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Aging is a complex process characterized by progressive loss of functional abilities due to the accumulation of molecular damages.
Metabolomics could offer novel insights into the predictors and mechanisms of aging. This cross-sectional study is aimed at
identifying age-associated plasma metabolome in a Malay population. A total of 146 (90 females) healthy participants aged 28–
69 were selected for the study. Untargeted metabolomics profiling was performed using liquid chromatography-tandem mass
spectrometry. Association analysis was based on the general linear model. Gender-associated metabolites were adjusted for age,
while age-associated metabolites were adjusted for gender or analyzed in a gender-stratified manner. Gender-associated
metabolites such as 4-hydroxyphenyllactic acid, carnitine, cortisol, and testosterone sulfate showed higher levels in males than
females. Deoxycholic acid and hippuric acid were among the metabolites with a positive association with age after being
adjusted for gender, while 9(E),11(E)-conjugated linoleic acid, cortisol, and nicotinamide were negatively associated with age.
In gender-stratified analysis, glutamine was one of the common metabolites that showed a direct association with age in both
genders, while metabolites such as 11-deoxy prostaglandin F2β, guanosine monophosphate, and testosterone sulfate were
inversely associated with age in males and females. This study reveals several age-associated metabolites in Malays that could
reflect the changes in metabolisms during aging and may be used to discern the risk of geriatric syndromes and disorders later.
Further studies are required to determine the interplay between these metabolites and environmental factors on the functional
outcomes during aging.

1. Introduction

Aging is characterized by a decline in physical fitness and phys-
iological functions over a lifetime. The accumulation of diverse
deleterious events, including oxidative stress, mutations, and
telomere shortening, in biological systems over time has been
widely proposed as the primary contributor to the progressive
deteriorative nature of aging [1–3]. The ever-increasing aging
population will pose a significant challenge to the healthcare

system as age is the biggest risk factor for chronic and complex
conditions, such as neurodegenerative diseases, cancers, and
cardiovascular diseases. However, aging is a multifaceted pro-
cess that varies between individuals such that some people live
longer in good health, while others experience various patholo-
gies. Although the basis of healthy and pathological aging is not
entirely understood, the rate of aging in terms of lifespan and
healthspan may be controlled, to a certain extent, by interven-
tions such as caloric restriction [4] and physical activity [5].
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Aging is an inevitable process, but the identification of age-
associated metabolites might be useful to understand the age-
related changes of metabolisms in a healthy population and
later compared with geriatric disorder-related metabolites to
monitor the risk of developing age-associated disorders and
help to provide novel insights into the underlying basis of aging.

Omics studies such as genomics, transcriptomics, prote-
omics, and metabolomics could be applied to elucidate the
cellular signaling of a complex process. Being downstream
of biochemical pathways, the metabolome has been regarded
as the closest biomolecules to the phenotypes and physiolog-
ical functions than other omics approaches. There has been
a growing interest in metabolomics studies for aging
research over the last decade due to advanced high-
throughput analytical techniques using nuclear magnetic
resonance spectroscopy and mass spectrometry [6]. Several
cross-sectional and longitudinal studies have reported the
metabolomics changes with age and gender using samples
from different cohorts [7–19]. Although these studies pro-
vide essential information, the age-associated metabolome
has not been fully characterized due to the diversity of
metabolites. Besides the genetic determinants, the metabo-
lome is influenced by environmental factors that could be
highly dynamic across populations. Additional studies from
different populations may reveal common metabolites asso-
ciated with age regardless of sample origins and unique
metabolite changes specific to a population.

To the best of our knowledge, the age-associated metab-
olome of Malays has not been reported in the literature. Our
previous study shows that increased oxidative stress is asso-
ciated with advanced age in Malays, such that DNA damage
and protein carbonyl are predictors for cognitive impair-
ment in the population [20]. Further study on the tran-
scriptome of peripheral blood mononuclear cells (PBMCs)
indicates that gene expressions related to inflammation, sig-
nal transduction, metabolic, and nociception pathways are
altered with age in the Malays [21]. Our proteomics profiling
of plasma from the Malays reports that the age-associated
protein changes are related to the cholesterol metabolic pro-
cess, fatty acid biosynthetic process, and response to toxic
substances [22]. Metabolomics can complement other omics
data by understanding the biochemical events in a biological
system from a different perspective, such as the influence of
dietary and environmental exposures, gut microbiota com-
position, and disease conditions. Integrating the information
gathered from multiomics studies enables comprehensive
evaluation of the molecular alterations during aging and
facilitates the discovery of robust age-associated metabolites.
Such metabolites may be used to understand the changes in
metabolisms due to age and discern the risk of developing
geriatric syndromes and diseases in a population. Therefore,
this cross-sectional study is aimed at identifying the plasma
age-associated metabolites for Malays.

