman, ].M.; Poonawalla, A.; Icyuz, M.; Swindell, W.R.; Wilson, L.; Barnes, S.; Sun, L.Y. Transcriptomic and metabolomic

profiling of long-lived growth hormone releasing hormone knock-out mice: Evidence for altered mitochondrial function and
amino acid metabolism. Aging 2020, 12, 3473-3485. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jaging.2019.100820
http://www.ncbi.nlm.nih.gov/pubmed/31761093
http://doi.org/10.1124/pr.110.004499
http://www.ncbi.nlm.nih.gov/pubmed/22090473
http://doi.org/10.1016/j.bpobgyn.2013.02.005
http://doi.org/10.1016/j.tem.2017.07.004
http://www.ncbi.nlm.nih.gov/pubmed/28888702
http://doi.org/10.1146/annurev-bioeng-071114-040829
http://doi.org/10.3390/jpm8030028
http://doi.org/10.3390/metabo9120301
http://www.ncbi.nlm.nih.gov/pubmed/31847272
http://doi.org/10.1016/j.exger.2018.10.003
http://doi.org/10.1534/genetics.117.200014
http://doi.org/10.1111/acel.12215
http://doi.org/10.7554/eLife.02077
http://doi.org/10.1371/journal.pone.0047461
http://www.ncbi.nlm.nih.gov/pubmed/23110072
http://doi.org/10.1007/10_2013_193
http://doi.org/10.1111/1748-5967.12088
http://doi.org/10.1016/j.tma.2019.09.004
http://doi.org/10.1111/acel.12740
http://doi.org/10.1007/10_2013_196
http://doi.org/10.1016/j.semcdb.2017.08.007
http://doi.org/10.1038/srep34848
http://doi.org/10.1002/ajp.22944
http://doi.org/10.1523/JNEUROSCI.2883-19.2020
http://doi.org/10.1016/S0006-8993(02)03155-4
http://doi.org/10.1371/journal.pone.0196154
http://doi.org/10.18632/aging.102822
http://www.ncbi.nlm.nih.gov/pubmed/32091406

Int. J. Mol. Sci. 2021, 22, 12873 14 of 16

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Jackson, S.J.; Andrews, N.; Ball, D.; Bellantuono, I.; Gray, J.; Hachoumi, L.; Holmes, A.; Latcham, J.; Petrie, A.; Potter, P; et al.
Does age matter? The impact of rodent age on study outcomes. Lab. Anim. 2017, 51, 160-169. [CrossRef] [PubMed]

Liu, YJ.; Janssens, G.E.; McIntyre, R.L.; Molenaars, M.; Kamble, R.; Gao, A.W.; Jongejan, A.; Van Weeghel, M.; Macinnes, A.W.;
Houtkooper, R.H. Glycine promotes longevity in caenorhabditis elegans in a methionine cycle-dependent fashion. PLoS Genet.
2019, 15, €1007633. [CrossRef] [PubMed]

Kabil, H.; Kabil, O.; Banerjee, R.; Harshman, L.G.; Pletcher, S.D. Increased transsulfuration mediates longevity and dietary
restriction in Drosophila. Proc. Natl. Acad. Sci. USA 2011, 108, 16831-16836. [CrossRef]

Edwards, C.; Canfield, J.; Copes, N.; Brito, A.; Rehan, M.; Lipps, D.; Brunquell, ].; Westerheide, S.D.; Bradshaw, P.C. Mechanisms
of amino acid-mediated lifespan extension in Caenorhabditis elegans. BMIC Genet. 2015, 16, 8. [CrossRef]

Orentreich, N.; Matias, ].R.; DeFelice, A.; Zimmerman, J.A. Low methionine ingestion by rats extends life span. J. Nutr. 1993, 123,
269-274. [CrossRef]

Alvers, A.L.; Fishwick, L.K.; Wood, M.S.; Hu, D.; Chung, H.S.; Dunn, W.A.; Aris, ].P. Autophagy and amino acid homeostasis are
required for chronological longevity in Saccharomyces cerevisiae. Aging Cell 2009, 8, 353-369. [CrossRef]

Canfield, C.A.; Bradshaw, P.C. Amino acids in the regulation of aging and aging-related diseases. Transl. Med. Aging 2019, 3,
70-89. [CrossRef]

