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Abstract

Aging biology entails a cell/tissue deregulated metabolism that affects all levels of
biological organization. Therefore, the application of “omic” techniques that are closer
to phenotype, such as metabolomics, to the study of the aging process should be a
turning point in the definition of cellular processes involved. The main objective of
the present study was to describe the changes in plasma metabolome associated with
biological aging and the role of sex in the metabolic regulation during aging. A high-
throughput untargeted metabolomic analysis was applied in plasma samples to detect
hub metabolites and biomarkers of aging incorporating a sex/gender perspective. A
cohort of 1030 healthy human adults (45.9% females, and 54.1% males) from 50 to
98years of age was used. Results were validated using two independent cohorts (1:
n = 146, 53% females, 30-100years old; 2: n = 68, 70% females, 19-107 years old).
Metabolites related to lipid and aromatic amino acid (AAA) metabolisms arose as the
main metabolic pathways affected by age, with a high influence of sex. Globally, we
describe changes in bioenergetic pathways that point to a decrease in mitochondrial
B-oxidation and an accumulation of unsaturated fatty acids and acylcarnitines that
could be responsible for the increment of oxidative damage and inflammation char-
acteristic of this physiological process. Furthermore, we describe for the first time
the importance of gut-derived AAA catabolites in the aging process describing novel
biomarkers that could contribute to better understand this physiological process but

also age-related diseases.

KEYWORDS

1 | INTRODUCTION

Aging is an endogenous and deleterious physiological process that
affects all levels of biological organization (from genome to me-
tabolome, and from cell metabolism to organism) leading to a cell/
tissue-specific loss of function (Jové, Portero-Otin, et al., 2014).
Consequently, the ability to maintain homeostasis decreases and
requires a continuous and dynamic adaptive response. The changes
induced by aging become, depending on the individual vulnerability,
the substrate for the appearance of age-related diseases such as can-
cer and degenerative processes (Butler et al., 2008) thus increasing
the risk of morbidity and mortality. In line with this, age-related dis-
eases can be interpreted as a manifestation of accelerated aging and
have a great impact on healthspan and quality of life. Therefore, it is
basic to understand the physiology of aging to provide insights into
mechanisms of disease to allow populations to achieve pathology-
free advanced ages with an optimal quality of life.

In recent decades, many efforts have been focused on defining
biomarkers (BM) of aging (Johnson, 2006). In this sense, the applica-
tion of “omic” techniques has a revolutionary role in offering a wide
range of potential BM (Valdes et al., 2013) in order to be able to

aging, aromatic amino acids, bioenergetics, liquid chromatography-mass spectrometry,
metabolomics, sex/gender perspective

understand and modulate the aging process. For achieving this pur-
pose, blood plasma (and serum) arises as a relevant sample of study,
as they are relatively easy to obtain and have important impact in
modulating aging. For instance, the infusion of plasma from old to
young mice is sufficient to accelerate brain aging (Villeda et al., 2011)
and young plasma can partially reverse this physiological process
(Villeda et al., 2014). These results suggest that the components of
the plasma are key components related to aging and indicate that
applying “omic” techniques that are closer to phenotype, such as me-
tabolomics, should be a turning point in the definition of the cellular
processes involved.

Plasma is a primary carrier of metabolites in the body (contain-
ing more than 18,500 different species [Wishart et al., 2018]), and
its metabolome expresses cellular needs and cell-tissue metabolism.
Furthermore, the plasma metabolome profile is species-specific
and is an optimized feature associated with animal longevity (Jové
et al,, 2013). Therefore, the aging process, as well as age-related dis-
eases, should have an impact on the plasma metabolome (Ansoleaga
et al., 2015; Panyard et al., 2022).

Few metabolomic studies on aging in adult humans have been

conducted (Panyard et al.,, 2022), and most of them applied a
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targeted approach. In this line, large-cohort untargeted metabo-
lomic studies that cover a wide range of metabolites are needed
to obtain robust and unexpected BM that help to propose novel
modulated metabolic pathways and shed light on the mechanisms
of aging. Additionally, large-cohort studies guarantee the proper
application of sex/gender perspective to assess aging, as this
process is different according to sex, which, in its turn, is one of
the main factors defining plasma metabolome (Jové et al. 2016;
Panyard et al., 2022).

The main objective of the present study was to describe the
changes in plasma metabolome associated with biological aging and
the role of sex in the metabolic regulation during aging. Since the
metabolome offers a comprehensive, dynamic, and precise picture
of the phenotype, in this work we applied high-throughput untar-
geted mass spectrometry (MS) based metabolomic techniques of a
healthy adult population consisting of 1030 subjects aged >50years
(range 50-98years), being 45.9% females, and 54.1% males, to sys-
tematically define hub metabolites and BM of the aging process.
Furthermore, we analyzed the specificity of sex in this physiological
process and validated the results using two independent cohorts
(validation cohort 1: n = 146, 53% females, 30-100years old; valida-
tion cohort 2: n = 68, 70% females, 19-107 years old).

2 | MATERIALS AND METHODS

2.1 | Study cohort, blood collection, and plasma
isolation

The study population consisted of 1030 subjects aged 250years who
participated in the population-based Aging Imageomics Study (Puig
et al., 2020) from whom data were collected between November
2018 and June 2019. Eligibility criteria included age 250years,
dwelling in the community, no history of infection during the last
15days, and consent to be informed of potential incidental findings.
The mean age of the study population was 67.1+7.3years (range,
50-98years), 45.9% females, and 54.1% males. Additional details on
demographic and social characteristics, physical anthropometrics
and health characteristics, as well as lifestyle, personality charac-
teristics, emotional status, and cognitive function can be found in
(Puig et al., 2020).