2. Materials and Methods

2.1. Study Population. This study was approved by the
Human Research Ethics Committee of the National Univer-
sity of Malaysia (UKM), which followed the Declaration of

Helsinki (approval code: 1.5.3.5/244/LRGS/BU/2012/
UKM_UKM/K04). All participants were provided the writ-
ten informed consent to this study. The study was a cross-
sectional study that recruited subjects in Klang Valley,
Malaysia, from May 2013 to March 2015. The plasma sam-
ples were thawed in 2018 for LCMS analysis. The study
design and methods have been described in detail elsewhere
[20–23]. Briefly, participants selected for the metabolomics
analysis consisted of healthy Malays based on self-reports
who had no known physical or mental illness. The selected
participants were of Malay race and free from any physical,
health, and mental disorders at the time of recruitment.
The exclusion criteria included subjects who were smokers,
pregnant, diagnosed with diseases, and on medications for
cardiovascular diseases, diabetes mellitus, hypertension,
and cholesterol-lowering. The food and supplement intakes
of the participants were not assessed.

2.2. Sample Collection. Overnight-fasted blood was collected
at 8:00 a.m. to 10:30 a.m. The peripheral venous blood was
drawn into an EDTA tube (Vacutainer, BD; Franklin Lakes,
NJ, USA) and processed immediately after the collection.
Briefly, the blood was centrifuged at 3,000 × g for 30min at
4°C. The plasma was aliquoted and stored at -80°C until use.

2.3. Metabolite Extraction. Untargeted metabolomics analy-
sis on plasma samples was performed using ultra-high-
performance liquid chromatography-tandem mass spec-
trometry (UHPLC-MS/MS). Methanol, water, acetonitrile
(ACN), and formic acid were MS grade and purchased from
Fischer Scientific (Hampton, NH, USA). Metabolite extrac-
tion for the plasma samples was performed according to
the previous protocol with slight modifications [24]. Briefly,
400μL plasma was added with 1,200μL cold methanol, vor-
tex mixed for 15 s, and centrifuged at 15,800 × g for 15min
at 4°C. All the supernatant (~1.6mL) was transferred to a
new tube and dried using a vacuum centrifuge (Eppendorf,
Hamburg, Germany) at room temperature. The dried sam-
ples were stored at -80°C until use.

Quality control (QC) samples were prepared by pooling
an aliquot of 20μL from each plasma sample. The pooled
QC samples were divided into several tubes, and metabolite
extraction was carried out as described for the plasma sam-
ple. The samples were divided into 6 batches for data acqui-
sition (18 for batch 1, 30 for batch 2, 31 for batches 3 and 4,
25 for batch 5, and the remaining for batch 6). Subjects were
divided with an approximately equal representation of each
age group for the 30s, 40s, 50s, and 60s.

2.4. LC-MS/MS. The dried samples were reconstituted with
200μL water, vortexed for 15 s, and spun down quickly.
The samples were filtered through a 0.2μm GHP membrane
(Waters; Milford, MA, USA) and transferred into the vial
with a glass insert (Thermo Scientific; Waltham, MA,
USA). Water was used as the blank sample. Data were
acquired using Q Exactive HF Orbitrap (Thermo Scientific)
according to a previous study with slight modification [24].
The detailed protocol is included in Supplementary Infor-
mation Method 1.
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2.5. Data Preprocessing. Raw files generated from LCMS
were processed using Compound Discoverer software (ver-
sion 2.0; Thermo Scientific). Briefly, chromatographic peaks
were aligned with other files within a mass tolerance of 5
parts per million (ppm) and grouped by molecular weight
and retention time. Background compounds were filtered
out when the sample/blank (S/N) signal ratio was <5. The
minimum intensity for a peak to be reported was defined
as 2,000,000. The area of missing peak for a group com-
pound was imputed using the “Fill Gap” node in Compound
Discoverer, defined as “expected peak width and maximum
spectrum noise in the expected retention time range multi-
plied by the S/N threshold” based on the software user guide.
The metabolite features (MFs) with molecular weight, reten-
tion time, and peak intensity information were exported into
a comma-separated values (CSV) file for further analysis.