Kamei, Y.; Tamura, T.; Yoshida, R.; Ohta, S.; Fukusaki, E.; Mukai, Y. GABA metabolism pathway genes, UGA1 and GAD], regulate
replicative lifespan in Saccharomyces cerevisiae. Biochem. Biophys. Res. Commun. 2011, 407, 185-190. [CrossRef]

Parkhitko, A.A.; Ramesh, D.; Wang, L.; Leshchiner, D.; Filine, E.; Binari, R.; Olsen, A L.; Asara, ].M.; Cracan, V.; Rabinowitz, ].D.;
et al. Downregulation of the tyrosine degradation pathway extends Drosophila lifespan. Elife 2020, 9, €58053. [CrossRef] [PubMed]
Broer, S.; Broer, A. Amino acid homeostasis and signalling in mammalian cells and organisms. Biocher. ]. 2017, 474, 1935-1963.
[CrossRef] [PubMed]

Gad, M.Z. Anti-aging effects of L-arginine. J. Adv. Res. 2010, 1, 169-177. [CrossRef]

D’Antona, G.; Ragni, M.; Cardile, A.; Tedesco, L.; Dossena, M.; Bruttini, F.; Caliaro, F,; Corsetti, G.; Bottinelli, R.; Carruba, M.O.;
et al. Branched-chain amino acid supplementation promotes survival and supports cardiac and skeletal muscle mitochondrial
biogenesis in middle-aged mice. Cell Metab. 2010, 12, 362-372. [CrossRef] [PubMed]

Sujkowski, A.; Ramesh, D.; Brockmann, A.; Wessells, R. Octopamine Drives Endurance Exercise Adaptations in Drosophila. Cell
Rep. 2017, 21, 1809-1823. [CrossRef]

Finley, L.W.S.; Haigis, M.C. The coordination of nuclear and mitochondrial communication during aging and calorie restriction.
Ageing Res. Rev. 2009, 8, 173-188. [CrossRef]

Hur, J.H.; Cho, J.; Walker, D.W. Aging: Dial M for mitochondria. Aging 2010, 2, 69-73. [CrossRef]

Valerio, A.; D’Antona, G.; Nisoli, E. Branched-chain amino acids, mitochondrial biogenesis, and healthspan: An evolutionary
perspective. Aging 2011, 3, 464-478. [CrossRef]

Ye, Z.; Wang, S.; Zhang, C.; Zhao, Y. Coordinated Modulation of Energy Metabolism and Inflammation by Branched-Chain
Amino Acids and Fatty Acids. Front. Endocrinol. 2020, 11, 617. [CrossRef]

Morita, M.; Gravel, S.P.; Hulea, L.; Larsson, O.; Pollak, M.; St-Pierre, ].; Topisirovic, I. MTOR coordinates protein synthesis,
mitochondrial activity. Cell Cycle 2015, 14, 473-480. [CrossRef] [PubMed]

Seo, Y.; Kingsley, S.; Walker, G.; Mondoux, M.A.; Tissenbaum, H.A. Metabolic shift from glycogen to trehalose promotes lifespan
and healthspan in Caenorhabditis elegans. Proc. Natl. Acad. Sci. USA 2018, 115, E2791-E2800. [CrossRef] [PubMed]

Honda, Y.; Tanaka, M.; Honda, S. Trehalose extends longevity in the nematode Caenorhabditis elegans. Aging Cell 2010, 9, 558-569.
[CrossRef]

Galenza, A.; Hutchinson, J.; Campbell, S.D.; Hazes, B.; Foley, E. Glucose modulates Drosophila longevity and immunity indepen-
dent of the microbiota. Biol. Open 2016, 5, 165-173. [CrossRef]

Hargreaves, M.; Spriet, L.L. Skeletal muscle energy metabolism during exercise. Nat. Metab. 2020, 2, 817-828. [CrossRef]
[PubMed]

Merzendorfer, H.; Zimoch, L. Chitin metabolism in insects: Structure, function and regulation of chitin synthases and chitinases.
J. Exp. Biol. 2003, 206, 4393-4412. [CrossRef]

Mattila, J.; Hietakangas, V. Regulation of carbohydrate energy metabolism in Drosophila melanogaster. Genetics 2017, 207, 1231-1253.
[CrossRef]

Kim, J.; Neufeld, T.P. Dietary sugar promotes systemic TOR activation in Drosophila through AKH-dependent selective secretion
of Dilp3. Nat. Commun. 2015, 6, 6846. [CrossRef] [PubMed]