Blood samples were obtained by venipunction in the morning
(between 08:00AM and 10:00AM) after fasting overnight (8-10h)
and collected in one VACUTAINER CPT (Cell Preparation Tube; BD)
containing sodium heparin as the anticoagulant. Plasma fractions
were collected after blood sample centrifugation, immediately fro-
zen in liquid nitrogen, and transferred before 4h to a -80°C freezer
for storage at the Biobank central laboratory for future use. Due to
technical issues, the number of blood samples stored to perform the
metabolomic analyses was 978.

Samples and data from patients included in this study were
provided by the IDIBGI Biobank (Biobanc IDIBGI, B.0000872),
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integrated into the Spanish National Biobanks Network and they
were processed following standard operating procedures with the

appropriate approval of the Ethics and Scientific Committees.

2.2 | Plasma metabolomics analysis

For the non-targeted metabolomics analysis, metabolites were ex-
tracted from plasma samples with methanol (containing phenylala-
nine-C13 as an internal standard) according to previously described
methods (Wikoff et al., 2008). Briefly, for plasma samples 30pL of
cold methanol was added to 10 pL of each sample, vortexed for
1 min, and incubated for 1h at -20°C. Samples were centrifuged
for 3min at 12,000g, and the supernatant was recovered and trans-
ferred to a chromatographic vial.

Metabolic extracts were analyzed via ultra-high-performance
liquid chromatography (UHPLC) coupled to electrospray ionization
quadrupole time of flight (ESI-Q-TOF) tandem mass spectrome-
try (MS/MS) following a previously published method (Arnoriaga-
Rodriguez et al., 2020). An Agilent 1290 liquid chromatography
system (Agilent Technologies) coupled to an ESI-Q-TOF mass spec-
trometer 6545 instrument (Agilent Technologies) was used. Data
were acquired in both positive and negative polarity. Samples were
processed in batches with consistent quality control samples in-
cluded in each batch. Two pL of the extracted sample was applied
onto a reversed-phase column (Zorbax SB-Aq 1.8 pm 2.1x50mm;
Agilent Technologies) equipped with a precolumn (Zorbax-
SB-C8 Rapid Resolution Cartridge 2.1x30mm 3.5 pm; Agilent
Technologies) with a column temperature of 60°C. The flow rate was
0.6 mL/min. Solvent A was composed of water containing 0.2% ace-
tic acid, and solvent B was composed of methanol with 0.2% acetic
acid. The gradient started at 2% B and increased to 98% B in 13 min
and held at 98% B for 6 min. Post-time was established in 5 min. Data
were collected in positive and negative electrospray modes time of
flight operated in full-scan mode at 50-3000m/z in an extended dy-
namic range (2 GHz), using N, as the nebulizer gas (5 L/min, 350°C).
The capillary voltage was 3500V with a scan rate of 1 scan/s. The
ESI source used a separate nebulizer for the continuous, low-level
(10 L/min) introduction of reference mass compounds 121.050873
and 922.009798, which were used for continuous, online mass cali-
bration. MassHunter Data Analysis Software (Agilent Technologies)
was used to collect the results and MassHunter Qualitative Analysis
Software (Agilent Technologies) to obtain the molecular features of
the samples, representing different, co-migrating ionic species of a
given molecular entity using the Molecular Feature Extractor algo-
rithm (Agilent Technologies). We selected samples with a minimum
of 2 ions. Multiple charge states were forbidden. Compounds from
different samples were aligned using a retention time window of
0.1% +0.25min and a mass window of 20.0 ppm+2.0 mDa. We se-
lected only those present in at least 70% of the quality controls and
corrected for individual bias (Broadhurst et al., 2018). The signal was

corrected using a LOESS approach (Dunn et al., 2011).
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2.3 | Metabolite identification

Relevant features, expressed as mass to charge ratio and retention time,
were searched against the Human Metabolome Database (HMDB)
(Wishart et al., 2018), setting a mass accuracy <30ppm and taking
into account the following adducts: M+H, M+H-H20, M+NH4,
M+Na, and M +K for positive ionization mode and M-H, M-H-H20,
and M+ CH3COO for negative ionization mode. Potential identities ac-
cording to mass and retention time were confirmed by comparing the
experimental MS/MS spectra fragmentation pattern of each feature
with the experimental (if available) or predicted MS/MS spectra of the
potential identities reported in public databases, using the LC-MS/MS
search module of the HMDB web server, as well as the Lipidmatch and
MSDIAL softwares (Sumner et al., 2007; Tsugawa et al., 2020).

2.4 | Statistical analysis

For the statistical analysis, R software version 4.0.2 was used (R
Core Team R Foundation for Statistical Computing, Vienna, 2020).
Metabolite levels were log-transformed and normalized by calcu-
lating their z-scores. Associations of metabolite levels with age and
their interaction with sex were evaluated using robust linear models.
All models were adjusted for potential confounders associated with
pathological aging and that could affect the metabolome, based on
an exhaustive literature review (weight, height, body mass index,
systolic and diastolic pressure, antecedents of depression, hyper-
tension, dyslipidemia, cardiac insufficiency, diabetes, renal disease,
atrial fibrillation, chronic obstructive pulmonary disease, tobacco
consumption, as well as serum glucose, total cholesterol and HDL
and LDL cholesterol levels) (Gonzalez-Covarrubias et al., 2013;
Gonzalez-Freire et al., 2019; Wang et al., 2017).

p-Values of the coefficients for age and its interaction with sex
were obtained using a robust F-Test, and 95% confidence intervals
were obtained by bootstrapping. MASS package was used (https://
www.stats.ox.ac.uk/pub/MASS4/).