2.6. Statistical Analysis. Statistical analysis was first per-
formed on MetaboAnalyst 4.0 [25]. Briefly, the data in the
form of an MS peak list was uploaded as a CSV file. Peaks
were grouped at a mass tolerance of 0.025 m/z and retention
time tolerance of 30 s. Data were filtered using the inter-
quartile range, while the normalization was performed using
cube root transformation and autoscaling. Principal Compo-
nent Analysis (PCA) was used to assess the batch effects of
individual and combined runs. The batch effects of the com-
bined runs were corrected using the ComBat method [26]
available in MetaboAnalyst. The batch effect-corrected data
were used for further analysis.

The general linear model was used for the association
analysis (IBM SPSS, v22; Armonk, NY, USA). The model
on gender-associated metabolites was adjusted for age. The
effect size (Cohen’s d) was calculated based on the standard-
ized difference between the two means. Metabolites associ-
ated with age were adjusted for gender. Gender-stratified
analysis was also performed to assess the association of
metabolites with age in males and females, respectively. False
discovery rate-adjusted p value (q-value as determined by
the Benjamini-Hochberg procedure) < 0.05 was considered
statistically significant. Additional filtering based on the
coefficient of variation (CV) of QC was applied to the signif-
icantly different metabolites such that metabolites with
values ≤ 30% were considered acceptable.

2.7. Metabolite Annotation. The significant MFs were puta-
tively annotated by matching their accurate mass and MS/
MS spectrum to the online databases. Briefly, the mzCloud
database (HighChem LLC, Slovakia) has been integrated into
Compound Discoverer, and annotation was performed auto-
matically. Then, accurate masses of the remaining unanno-
tated significant MFs were first searched against CEU Mass
Mediator version 3.0 [27], which unified databases from
METLIN [28] and Human Metabolome Database (HMDB)
[29]. The mass tolerance was set at 5 ppm. The MFs that
matched with CEU Mass Mediator were searched against the
MS/MS databases of METLIN and HMDB with a mass toler-
ance of 5 ppm and MS/MS tolerance of 0.01 Dalton.

The level of confidence annotation was based on the rec-
ommendation from Metabolomics Standard Initiative [30].

Only significant MFs with level 2 confident annotation were
reported as putative metabolites. Level 2 confident annota-
tion was defined in this study as the compound had matched
two orthogonal parameters: accurate mass (<5 ppm) and
MS/MS spectrum (≥70% similarity compared to the data-
base). The mzCloud Best Match score (%), HMDB purity
(%), and METLIN score (%) were generated automatically
by the respective databases.

3. Results

3.1. Characteristics of the Participants. A total of 146 individ-
uals were included in this study (Table 1). Of these, 90
(61.6%) and 56 (38.4%) were females and males, respec-
tively. The participants were aged from 28 to 69 years old.

3.2. Data Integrity. Mass spectrometry data were acquired in
6 runs (Supplementary Figures S1 and S2). The integrity of
the combined data from 6 runs was evaluated based on the
distribution of the QC samples in the score plot of PCA.
The QC samples from the combined runs were scattered in
the score plots for both ion modes (Figure 1). These
findings indicate that batch effects existed among different
runs. After batch effect correction, the QC samples were
more closely clustered together. A total of 2,424 and 834
MFs were detected in positive and negative modes,
respectively (Supplementary Table S1).

3.3. Gender-Associated Metabolites. Levels of 18 metabolites
were different between males and females after adjusting
for age (Table 2). The majority (17/18) of these metabolites
had higher levels in males than females. 4-
Hydroxyphenyllactic acid (4HPLA), indole-3-lactic acid,
N-acetyl-L-carnosine, testosterone sulfate, 3-phenyllactic
acid, cortisol, propionylcarnitine, and carnitine were among
the metabolites with the effect size > 0:4, and their levels
were higher in males than females. Oleamide was the only
metabolite identified to be higher in females than males.