Yoshida, M.; Matsuda, H.; Kubo, H.; Nishimura, T. Molecular characterization of Tps1 and Treh genes in Drosophila and their role
in body water homeostasis. Sci. Rep. 2016, 6, 30582. [CrossRef]

Benaroudj, N.; Lee, D.H.; Goldberg, A.L. Trehalose Accumulation during Cellular Stress Protects Cells and Cellular Proteins from
Damage by Oxygen Radicals. J. Biol. Chem. 2001, 26, 24261-24267. [CrossRef]

Bruce, K.D.; Hoxha, S.; Carvalho, G.B.; Yamada, R.; Wang, H.D.; Karayan, P; He, S.; Brummel, T.; Kapahi, P; Ja, WW. High
carbohydrate-low protein consumption maximizes Drosophila lifespan. Exp. Gerontol. 2013, 48, 1129-1135. [CrossRef]

Kwang, PL.; Simpson, S.J.; Clissold, FJ.; Brooks, R.; Ballard, ].W.O.; Taylor, PW.; Soran, N.; Raubenheimer, D. Lifespan and
reproduction in Drosophila: New insights from nutritional geometry. Proc. Natl. Acad. Sci. USA 2008, 105, 2498-2503. [CrossRef]
Tatar, M.; Post, S.; Yu, K. Nutrient control of Drosophila longevity. Trends Endocrinol. Metab. 2014, 25, 509-517. [CrossRef] [PubMed]


http://doi.org/10.1177/0023677216653984
http://www.ncbi.nlm.nih.gov/pubmed/27307423
http://doi.org/10.1371/journal.pgen.1007633
http://www.ncbi.nlm.nih.gov/pubmed/30845140
http://doi.org/10.1073/pnas.1102008108
http://doi.org/10.1186/s12863-015-0167-2
http://doi.org/10.1093/jn/123.2.269
http://doi.org/10.1111/j.1474-9726.2009.00469.x
http://doi.org/10.1016/j.tma.2019.09.001
http://doi.org/10.1016/j.bbrc.2011.02.136
http://doi.org/10.7554/eLife.58053
http://www.ncbi.nlm.nih.gov/pubmed/33319750
http://doi.org/10.1042/BCJ20160822
http://www.ncbi.nlm.nih.gov/pubmed/28546457
http://doi.org/10.1016/j.jare.2010.05.001
http://doi.org/10.1016/j.cmet.2010.08.016
http://www.ncbi.nlm.nih.gov/pubmed/20889128
http://doi.org/10.1016/j.celrep.2017.10.065
http://doi.org/10.1016/j.arr.2009.03.003
http://doi.org/10.18632/aging.100118
http://doi.org/10.18632/aging.100322
http://doi.org/10.3389/fendo.2020.00617
http://doi.org/10.4161/15384101.2014.991572
http://www.ncbi.nlm.nih.gov/pubmed/25590164
http://doi.org/10.1073/pnas.1714178115
http://www.ncbi.nlm.nih.gov/pubmed/29511104
http://doi.org/10.1111/j.1474-9726.2010.00582.x
http://doi.org/10.1242/bio.015016
http://doi.org/10.1038/s42255-020-0251-4
http://www.ncbi.nlm.nih.gov/pubmed/32747792
http://doi.org/10.1242/jeb.00709
http://doi.org/10.1534/genetics.117.199885
http://doi.org/10.1038/ncomms7846
http://www.ncbi.nlm.nih.gov/pubmed/25882208
http://doi.org/10.1038/srep30582
http://doi.org/10.1074/jbc.M101487200
http://doi.org/10.1016/j.exger.2013.02.003
http://doi.org/10.1073/pnas.0710787105
http://doi.org/10.1016/j.tem.2014.02.006
http://www.ncbi.nlm.nih.gov/pubmed/24685228

Int. J. Mol. Sci. 2021, 22, 12873 15 of 16

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

McCracken, A.W.; Adams, G.; Hartshorne, L.; Tatar, M.; Simons, M.J.P. The hidden costs of dietary restriction: Implications for its
evolutionary and mechanistic origins. Sci. Adv. 2020, 6, eaay3047. [CrossRef]

Ponton, F.; Morimoto, J.; Robinson, K.; Kumar, S.S.; Cotter, S.C.; Wilson, K.; Simpson, S.J. Macronutrients modulate survival to
infection and immunity in Drosophila. . Anim. Ecol. 2020, 89, 460-470. [CrossRef] [PubMed]