Principal component analyses (PCA) were performed using all
metabolites and using only the differentially expressed ones. The
importance of age in each dimension was evaluated using robust lin-
ear models between age and each dimension and adjusting for the
previously stated variables. Loadings of each metabolite for each
dimension were calculated. The first 5 PC were considered for the
analyses. FactoMineR (http://factominer.free.fr/) and factoextra
(https://cran.r-project.org/web/packages/factoextra/index.html)
packages were used.

Interactions between metabolites were assessed using correla-
tion and network analyses. Spearman's rank correlations were cal-
culated between all metabolites stratifying by sex, and significant
moderate or higher correlations (FDR p-value <0.05 and Spearman's
rho>0.3) were included in the respective networks. Network clus-
ters were calculated using a multi-level modularity optimization
algorithm for finding community structure (Blondel et al., 2008).
Corrplot (https://github.com/taiyun/corrplot) and igraph (https://
igraph.org/) packages were used.

2.5 | Validation of the results

Two independent cohorts were used to validate the results obtained

with the discovery cohort.

2.5.1 | Validation cohort 1

Healthy human subjects (n = 146, 68 males and 78 females) with
an age range from 30 to 100years were recruited as previously
described (Jové et al., 2016). All subjects were fully informed, and
experimental procedures were approved by the Clinical Research
Ethics Committee of the Hospital Clinico of Madrid. Plasma QTOF-
based untargeted metabolomic analyses were performed, as previ-
ously described (Jové et al. 2016).

2.5.2 | Validation cohort 2

Healthy human subjects (n = 68, 20 males and 48 females) with an
age range from 19 to 107 were selected from the population data
system of the 11th Health Department of the Valencian Community
(Valencia, Spain), as previously described (Jové et al., 2017). All
subjects were fully informed, and experimental procedures were
approved by the Committee for Ethics in Clinical Research of the
Hospital de la Ribera (Alzira, Valencia, Spain). Plasma QQQ-based
targeted lipidomic and metabolomic analyses were applied, as pre-
viously described (Mota-Martorell et al., 2021; Pradas et al., 2018).
Using these validation cohorts, those metabolites and lipids that
were associated with age in the discovery cohort were selected,
data were log-transformed and normalized, and robust linear models
were performed in all subjects, in men or women depending on the
association found in the discovery cohort. Since untargeted metab-
olomics is a semi-quantitative approach and no absolute concentra-
tions are calculated, we considered that a metabolite was validated
if there was a significant association in the same direction in at least
one of the validation cohorts. p-Values of the coefficients were ob-
tained using a robust F-test, and 95% confidence intervals were ob-

tained by bootstrapping.

3 | RESULTS

3.1 | The plasma metabolome changes with aging
and has a sex-specific regulation

An untargeted metabolomic methodology was applied to define
potential BM and affected pathways. After quality control, filtering,
and instrumental drift correction, 2748 metabolites from both posi-
tive and negative ionization modes were detected and included in
the subsequent analyses.

In order to evaluate the effect of aging on the metabolome, ro-
bust linear models were performed considering age, sex, and its in-
teraction with age. These models revealed 137 features (47 of them
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identified) that were significantly associated with age regardless of
sex (FDR adjusted p-value <0.05). Among those features, 43 of them
showed a negative association with age and 94 showed a positive
association (Dataset S1). The identified compounds belonged to the
following classes: 2 benzenes, 6 carboxylic acids, 13 fatty acyls, 3
glycerolipids, 10 glycerophospholipids, 1 hydroxy acid, 4 indoles,
1 organic carbonic acid, 1 organonitrogen compound, 2 phenols, 1
prenol lipid, 1 sphingolipid, 1 seteroid, and 1 tetrapyrrole. Among
the 47 identified compounds, 37 were detected in the independent
cohorts and 21 of the detected metabolites (57%) were validated
(Figure 1).

Regarding sex, we found a set of 71 metabolites with a sex-
specific regulation, which was associated with age only in men
(12, 5 of them identified) or in women (59, 16 of them identified)

Aging WiLEy-Y

(Dataset S1). In men, we identified 1 glycerolipid and 4 glycer-

ophospholipids. In women, we found 1 fatty acyl, 9 glycero-
phospholipids, 4 indoles, and 2 steroids. Four of the identified
compounds in men and 13 in women were detected in indepen-
dent cohorts, and 1 (25%) and 7 (54%) of them were validated,
respectively (Figure 2).

To further obtain a global overview of the changes in the me-
tabolome induced by biological aging, unsupervised multivariate
statistics were applied. This approach revealed that age is one of
the main relevant sources of variability in the whole metabolome.
When applying a PCA to the whole dataset and considering the
first 5 dimensions (which together represent 15.1% of the total
variance), we observed that the first, the fourth, and the fifth prin-

cipal components, which, respectively, represent the 5.1%, 1.9%,
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bootstrapped 95% confidence intervals. Colors represent the cohort used for the regression (Black: Discovery, Orange: Validation cohort