3.4. Age-Associated Metabolites. Metabolites were assessed by
association with age after being adjusted for gender or in
gender-stratified analysis. Regression analysis showed that
1020/2424 (42.1%) and 325/834 (39%) of MFs were associated
with age (Supplementary Table S1). Out of these, only 58
metabolites were identified as level 2 confident annotation.
Furthermore, only 26/58 (44.8%) of these metabolites had QC
CV ≤ 30%. Metabolites that were positively associated with
age included 3-methoxybenzenepropanoic acid, 4-oxoproline,
deoxycholic acid, glutamine, hippuric acid, N-acetylornithine,
and N-phenylacetylglutamine, while those negatively
associated with age were 11-deoxy prostaglandin F2β,
9(E),11(E)-conjugated linoleic acid, cortisol, guanosine
monophosphate, N-acetyl-L-carnosine, nicotinamide,
phenylalanine, proline, testosterone sulfate, and uracil (Table 3).

In gender-stratified analysis, only 40 and 36 age-
associated metabolites in males and females, respectively,
were annotated confidently at level 2. Out of these, 20/40
(50%) and 16/36 (44.4%) metabolites had QC CV ≤ 30%.
In males, metabolites that had a direct association with age
included 3-methoxybenzenepropanoic acid, deoxycholic
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acid, docosahexaenoic acid ethyl ester (DHAEE), glutamine,
N-acetylornithine, and N-phenylacetylglutamine, while
those that had an inverse association with age were 11-
deoxy prostaglandin F2β, 13,14-dihydro-15-keto prosta-
glandin A2, 9(E),11(E)-conjugated linoleic acid, guanosine
monophosphate, nicotinamide, proline, testosterone sulfate,
and uracil (Table 3). In females, metabolites such as 4-oxo-
proline, glutamine, and N-acetylornithine were directly
associated with age, while metabolites like 11-deoxy prosta-
glandin F2β, cortisol, glycoursodeoxycholic acid, guanosine
monophosphate, testosterone sulfate, and tryptophan were
inversely associated with age (Table 3).

4. Discussion

The discovery of age-associated metabolites could be useful
in understanding the metabolic alteration due to aging and
stratifying populations that will undergo healthy aging or
are at risk of developing age-related disorders. Metabolites
have the potential to be used as biomarkers in the clinical
setting because they are closely related to the physiological
and health status of an individual. In addition, they are rel-
atively robust to be developed as a panel of markers that
allows rapid screening or as easy-to-use devices to monitor
personal health status without involving the use of sophisti-
cated instruments in the laboratory. In this study, we deter-
mined the plasma metabolome of the apparently healthy
Malays based on a self-reported questionnaire to identify
the circulating metabolites associated with age and gender.
We observed several metabolites that showed variation
between genders or changed with age in this population,
and some of these have been reported in other populations.
We performed the pathway analysis using MetaboAnalyst
(data not shown) but only 1 pathway (arginine biosynthesis)
was significantly different (FRD < 0:05) and impactful
(>0.1). This is probably because most of the differentially
expressed metabolites are not related to each other in the
pathway analysis. Therefore, changes in individual metabo-
lites in relation to age and sex were discussed.

For gender-specific metabolites, we observed that a
higher level of carnitine in males has been reported by sev-
eral studies [8, 10, 15, 18], but the reason for the gender dif-
ference remains unclear. Of note, 4HPLA had the largest
effect size (d = 0:90). This is consistent with a previous study
that shows that 4HPLA level is higher in males than females,
possibly related to alcohol consumption or gut microbial
cometabolism [14]. As this population was nondrinker,
there might be a gender-specific difference in the interplay
between the gut microbiome and host metabolisms which
warrants further investigation. In addition, 4HPLA is one
of the metabolites in tyrosine metabolism. A higher level of

4HPLA in the males of this study may imply an increased
consumption of protein-rich foods. The claim is corrobo-
rated by a meta-analysis that found higher protein intake
in Malaysian males than females [31]. However, the infer-
ence remains to be verified as dietary patterns were not
examined in the current study.