Skowronska-Krawczyk, D.; Budin, I. Aging membranes: Unexplored functions for lipids in the lifespan of the central nervous
system. Exp. Gerontol. 2020, 131, 110817. [CrossRef]

Huang, X.; Withers, B.R.; Dickson, R.C. Sphingolipids and lifespan regulation. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2014,
1841, 657-664. [CrossRef] [PubMed]

Yang, Q.; Gong, Z.].; Zhou, Y.; Yuan, ].Q.; Cheng, J.; Tian, L.; Li, S.; Lin, X.D.; Xu, R.; Zhu, Z.R,; et al. Role of Drosophila alkaline
ceramidase (Dacer) in Drosophila development and longevity. Cell. Mol. Life Sci. 2010, 67, 1477-1490. [CrossRef]

Hu, C;; Fan, L.; Cen, P; Chen, E.; Jiang, Z.; Li, L. Energy metabolism plays a critical role in stem cell maintenance and
differentiation. Int. J. Mol. Sci. 2016, 17, 253. [CrossRef]

Ziegler, D.V.,; Wiley, C.D.; Velarde, M.C. Mitochondrial effectors of cellular senescence: Beyond the free radical theory of aging.
Aging Cell 2015, 14, 1-7. [CrossRef]

Fuchs, S.; Bundy, ].G.; Davies, S.K.; Viney, ].M.; Swire, ].S.; Leroi, A.M. A metabolic signature of long life in Caenorhabditis
elegans. BMC Biol. 2010, 8, 8-14. [CrossRef]

Rallis, C.; Miilleder, M.; Smith, G.; Au, Y.Z.; Ralser, M.; Bihler, ]. Amino acids whose intracellular levels change most during
aging alter chronological life span of fission yeast. ]. Gerontol. Ser. A Biol. Sci. Med. Sci. 2021, 76, 205-210. [CrossRef]

Yu, Z.; Zhai, G.; Singmann, P,; He, Y.; Xu, T,; Prehn, C.; Romisch-Margl, W.; Lattka, E.; Gieger, C.; Soranzo, N.; et al. Human serum
metabolic profiles are age dependent. Aging Cell 2012, 11, 960-967. [CrossRef] [PubMed]

Menni, C.; Kastenmiiller, G.; Petersen, A.K.; Bell, ].T.; Psatha, M.; Tsai, P.C.; Gieger, C.; Schulz, H.; Erte, I.; John, S.; et al.
Metabolomic markers reveal novel pathways of ageing and early development in human populations. Int. J. Epidemiol. 2013, 42,
1111-1119. [CrossRef]

Das, A.; Mohanty, S.; Stephan, W. Inferring the population structure and demography of Drosophila ananassae from multilocus
dat. Genetics 2004, 168, 1975-1985. [CrossRef] [PubMed]

Kikkawa, H. Studies on the genetics and cytology of Drosophila ananassae. Genetica 1938, 20, 458-516. [CrossRef]

O’Grady, PM,; Clark, ].B.; Kidwell, M.G. Phylogeny of the Drosophila saltans species group based on combined analysis of nuclear
and mitochondrial DNA sequences. Mol. Biol. Evol. 1998, 15, 656-664. [CrossRef] [PubMed]

Powell, J.R.; Sezzi, E.; Moriyama, E.N.; Gleason, ].M.; Caccone, A. Analysis of a shift in codon usage in Drosophila. ]. Mol. Evol.
2003, 57, 214-225. [CrossRef]

Markow, T.A.; O’Grady, PM. Drosophila biology in the genomic age. Genetics 2007, 177, 1269-1276. [CrossRef]

Parker, D.J.; Wiberg, R A.W.; Trivedi, U.; Tyukmaeva, V.I; Gharbi, K.; Butlin, R K.; Hoikkala, A.; Kankare, M.; Ritchie, M.G. Inter
and Intraspecific Genomic Divergence in Drosophila montana Shows Evidence for Cold Adaptation. Genome Biol. Evol. 2018, 10,
2086-2101. [CrossRef]

Throckmorton, L.H. The virilis species group. In The Genetics and Biology of Drosophila; Academic Press: London, UK, 1982;
pp. 227-297.