1, Blue: Validation cohort 2). Eleven negative correlations (8 of them validated) and 36 positive correlations (13 of them validated) were
found. Right panel: Boxplots of the metabolites stratified by age groups (purple: 50-64years old, blue: 65-79 years old, yellow: 80-99 years
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Steroids and steroid derivatives; TP, Tetrapyrroles and derivatives. All metabolites were identified based on exact mass, retention time and
MS/MS spectrum, except those with (*) that were only identified based on exact mass and retention time.
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FIGURE 2 Gender-specific plasma metabolic species associated with age. Those features validated in independent cohorts are
highlighted in bold and in yellow shade. Left panel: Forest plot of the significant (FDR p-value <0.05) robust linear regression results for

the association between the relative abundance of each metabolite (log-transformed and z-scored) and age for each gender, adjusted by
weight, height, body mass index, systolic and diastolic pressure, antecedents of depression, hypertension, dyslipidemia, cardiac insufficiency,
renal disease, atrial fibrillation, COPD, tobacco consumption and STAI state, as well as serum glucose, total cholesterol and HDL and LDL
cholesterol levels in the Discovery cohort. Dots represent the robust linear regression estimates for age, and the whiskers represent
bootstrapped 95% confidence intervals. Colors represent the cohort used for the regression (Black: Discovery, Orange: Validation cohort 1,
Blue: Validation cohort 2). Four negative correlations (all of them validated) and 12 positive correlations (3 of them validated) were found in
women, and 1 negative correlation (validated) and 4 positive correlations (none of them validated) were found in men. Right panel: Boxplots
of the metabolites stratified by age groups (purple: 50-64 years old, blue: 65-79 years old, yellow: 80-99 years old). DG, Diacylglyceride;
FA, Fatty Acyls; GPL, Glycerophospholipids; IND, Indoles; PA, Phosphatidic acid; PC, Phosphocholine; PE, Phosphoethanolamine; PG,
Phosphoglycerol; PS, Phosphoserine; ST, Steroids and steroid derivatives. All metabolites were identified based on exact mass, retention
time and MS/MS spectrum, except those with (*) that were only identified based on exact mass and retention time.

and 1.7% of the total variance, were significantly associated with
age after adjusting for confounders (Figure 3). Furthermore, 7 of
the top 10 contributing metabolites to the first dimension (70%)
and 78 of the 449 metabolites with a higher-than-expected con-
tribution to dimension 1 (17%) were associated with age. The list
of contributions of each metabolite to the first 5 dimensions of the
PCA is reported in the Dataset S1. Based on the total number of
metabolites included in the PCA, the expected contribution of each
metabolite to each component is 0.036, calculated as 100/number
of metabolites. The separation of individuals according to age in
the PCA is enhanced when using only the metabolites significantly
associated with age. In this case, the first five components repre-
sented 35% of the total variance, and age was associated with all
five components (Figure 3).

3.2 | Lipid and aromatic amino acid metabolism are
the main metabolic pathways affected by age

Among the 208 differential metabolites (137 associated with age re-
gardless of sex and 71 with a sex-specific regulation), 68 (33%) have
a potential identity based on exact mass, retention time, isotopic
distribution, and/or MSMS spectra. In Figure S1, all the differential
metabolites (both identified and unidentified) are represented ac-
cording to their mass to charge ratio and retention time in order to
obtain an overview of their physicochemical properties. Based on
the identities of these metabolites, we can state that lipid metab-
olism has an important impact on the aging process: 46 of the 68
(68%) total identified molecules are lipids. Regarding lipid species,
several lipid families related to bioenergetics (glycerolipids and fatty
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old (yellow). Men are represented using dots and women using crosses.

acyls), structural (glycerophospholipids) and signaling (sphingolip-
ids, glycerophospholipids, glycerolipids, prenol lipids, and steroids)
functions are affected. It is important to note that the methodology
applied is not suitable to detect the most nonpolar species, such as
triglycerides and cholesteryl esters.

Remarkably, we found 6 acylcarnitines (AcCar), 4 of them long-
chain AcCar, that were positively associated with age. Four unsatu-
rated long-chain fatty acyls FA(22:5n6) (docosapentaenoic acid, DPA)
in women, and FA(20:4n6) (arachidonic acid, AA), FA(18:1 n9) (oleic
acid, OA), and FA(24:1n9) (nervonic acid, NA) in all subjects had also
a positive association with aging whereas the saturated long-chain
fatty acid FA(23:0) was negatively associated with age. Among glyc-
erophospholipids, all of them were positively associated with age, ei-
ther in all subjects or for a specific sex. It is important to remark that
10/23 (43%) were lysophospholipids which are related to membrane
remodeling and cell signaling. In the same line, the non-lipid specie
choline, which is a precursor of glycerophospholipid and sphingolipid
biosynthesis, but also the precursor of the neurotransmitter acetyl-
choline, was positively associated with age. Contrarily, the bioactive
lipid sphingosine-1-P presented a negative association with age.

Regarding the non-lipid species, metabolites belonging to mi-
crobial and human aromatic amino acid (AAA) metabolism are the
most representative (16 of 22, 73%). Specifically, 7 compounds
belonged to the tyrosine-phenylalanine gut microbial metabo-
lism (benzoic acid, cresol, glutamylphenylalanine, glutamyltyro-
sine, hippuric acid, phenol, and phenylacetylglutamine) and all of
them except cresol were positively associated with age. Among
the remaining 9 metabolites, which were related to the trypto-
phan metabolism, 7 of them were related to gut microbiota and
were negatively associated with age (indole, indoleacetaldehyde,
indoleacrylic acid and indolealdehyde in women and indolelac-
tic acid, indolylacryloylglycine and tryptophan in all subjects)
and 2 of them were positively associated with age in all subjects
(tryptophan-C-mannoside and hydroxyindoleacetic acid). The re-
lated pathways are represented in Figure 4. Furthermore, the sec-
ondary bile acid deoxycholic acid, also related to gut microbiota,
was positively associated with age. Finally, glycolic acid was posi-
tively associated with the aging process.