DHAEE was found to be gender- and age-related in this
study. It is a stabilized metabolite from the supplementation
of ω-3-acid ethyl esters [32]. Males in this study had a higher
level of DHAEE than females, suggesting a gender difference
in the clearance of the compound. The DHAEE level was
directly associated with age in Malay males. In addition,
9(E),11(E)-conjugated linoleic acid, a form of ω-6 fatty acid,
was inversely associated with age in Malay males. Interest-
ingly, our previous transcriptomics study shows that endog-
enous synthesis of ω-3 and ω-6 fatty acids is impaired in the
older Malays due to downregulation of FADS genes that are
involved in the conversion of dietary α-linolenic acid and
linoleic acid to ω-3 and ω-6 fatty acids, respectively, support-
ing the recommendation of long-chain fatty acid supple-
mentation based on FADS gene expressions [21].

In this study, levels of 13,14-dihydro-15-keto prostaglan-
din A2 and 11-deoxy prostaglandin F2β had a negative asso-
ciation with age in males and both genders, respectively.
Prostaglandins are divided into many types and perform
diverse biological functions. Prostaglandin E2 (PGE2) is
commonly linked to the generation of an inflammatory
response [33], and its production is inhibited by DHA
in vitro [34]. In addition, DHA has been shown to decrease
the production of PGE2 in human umbilical vein endothelial
cells [35]. Supplementing fish oil, which contains eicosapen-
taenoic acid and DHA, decreases the production of PGE2
[36]. Dietary supplementation of DHA-rich fish oil has been
found to reduce the release of PGF2α from the
lipopolysaccharide-stimulated PBMCs derived from Alzhei-
mer disease patients in the OmegAD study [37]. In addition,
fish oil supplementation has been correlated with a reduc-
tion of serum PGE2 levels in patients with nonalcoholic fatty
liver disease associated with hyperlipidemia [38]. Neverthe-
less, the functions of prostaglandins detected in this study
are not well described in the literature, and their levels could
be influenced by other factors such as cellular damage,
inflammation, infection, and age-related conditions. The
roles of the 13,14-dihydro-15-keto prostaglandin A2 and
11-deoxy prostaglandin F2β in aging and their potential
relationship with the long-chain fatty acid intake remain to
be investigated.

Tryptophan is an essential amino acid that is catabolized
mainly through the kynurenine pathway to produce kynur-
enine and other downstream metabolites linked to aging
and age-related diseases [39]. In a human study, lower
plasma tryptophan level is associated with decreased olfac-
tory function in healthy elderly [40]. The elderly with mood
disorders have a lower level of urinary tryptophan, possibly
related to lower daily intake of tryptophan and increased
tryptophan degradation via the kynurenine pathway [41].
Supplementing a tryptophan-enriched diet improves the
recognition of positive emotions in the healthy elderly [42].
These findings suggest that tryptophan is directly associated

Table 1: Demographic data of the participants.

Characteristic Total Males Females

Number of participants 146 56 (38.4%) 90 (61.6%)

Age range in years 28 - 69 28 - 69 28 - 65

Mean age in years (SD) 44.3 (11.6) 47.5 (12.2) 42.3 (10.7)
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Figure 1: PCA score plot of sample and QC combined from all runs. (a) Positive and (b) negative ion modes before batch effect correction.
(c) Positive and (d) negative ion modes after batch effect correction.
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with healthy aging, and supplementation has the potential to
ameliorate geriatric disorders elicited by tryptophan defi-
ciency. A previous study on the Malaysian elderly reports
that urinary tryptophan level is higher in the elderly with
intact cognition than those with mild cognitive impairment
(MCI) [43], most probably due to higher intake of dairy
products which are rich in tryptophan by the former group
[44]. The apparently healthy elder Malays, especially the
females, might be at higher risk of developing cognitive
decline due to a lower level of tryptophan. The gender-
specific association could be attributed to an accelerated rate
of tryptophan degradation in older females than males [45].

The kynurenine/tryptophan ratio in the blood is
increased with age and has been proposed as a biomarker
for inflammaging due to parallel activation of inflamma-

tion mediators [46]. Increased kynurenine/tryptophan
ratio is related to frailty [47], risk of developing cardiovas-
cular disease [48], cognitive decline [49], and mortality
[50] in older adults. Interestingly, we observed that circu-
lating kynurenine level was detected but not affected with
age in this study, possibly due to compartmental transport
of tryptophan and kynurenine such that degradation of
systemic tryptophan increases intracellular kynurenine
[46]. Therefore, the plasma kynurenine/tryptophan ratio
was considered as increased with age in this study. As
our body cannot produce tryptophan, supplementation of
tryptophan could be beneficial to the elder Malays. This
is supported by a previous study which indicates that
successful-aged Malaysians are associated with higher uri-
nary tryptophan level [43].