Markow, T.A.; O’Grady, P. Drosophila: A Guide to Species Identification and Use; Academic Press: London, UK, 2005.

Matsuda, M.; Tomimura, Y.; Tobari, Y.N. Reproductive isolation among geographical populations of Drosophila bipectinata Duda
(Diptera, Drosophilidae) with recognition of three subspecies. Genetica 2005, 125, 69-78. [CrossRef]

Singh, G.; Singh, A.K. Genetic structuring of Drosophila bipectinata in Indian natural populations based on the distribution of
cosmopolitan inversions. J. Genet. 2021, 100, 42. [CrossRef]

Lachaise, D.; Cariou, M.-L.; David, J.R.; Lemeunier, F,; Tsacas, L.; Ashburner, M. Historical biogeography of the Drosophila
melanogaster species subgroup. Evol. Biol. 1988, 22, 159-225.

Schofl, G.; Schlotterer, C. Microsatellite variation and differentiation in African and non-African populations of Drosophila
simulans. Mol. Ecol. 2006, 15, 3895-3905. [CrossRef] [PubMed]

David, J.R.; Lemeunier, F,; Tsacas, L.; Yassin, A. The historical discovery of the nine species in the Drosophila melanogaster species
subgroup. Genetics 2007, 177, 1969-1973. [CrossRef] [PubMed]

Rio, B.; Couturier, G.; Lemeunier, F; Lachaise, D. Evolution d"une specialisation saisonniere chez Drosophila erecta (Dipt.,
Drosophilidae). Ann. Société Entomol. Fr. 1983, 19, 235-248.

Hegde, S.N.; Chethan, B.K.; Krishna, M.S. Mating success of males with and without wing patch in Drosophila biarmipes. Indian J.
Exp. Biol. 2005, 43, 902-909.

Atallah, J.; Teixeira, L.; Salazar, R.; Zaragoza, G.; Kopp, A. The making of a pest: The evolution of a fruit-penetrating ovipositor in
Drosophila suzukii and related species. Proc. R. Soc. B Biol. Sci. 2014, 281, 20132840. [CrossRef]

Parkash, R.; Ranga, P. Sex-specific divergence for adaptations to dehydration stress in Drosophila kikkawai. J. Exp. Biol. 2013, 216,
3301-3313. [CrossRef]

Costa, B.E.; Rohde, C.; Valente, V.L.D.S. Temperature, urbanization and body color polymorphism in South Brazilian populations
of Drosophila kikkawai (Diptera, Drosophilidae). Iheringia Série Zool. 2003, 93, 381-393. [CrossRef]

Zemskaya, N.V.; Shaposhnikov, M.V.; Moskalev, A.A. The relationship of lifespan with characteristics of life cycle and stress
resistance in 12 species of Drosophila. Adv. Gerontol. 2017, 30, 192-199. [PubMed]


http://doi.org/10.1126/sciadv.aay3047
http://doi.org/10.1111/1365-2656.13126
http://www.ncbi.nlm.nih.gov/pubmed/31658371
http://doi.org/10.1016/j.exger.2019.110817
http://doi.org/10.1016/j.bbalip.2013.08.006
http://www.ncbi.nlm.nih.gov/pubmed/23954556
http://doi.org/10.1007/s00018-010-0260-7
http://doi.org/10.3390/ijms17020253
http://doi.org/10.1111/acel.12287
http://doi.org/10.1186/1741-7007-8-14
http://doi.org/10.1093/gerona/glaa246
http://doi.org/10.1111/j.1474-9726.2012.00865.x
http://www.ncbi.nlm.nih.gov/pubmed/22834969
http://doi.org/10.1093/ije/dyt094
http://doi.org/10.1534/genetics.104.031567
http://www.ncbi.nlm.nih.gov/pubmed/15611168
http://doi.org/10.1007/BF01531779
http://doi.org/10.1093/oxfordjournals.molbev.a025969
http://www.ncbi.nlm.nih.gov/pubmed/9615447
http://doi.org/10.1007/s00239-003-0030-3
http://doi.org/10.1534/genetics.107.074112
http://doi.org/10.1093/gbe/evy147
http://doi.org/10.1007/s10709-005-0393-z
http://doi.org/10.1007/s12041-021-01295-1
http://doi.org/10.1111/j.1365-294X.2006.03065.x
http://www.ncbi.nlm.nih.gov/pubmed/17054491
http://doi.org/10.1534/genetics.104.84756
http://www.ncbi.nlm.nih.gov/pubmed/18073416
http://doi.org/10.1098/rspb.2013.2840
http://doi.org/10.1242/jeb.087650
http://doi.org/10.1590/S0073-47212003000400005
http://www.ncbi.nlm.nih.gov/pubmed/28575557

Int. J. Mol. Sci. 2021, 22, 12873 16 of 16

85.