The results regarding acylcarnitines and tryptophan-related
metabolites were consistently validated. On the contrary, the
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validation of the results of tyrosine-phenylalanine, fatty acid, and
glycerolipid-related metabolites was less consistent and more
studies are needed to clarify the specific dysregulation of these
pathways during aging.

3.3 | Specific metabolic clusters are affected by age

In order to discern the sex-specific metabolite regulation associ-
ated with the differential features, inter-metabolite relationships
were assessed by applying correlation and network analyses for
each sex to all the age-associated metabolites. Globally, strong
Spearman correlations between metabolites were similar in women
and men, and only those with the lowest correlation coefficients
were sex-specific (Figure 5). For correlation coefficients, see the
Dataset S1. Interestingly, this analysis revealed the existence of
specific groups of metabolites with strong intra-group correlations.

To further explore this point, network analyses using moderate
and strong correlations (FDR p-value <0.05 and Spearman'srho > 0.3)
and network clusters were calculated (Figure 6). Specifically, 8

clusters were identified in men and 6 in women (Table 1). Globally,
there are two non-lipid clusters (clusters 1 and 2) and three lipid
clusters (clusters 3, 4, and 5). Cluster 6 includes features without
moderate or strong correlations with any other feature. In men, 2
extra non-lipid clusters appear (clusters 7 and 8) which are indepen-
dent of the rest of the clusters and from each other.

Clusters 1 and 2 include all non-lipid species except bilirubin,
citric acid, and glycolic acid. Cluster 1 includes cresol and all the
metabolites related to tryptophan gut microbial metabolism except
Tryptophan 2-C mannoside, and cluster 2 includes the rest of the
non-lipid species and the shorter chain AcCar. Interestingly, in men,
most of the phenylalanine and tyrosine related metabolites are in-
cluded in the men-specific clusters 7 and 8 and not in cluster 1.

Regarding lipid clusters, cluster 3 is mainly a phospholipid cluster
and includes all lysophosphatidylethanolamines (lysoPE) and lyso-
phosphatidylcholines (lysoPC), as well as some phsophatidylcholines
(PC) and phosphatidylserines (PS). Cluster 4 includes mainly DG, and
cluster 5 includes hydroxybutyric acid, some glycerophospholipids,
the longer chain AcCar, all long-chain unsaturated fatty acids and all
the steroids and prenol lipids.
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FIGURE 5 Correlations plot for all the identified plasma metabolic species associated with age. Statistically significant (FDR p-
value <0.05) Spearman's rank correlations between each pair of metabolites are represented stratifying by gender (men: lower diagonal,
women: upper diagonal). Positive correlations are represented in blue and negative correlations in red.

It is noteworthy that although cluster 1 is common in both sex,
it interacts differently with other clusters: while it is independent
of other clusters in women, in men is related to cluster 2 through
hydroxyindoleacetic acid. Five metabolites from cluster 1 (cresol,
indole, indoleacrylic acid, indolealdehyde, and indolelactic acid)
are correlated with hydroxyindoleacetic acid in men. Interestingly,
3 of these molecules (indole, indoleacrylic acid, indolealdehyde)
were identified as women-specific for aging. Furthermore, metab-
olites related to phenylalanine and tyrosine metabolism (hippuric
acid, benzoic acid, phenol, and phenylacetylglutamine), together
with ureidoisobutyric acid, show also important sex differences
regarding their relationships with other metabolites. Interestingly,
when the analyses were performed using only those features

validated in an independent cohort, we obtained very similar re-
sults (Figure S2).

4 | DISCUSSION

Aging biology has been extensively studied during decades for its di-
rect relation to the determination of longevity and its principal role in
the development of age-related diseases, which are responsible for
the major disabilities all over the World. The study of this universal
process requires the effort of many researchers in gerontology and
the application of different approaches and techniques to achieve an
integrated view from molecular to organismal level. In this sense, the
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application of high-throughput techniques to large populations is es-
sential to describe novel BM of aging, helping to better understand
the underlying biological mechanisms to achieve a healthy aging and
to prevent the development of age-related diseases.

In the present work, we used a well-characterized cohort of
1030 healthy human adults (45.9% females and 54.1% males) rang-
ing from 50 to 98years to detect plasma hub metabolites and BM
of aging including a sex/gender perspective using an MS-based
untargeted metabolomic approach. With the objective of defining
BM of biological aging, the results were adjusted for previously de-
scribed potential confounders associated with pathological aging
(Gonzalez-Covarrubias et al., 2013; Gonzalez-Freire et al., 2019;
Wang et al.,, 2017). Importantly, two independent cohorts were
used for validating the results (validation cohort 1: n = 146, 53%
females, 30-100years old; validation cohort 2: n = 68, 70% females,
19-107 years old).

The analyses revealed that aging is accompanied by significant
changes in the metabolome that affect several metabolites and lipid
classes. Globally, plasma metabolome is able to discriminate the
individuals according to their age suggesting a specific metabolic
signature of the aging process. These changes mostly involve lipid
metabolism-related metabolites, which is foreseeable if we consider
that more than 80% of the metabolome is composed of lipid spe-
cies (Wishart et al., 2009), as well as human and gut microbial AAA
metabolism-related metabolites. Importantly, although there are
global changes associated with aging, there is a sex-specific signa-
ture that it is crucial to consider in order to better understand this
process. Specifically, whereas 59 metabolites are associated with age
specifically in women, only 12 are associated in men. Interestingly,

among the identified species, all the lipid species specifically af-
fected by age in women increased with age whereas the indoles de-
creased. In men, all the identified metabolites affected are lipids and
only one, DG(35:4-OH) is negatively associated with aging. These
results reinforce the importance of applying a sex/gender perspec-
tive approach when the age-associated changes in metabolome are
evaluated.