Table 2: Metabolites associated with gender.

Compound name
Ionization
mode

Signal level in males
(SD)∗

Signal level in females
(SD)∗

Mean difference
(m-f)∗

Effect size
(d)

p
value

4-Hydroxyphenyllactic acid
(4HPLA)

— 3.3e5 (1.39e5) 2.0e5 (1.38e5) 1.2e5 0.90
7.1e
-18

Indole-3-lactic acid — 2.5e5 (8.60e4) 1.8e5 (8.55e4) 7.4e4 0.87
4.1e
-17

N-Acetyl-L-carnosine + 3.1e4 (2.25e4) 1.3e4 (2.24e4) 1.7e4 0.78
4.7e
-14

Testosterone sulfate — 6.0e6 (2.82e6) 4.0e6 (2.81e6) 2.0e6 0.71
4.9e
-12

3-Phenyllactic acid — 8.8e4 (4.11e4) 6.0e4 (4.08e4) 2.8e4 0.68
2.7e
-11

Cortisol + 8.6e4 (3.54e4) 7.0e4 (3.52e4) 1.64e 0.46
5.0e
-6

Propionylcarnitine + 5.5e5 (1.94e5) 4.6e5 (1.93e5) 8.3e4 0.43
1.8-e
-5

Carnitine + 3.9e7 (9.54e6) 3.5e7 (9.49e6) 4.0e6 0.43
2.4e
-5

Oleamide + 2.5e6 (2.58e6) 3.5e6 (2.56e6) -1.0e6 -0.40
7.0e
-5

Docosahexaenoic acid ethyl ester
(DHAEE)

+ 3.3e5 (2.82e5) 2.2e5 (2.81e5) 1.1e5 0.39
9.6e
-5

Glycoursodeoxycholic acid — 1.7e6 (1.40e6) 1.2e6 (1.39e6) 5.5e5 0.39
9.7e
-5

Gamma-Glu-Leu — 3.7e5 (1.94e5) 2.9e5 (1.93e5) 7.5e4 0.39
1.0e
-4

Theophylline — 2.2e5 (1.82e5) 1.6e5 (1.81e5) 6.3e4 0.35
5.2e
-4

Hippuric acid + 1.6e5 (1.39e5) 1.2e5 (1.38e5) 4.2e4 0.31
2.0e
-3

Proline + 1.2e7 (4.15e6) 1.1e7 (4.13e6) 1.3e6 0.31
2.0e
-3

Indole-3-acetic acid + 2.5e5 (8.60e4) 1.8e5 (8.55e4) 2.3e4 0.31
2.1e
-3

Xanthine — 3.2e5 (1.40e5) 2.8e5 (1.39e5) 4.1e4 0.30
3.1e
-3

N-Acetylornithine + 1.7e5 (7.54e4) 1.4e5 (7.50e4) 2.2e4 0.29
3.4e
-3

∗Signal intensity adjusted for age (arbitrary unit); f: females; m: males; SD; standard deviation; positive value represents higher level in males, negative value
represents higher level in females; compounds were sorted according to effect size.
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Hippuric acid is a gut microbiota-derived metabolite
from the degradation of dietary polyphenols available in
vegetables, fruits, coffee, and tea [51]. Its level reflects the
change in the dietary pattern or gut microbiota composition.
Interestingly, the hippuric acid level increases with age but
decreases in age-related conditions. A longitudinal study of
an Italian population shows that a high level of plasma hip-
puric acid is associated with a reduced risk of developing

frailty, and its elevated level is linked to increased fruit–veg-
etable intake [52]. Another study on the Japanese population
reports that a low level of whole-blood hippuric acid in the
elderly is related to hypomobility, while a low tryptophan
level is linked to frailty and cognitive impairment [53]. A
previous study reports that successful-aged Malaysians with-
out MCI are associated with the intake of oats and tropical
fruits [44]. We observed that the plasma level of hippuric

Table 3: Metabolites associated with age.