86.

87.

88.

89.

90.

91.

92.

93.

Romisch-Margl, W.; Prehn, C.; Bogumil, R.; Réhring, C.; Suhre, K.; Adamski, J. Procedure for tissue sample preparation and
metabolite extraction for high-throughput targeted metabolomics. Metabolomics 2012, 8, 133-142. [CrossRef]

Sapcariu, S.C.; Kanashova, T.; Weindl, D.; Ghelfi, ].; Dittmar, G.; Hiller, K. Simultaneous extraction of proteins and metabolites
from cells in culture. MethodsX 2014, 1, 74-80. [CrossRef] [PubMed]

Yuan, M.; Breitkopf, S.B.; Yang, X.; Asara, ].M. A positive/negative ion-switching, targeted mass spectrometry-based
metabolomics platform for bodily fluids, cells, and fresh and fixed tissue. Nat. Protoc. 2012, 7, 872-881. [CrossRef]

Lokhov, P.G.; Kharybin, O.N.; Archakov, A.I. Diagnosis of lung cancer based on direct-infusion electrospray mass spectrometry of
blood plasma metabolites. Int. . Mass Spectrom. 2012, 309, 200-205. [CrossRef]

Maslov, D.; Trifonova, O.; Mikhailov, A.; Zolotarev, K.; Nakhod, K.; Nakhod, V.; Belyaeva, N.; Mikhailova, M.; Lokhov, P.;
Archakov, A. Comparative Analysis of Skeletal Muscle Metabolites of Fish with Various Rates of Aging. Fishes 2019, 4, 25.
[CrossRef]

Chen, J.; Nichols, K.K. Comprehensive shotgun lipidomics of human meibomian gland secretions using MS/MS all with
successive switching between acquisition polarity modes. J. Lipid Res. 2018, 59, 2223-2236. [CrossRef]

Lokhov, P.G.; Balashova, E.E.; Trifonova, O.P; Maslov, D.L.; Ponomarenko, E.A.; Archakov, A.I. Mass Spectrometry-Based
Metabolomics Analysis of Obese Patients” Blood Plasma. Int. J. Mol. Sci. 2020, 21, 568. [CrossRef]

Sumner, L.W.; Amberg, A.; Barrett, D.; Beale, M.H.; Beger, R.; Daykin, C.A.; Fan, TW.-M.; Fiehn, O.; Goodacre, R.; Griffin, J.L.;
et al. Proposed minimum reporting standards for chemical analysis. Metabolomics 2007, 3, 211-221. [CrossRef]

Silva, C.A.M.; Graham, B.; Webb, K.; Ashton, L.V.; Harton, M.; Luetkemeyer, A.; Bokatzian, S.; Almubarak, R.; Mahapatra, S.;
Hovind, L,; et al. A pilot metabolomics study of tuberculosis immune reconstitution inflammatory syndrome. Int. J. Infect. Dis.
2019, 84, 30-38. [CrossRef]


http://doi.org/10.1007/s11306-011-0293-4
http://doi.org/10.1016/j.mex.2014.07.002
http://www.ncbi.nlm.nih.gov/pubmed/26150938
http://doi.org/10.1038/nprot.2012.024
http://doi.org/10.1016/j.ijms.2011.10.002
http://doi.org/10.3390/fishes4020025
http://doi.org/10.1194/jlr.D088138
http://doi.org/10.3390/ijms21020568
http://doi.org/10.1007/s11306-007-0082-2
http://doi.org/10.1016/j.ijid.2019.04.015

	Introduction 
	Results 
	Drosophila Cohorts and Mass Spectrometry Analysis 
	Statistical Analysis and Metabolite Annotation 
	Metabolic Pathway Enrichment Analysis 
	Ontogenetic (Intra-Group) Analysis 

	Discussion 
	Materials and Methods 
	Drosophila Maintenance 
	Sample Preparation 
	Metabolite Profiling 
	Preprocessing MS Data 
	Metabolite Annotation 
	Data Analysis 

	References