Lipids are a diverse class of compounds involved in multitude of
structural and functional properties related to cell membranes, sig-
naling roles, and bioenergetics. In the present work, concerning the
lipid-related molecules affected regardless of sex, we found 6 AcCar
(4 with a long-chain and 2 with a medium chain fatty acid in their
structure) that were positively associated with aging. The main func-
tion of AcCar is to ensure fatty acid transport into the mitochon-
dria for p-oxidation and energy production (Reuter & Evans, 2012).
Thus, an increased concentration of plasma AcCar with aging may
represent an adaptive response to increased bioenergetic demands
with age, a dysfunction in fatty acid oxidation and overall mito-
chondrial activity, or both. A previously published lipidomic study
performed with 980 individuals aged 18-87years old revealed no
significant changes in total intensity of AcCar with age and sex (Slade
et al., 2021). However, several studies described a positive associa-
tion of plasma levels of specific AcCar with aging and the impact of
sex in these correlations (Jarrell et al., 2020; Johnson et al., 2019;
Takiyama & Matsumoto, 1998). Importantly, a lipidomic study per-
formed with 10.339 participants described that the majority of
AcCar were significantly higher in men and positive associations of
age with AcCar, being the AcCar(14:2) the one with the strongest as-
sociation (Beyene et al., 2020). Interestingly, previous studies in cell
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cultures demonstrated that various medium-chain AcCar, including

the AcCar(10:1), that is positively associated with age in the present
study, induces lipid peroxidation in cells from rat frontal cortex con-
tributing to generate a more pro-oxidative status (Tonin et al., 2012).
The higher presence of this medium-chain AcCar in plasma of aged
individuals may be related to the increased oxidative stress-derived
damage associated with the aging process. In line with this, other
authors suggested increased levels of AcCar in several age-related
pathologies, mainly cardiovascular and neurodegenerative diseases
(Gao et al., 2021; Horgusluoglu et al., 2022; Kukharenko et al., 2020;
Liu et al., 2018; Toledo et al., 2017) but also as BM of frailty in el-
derly subjects (Malaguarnera et al., 2020). However, other studies
described an inverse relationship with these conditions (Ciavardelli
et al., 2016; Shao et al., 2020).

In addition to AcCar, we also found a positive correlation between
age and 4 unsaturated long-chain fatty acids. Globally, it has been
described that plasma saturated, polyunsaturated and monoun-
saturated fatty acids increase with age (Johnson & Stolzing, 2019).
Specifically, our results are partially supported by previously pub-
lished data (De Sanctis et al., 2020). The differences could be at-
tributed to the fact that most of the previously published studies
are performed with discrete age groups rather than using age as a
continuous factor. We found that DPA (22:5n6) was associated with
age only in women, suggesting a different regulation of biosynthe-
sis pathway with age according to sex. This differential regulation
has been suggested previously by other authors (Zhao et al., 2020).
It is important to note that DPA is a minor fatty acid and more re-
search is needed to understand its role in tissue/cell metabolism and
its function in physiopathological processes. AA and its metabolites
(eicosanoids) are extensively related to pro-inflammatory events
(Das, 2018). It is previously stated that the low-grade inflammation
described in age-related diseases is caused, almost partially, by favor-
ing the production of pro-inflammatory species from AA (Das, 2018).
Furthermore, the polyunsaturated nature of these fatty acids makes
them more prone to oxidative damage (Mota-Martorell et al., 2022),
so the increased levels of both AA and DPA observed with age sug-
gest a favored environment to inflammation and oxidative stress in
tissues with age, as previously described (de Almeida et al., 2020).
This hypothesis should be confirmed applying specific methodology
to detect inflammatory intermediates and oxidative stress derivates.

Elevated levels of monounsaturated fatty acids in plasma have
been previously related to decreased peroxisomal function, a symp-
tom of age-related diseases (Yamazaki et al., 2014). NA (FA(24:1n9))
is a long-chain monounsaturated fatty acid that is enriched in sphin-
gomyelin and may enhance brain functions and promotes myelin
synthesis (Li et al., 2019). Altered levels of NA have been previously
described in age-related diseases and peroxisomal $-oxidation disor-
ders (Oda et al., 2005; Sargent et al., 1994; Yamazaki et al., 2014) but,
as far as we know, this is the first time that this fatty acid is evaluated
in aging. Plasma high levels of OA (FA(18:1n9)) have been previously
associated with health status. Contrarily, lower levels of this mono-
unsaturated fatty acid have been related to age-associated neuro-
degenerative (Cunnane et al., 2012) and cardiovascular diseases (Lai

et al., 2018; Terés et al., 2008). Specifically, a previously published
paper pointed out OA as a sensor for fatty acid oxidation to main-
tain lipid homeostasis (Lim et al., 2013). In line with this, the higher
levels of OA observed with age could be an adaptive response to
B-oxidation impairment.

In the present work, we found and validated that the final
product of p-oxidation hydroxybutyrate is decreased with aging,
reinforcing the idea of impaired mitochondrial -oxidation. It is im-
portant to remark that the levels of the tricarboxylic acid (TCA) cycle
intermediate, citrate, were consistently increased with age in all co-
horts (Mota-Martorell et al., 2021). Assuming that mitochondrial p-
oxidation is decreased with age, this increase could be provoked by
higher glycolytic activity of the cells. This conclusion is reinforced
by network analyses where long-chain fatty acids, long-chain AcCar,
and hydroxybutyric acid clustered together, as well as citrate in
men (cluster 5). In this sense, a previous study has described that a
citrate-based ketogenic-promoting diet enhances metabolic health
and longevity (Fan et al., 2021). Interestingly, glycolic acid, previ-
ously related to bioenergetics (Maniscalco et al., 2017), was posi-
tively associated with the aging process.