Compound name
Agea Malesb Femalesc

β
p

value
β

p
value

β
p

value

Positively associated with age

3-Methoxybenzenepropanoic acid 0.32
2.2e
-11

0.27 3.8e-4 0.35 6.1e-9

4-Methylphenol — — 0.26 6.2e-4 — —

4-Oxoproline 0.16 8.0e-4 — — 0.22 3.4e-4

Aconitic acid (cis/trans) 0.14 3.7e-3 — — — —

Caprolactam 0.14 3.4e-3 — — 0.25 3.6e-5

Citrulline∗ 0.25 2.7e-7 0.24 2.1e-3 0.25 3.6e-5

Deoxycholic acid 0.12 1.7e-2 0.29 1.1e-4 — —

Docosahexaenoic acid ethyl ester (DHAEE) — — 0.28 2.5e-4 — —

Erucamide 0.32
1.2e
-11

0.22 3.9e-3 0.38
7.4e
-11

Glutamine∗ 0.19 9.9e-5 0.23 2.3e-3 0.16 8.1e-3

Hippuric acid∗ 0.17 4.8e-4 — — — —

N-Acetylornithine 0.27 2.2e-8 0.20 9.1e-3 0.31 1.6e-7

N-Phenylacetylglutamine∗ 0.23 2.0e-6 0.36 2.0e-6 — —

Pro Phe Arg 0.15 2.4e-3 — — 0.20 9.1e-4

Theophylline 0.15 2.4e-3 0.19 1.2e-2 — —

Negatively associated with age

11-Deoxy prostaglandin F2β -0.21 4.4e-5 -0.27 6.9e-4 -0.16 1.0e-2

12-Hydroxy-10-(hydroxymethyl)-6-methyl-2-(4-methyl-3-penten-1-yl)-2,6,10-
dodecatrienoic acid

-0.19 8.6e-5 -0.25 9.4e-4 -0.16 1.0e-2

13,14-Dihydro-15-keto prostaglandin A2 — — -0.21 6.7e-3 — —

9(E),11(E)-Conjugated linoleic acid -0.19 7.1e-5 -0.28 2.6e-4 — —

Cortisol -0.20 3.6e-5 — — -0.23 1.1e-4

Glycoursodeoxycholic acid — — — — -0.18 3.1e-3

Guanosine monophosphate -0.24 9.1e-7 -0.32 2.2e-5 -0.17 4.1e-3

Isoquinoline -0.12 1.5e-2 — — — —

Leu Tyr -0.21 2.1e-5 -0.29 1.6e-4 -0.15 1.2e-2

N-Acetyl-L-carnosine -0.11 1.8e-2 — — — —

Nicotinamide -0.20 3.9e-5 -0.28 2.2e-4 — —

Phenylalanine -0.12 1.5e-2 — — — —

Proline -0.14 4.0e-3 -0.24 1.9e-3 — —

Testosterone sulfate -0.57
1.3e
-38

-0.60
6.3e
-18

-0.54
6.6e
-22

Tryptophan — — — — -0.15 1.3e-2

Uracil -0.20 3.3e-5 -0.37 1.0e-6 — —
aAge-associated metabolites adjusted for gender; β: unstandardized coefficients; bage-associated metabolites in males; cage-associated metabolites in females; ∗

detected in both modes, values shown for positive mode; compounds were sorted according to alphanumerical order.
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acid was positively associated with age in this population.
Further studies are required to associate the level of hippuric
acid with polyphenol consumption in the elderly.

We observed a change in glutamine level with age. Glu-
tamine is the most abundant free amino acid in the body.
Skeletal muscle is the primary tissue supply for glutamine
in the bloodstream [54]. Circulating glutamine levels can
be varied by exercise, fasting, and injury. Prolonged and
strenuous exercise reduced circulating glutamine levels, pos-
sibly attributed to the enhanced uptake by the liver and
other tissues and the reduced glutamine synthesis in the
muscle [55]. A low level of circulating glutamine may reflect
muscle loss, but glutamine supplementation does not seem
to prevent sarcopenia [56]. Our data showed that glutamine
level was positively associated with age. Further studies can
be performed to determine the association between plasma
glutamine levels and muscle loss.