All these results suggest that aging is accompanied by an impair-
ment of mitochondrial fatty acid oxidation, resulting in accumulation of
intracellular AcCar and long-chain fatty acyls and a decrease in the final
product of B-oxidation hydroxybutyrate (Schooneman et al., 2013),
which is subsequently reflected in plasma (Huynh et al., 2019). The
increased levels of citrate could be explained by an increase in glycol-
ysis pathway caused by the p-oxidation impairment. Mitochondrial
dysfunction is considered one of the major hallmarks of aging and al-
terations in TCA cycle metabolites (specifically citrate) and FA were
previously reported by other authors as indicators of a reduction of
mitochondria effectiveness resulting in energy production dysfunc-
tion favoring increased levels of oxidative stress (Panyard et al., 2022).

Glycerophospholipids are important structural and functional
components of biological membranes. In the present work, we de-
scribed several types of glycerophospholipids; all of them positively
correlated with age. Interestingly, there is an important sex-specific
effect of aging in this lipid category. Among the glycerophospholipid
described, we found several lysophopholipids, with a greater pre-
dominance of LysoPE. Lysophoshpolipids are generated from phos-
pholipids by the action of phospholipases and are mainly related to
lipid remodeling and cell signaling functions (Hishikawa et al., 2014).
Regarding the LysoPE described in the present study, LysoPE(18:1)
has been previously related to obese individuals (Wang et al., 2016)
and it is previously described that the levels of LysoPE(22:6) and
LysoPE(18:1) are increased in diabetic individuals (Wang et al., 2016).
As far as we know, there is no previous information about the effect
of age and sex on the specific species described in this work.

Sphingosine-1-P is a bioactive sphingolipid implicated in nu-
merous aspects of cell physiology, including cell survival and in-
flammatory responses, and it has been directly associated with
neuroprotective effects (Czubowicz et al., 2019). Furthermore, al-
terations in sphingosine-1-P levels were described in brain tissue and
serum of individuals suffering from age-related neurodegenerative
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and cardiovascular diseases (Velazquez et al., 2021). Our results
(validated in independent cohorts) indicated that the levels of this
sphingolipid decreased with age in both women and men, although
some papers indicated sex-specific regulation in both plasma (Guo
et al., 2014) and brain tissue (den Hoedt et al., 2021) in human be-
ings and animal models. The negative correlation of sphingosine-1-P
levels with aging could explain, at least partially, the physiological
cognitive decline characteristic of the aging process.

The family of FAHFA are signaling molecules that have been pre-
viously associated with anti-inflammatory and anti-diabetic prop-
erties (Brejchova et al., 2020). In the present work, two saturated
FAHFA (FAHFA(20:0) and FAHFA(24:0)) were negatively associated
with age. There is still little information about specific FAHFA in bibli-
ography, and most of the studies were focused on FAHFA composed
by FA(16:0), FA(16:1), FA(18:0), FA(18:1), and FA(18:2). Specifically, it
has been previously described that these species can be modulated
by the aging process in both plasma and tissue (Kellerer et al., 2021,
Zhu et al. 2020). As far as we know there is no available information
about the specific species described in the present work.

The changes in gut microbiota during life could be used as a BM
of chronological aging (Galkin et al., 2020). Interestingly, gut-derived
bacterial metabolites, including AAA and their derived catabolites,
have been previously related to human health and disease (Tran &
Hasan Mohajeri, 2021). The AAA-derived metabolites have been
previously described as important players in the gut-brain axis (Tran
& Hasan Mohajeri, 2021) and have been related to memory scores
in humans and animal models (Arnoriaga-Rodriguez et al., 2020;
Noristani et al., 2012). AAA catabolites by the gut microbiome may
regulate immune, metabolic, and neuronal responses at local and
distant sites and regulate inflammatory processes in different tis-
sues including liver, kidney heart, and brain (Roager & Licht, 2018).
Regarding tryptophan metabolism, an association with age was found
and validated in 9 metabolites (4 of them were associated only in
women). The role of tryptophan and its indole derivatives in memory
processes (Arnoriaga-Rodriguez et al., 2020; Roager & Licht, 2018)
and neurodegenerative diseases (Tran & Hasan Mohajeri, 2021) has
been previously described by other authors. Interestingly, the rela-
tionship between alterations in tryptophan metabolism and memory
described in a previous work using the same cohort as the present
study (Arnoriaga-Rodriguez et al., 2020) was only observed in obese
individuals, and the authors associated these changes with the
obesity-derived inflammatory status. In the present work, we found
that both tryptophan and the reported indole catabolites produced
by gut microbiota were negatively associated with age, which could
be associated with the physiological decline of nervous system ob-
served with age. Interestingly, this catabolic pathway is more affected
in women suggesting sex-specific changes in gut microbiota during
aging. These results could partially explain the higher incidence rates
of AD and dementia described in women, which are estimated to
be 2:1 compared with men (Ferretti et al., 2020). The tryptophan-
related metabolite Tryptophan-C-mannoside, which has also been
previously associated with cognitive declines (Rong et al., 2021), has
been positively associated with aging. Additionally, the serotonin
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pathway (brain) from tryptophan seems to be enhanced to produce

higher levels of 5-hydroxyindoleacetate. Concerning tryptophan
metabolism, previous work performed in mice liver demonstrated
the affectation of kynurenine pathway after applying an “anti-aging”
nutritional intervention such as 30% caloric restriction (Jové, Naudi,
et al.,, 2014). No affectation of this pathway was observed in the
present work.

Regarding phenylalanine and tyrosine-derived metabolites pro-
duced by gut microbiota, we found 6 metabolites positively asso-
ciated with age and only one (cresol) with a negative association.
Among these metabolites, cresol levels have been previously re-
lated to neurodegeneration and age-related diseases (Tran & Hasan
Mohajeri, 2021), and the levels of phenylacetylglutamine have been
previously associated with AD (Gonzalez-Dominguez et al., 2016).
The levels of hippuric acid positively correlate with the aging process
in our work. Other authors obtained the same results and have also
related this metabolite to cognitive decline (De Simone et al., 2021),
and have been also related to cognitive decline by other authors (De
Simone et al., 2021). The different regulation of gut-derived AAA
catabolism in women and men is reinforced by correlational and net-
work analyses where it is shown an independent cluster (cluster 1)
in women whereas in men those metabolites have stronger connec-
tions with cluster 2. Interestingly, a recent review described that a
decrease in plasma levels of tryptophan and the increase of tyrosine
with aging are one of the more consistently reported changes when
studying aging metabolomics (Panyard et al., 2022).

Finally, the levels of choline were positively associated with the
aging process, as previously described (Mota-Martorell et al., 2021)
and could be validated in an independent cohort. Choline metabolite
has several functions in cell metabolism. First, is a precursor of glyc-
erophopholipid and sphingolipid biosynthesis. Second, is a precursor
of neurotransmitter acetylcholine. Third, choline can also be metab-
olized to betaine, a key methyl donor in the one-carbon metabolism
and modulator of homocysteine status. Interestingly, recently pub-
lished results pointed out the importance of choline and homocyste-
ine metabolism in defining plasma metabolome of long-lived humans
(Mota-Martorell et al., 2021). In this sense, more studies are needed
to elucidate the role of choline in the aging biology.

The main strengths of the present study are (i) the associations
of the metabolites with age reported in the discovery cohort were
controlled for the main potentially confounding health conditions.
Confounding is one of the main issues when studying aging processes
because of the interconnection between aging and several factors,
but most of the available studies only adjust for sex and BMI (Panyard
etal., 2022) and (ii) a large discovery cohort and two independent val-
idation cohorts were used. These three cohorts were recruited from
different regions of Spain and were analyzed using different method-
ological approaches. Metabolomics has inherent handicaps such as
the high variable-to-sample ratio and the high variability of the me-
tabolite levels and the results, which require large sample sizes and
an efficient dimensionality reduction, as well as the use of validation
cohorts to improve the robustness and replicability of the results.
Importantly, a relevant part of the main results found in the discovery
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cohort could be consistently confirmed using the validation cohorts.

The discrepancies observed in the validation cohorts (mainly in lipid
metabolism) could be partially ascribed to the fact that in these co-
horts we did not have the information regarding the potential con-
founders that were used in the discovery cohort, such as dyslipidemia
or cholesterol levels, which have an important association with lipid
metabolism. Additionally, the metabolome of the validation cohorts
was analyzed using different approaches and equipment. In order
to validate this part of the results, further studies focused on lipid
metabolism, using specific lipidomic techniques and controlling for
the proposed confounders should be performed. From our findings,
several key questions remain unanswered and should be elucidated
in future works: (i) we do not know whether the age-dependent met-
abolic changes observed are the cause or consequence (adaptation or
dysregulation) of aging, (ii) we do not know how regulatory networks
change with age and how they influence or determine the aging pro-
cess itself, (iii) we do not know how the different tissues are affected
and the degree of participation and responsibility for the plasma met-
abolic profile observed, (iv) we have been able to annotate 47 of the
137 (34%) statistically molecular features. Although the annotation is
a well-known limitation of untargeted metabolomic approaches, it is
important to have in mind that the identification of these metabolites
could change or modify the conclusions withdrawn at the biological
and mechanistic levels, (v) although we describe gut-related metab-
olites, we do not know the real implication of gut microbiota in this
specific age-associated plasma metabolome, and (vi) because we an-
alyzed the global metabolome, the changes observed in lipid species
could not be ascribed to a specific lipoprotein or to their metabolism.
To clarify this point, an alternative study should be assessed. Finally,
and importantly, the LC/MS approach used captures a global snap-
shot of the organism's metabolic state but has limitations since no sin-
gle analytical platform can cover the entire metabolome basically due
to the great diversity of compounds and physicochemical properties.

In conclusion, it is suggested that aging induces changes in
plasma metabolome that may reflect the physiological changes that
occur in tissues. Our findings indicate that these changes are sex-
specific and the need to address the studies of aging from a sex/
gender perspective. Specifically, we describe changes in bioener-
getic pathways that point to a decrease in mitochondrial -oxidation
and an accumulation of unsaturated fatty acids and acylcarnitines.
These changes may be the substrate to the increment of oxidative
stress and inflammation characteristic of this physiological process.
Furthermore, we described, for the first time, the importance of gut-
derived AAA catabolites in the aging process describing novel BM
that could contribute to better understand this physiological process
but also age-related diseases. The results obtained bring us closer to
the description of the phenotype of this universal process and are
essential to understand the physiopathology of aging.
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worked to ensure sex balance in the recruitment of human sub-

jects. We worked to ensure ethnic or other types of diversity in the
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recruitment of human subjects. We worked to ensure that the study
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