Cholesterol is the precursor for synthesizing compounds
such as bile acids and steroid hormones. Cholesterol was not
identified in this study, but its derivatives, including cortisol,
testosterone sulfate, and bile acids, were associated with age
or gender. We observed that cortisol was related to gender
and age. Its level was higher in males than females and
inversely associated with age in females. These findings dif-
fer from previous studies on gender differences [57] and
females during aging [8, 58]. The inconsistencies might be
due to sample types, as the earlier study measured the free
cortisol in saliva [57], while our study could not discern
the free form from total cortisol in plasma. In addition, cor-
tisol level is inversely associated with the waist-hip ratio in
females [57], and the age-associated metabolites were
adjusted with body mass index (BMI) [8]. In contrast,
anthropometric measurements were not assessed in this
study but the participants were standardized that they were
free from metabolic diseases and syndromes. As various
conditions, including adiposity as a confounding factor,
could trigger cortisol release, the possible explanations for
the contradictory findings reported in different populations
remain to be investigated. The level of testosterone sulfate,
a conjugated form of testosterone, was negatively associated
with age in Malay males and females. The findings could be
attributed to decreased testosterone production during aging
[59]. In addition, testosterone sulfate level was higher in
Malay males than females, which is likely due to testosterone
being the primary sex hormone in males. In this study, the
deoxycholic acid level was associated with increased age in
males, while glycoursodeoxycholic acid level was higher in
males than females and inversely associated with age in
females. Other studies have also reported that glycourso-
deoxycholic acid level is higher in males, but the association
patterns of these bile acids with age are inconsistent with our
data [60, 61]. Bile acid profile can be influenced by BMI [61]
and body fat percentage but is not associated with total fat
intake [60]. In addition, intestinal bacteria produce deoxy-
cholic acid and glycoursodeoxycholic acid. The roles of gut
microbiota on the secondary bile acid production during
aging remain to be confirmed as one of the possible modi-
fiers. The previous study has shown that lipid profile, espe-
cially the lipoprotein metabolism, is altered in elder

Chinese Singaporean, which could be an indicator of aging
[62]. Our previous transcriptomics and proteomics studies
show that several expressions of genes and proteins related
to cholesterol metabolism are altered with age in Malays.
These include age-associated increased expression of the
TM7SF2 gene, which is involved in cholesterol biosynthesis,
and decreased ALOX5 expression, a gene taking part in leu-
kotriene production [21]. At the protein level, lipoprotein
AOPA4 is higher in Malays beyond 60 years, while lipopro-
tein (a) decreases with age [22]. These findings indicate the
complicated modulation of cholesterol metabolism which
is altered at different molecular levels during aging. A lipido-
mics study is warranted to comprehensively characterize the
lipid changes. The altered pathways might be related to fac-
tors such as anthropometric variation and gut microbiota
composition which shall be considered in future studies.

In addition, the age-associated metabolites in this study
were compared with previous studies [7–14, 16, 17, 19] to
identify potential common age-associated metabolites across
different populations. Levels of aconitic acid [8, 9], N-
phenylacetylglutamine [8, 10], glutamine [8–10], and hippuric
acid [8–10] are associated with increased age as reported by
this and other studies. On the other hand, levels of proline
[7, 8] and nicotinamide [8, 19] are inversely associated with
age in the males of this and other studies. Glutamine level is
associated with increased age in the females of this and other
studies [8, 14]. Besides, the level of tryptophan [7, 8, 12, 16]
is lower with age in the females of this and other studies. How-
ever, compared to this study, phenylalanine level with age
[8–10] and glutamine level with age in males [14, 16] are
opposite to other studies. Taken together, these findings sug-
gest that several age-associated metabolites are consistently
observed across different populations, suggesting that their
metabolisms are altered during aging regardless of population
origins. On the other hand, some metabolites might be varied
in different populations due to several factors. The variations
could be attributed to technical reasons such as interlaboratory
and methodology variabilities or biological factors such as
genetic backgrounds and lifestyles. The differences include
the previous study populations that were aged 18 to 100 years
old from Europe [7, 10, 12, 16], US [8, 9], and East Asia [11,
17, 19]; and some studies were longitudinal [7, 8], whichmight
explain the part of the inconsistencies between studies. Not-
withstanding, US-based population studies show that age-
associated metabolites are only moderately correlated with
metabolite heritability [8] and are not affected by race [9]. Adi-
posity could influence the levels of metabolites [9, 14, 16], but
participants’ BMI, dietary intake, and physical activity were
not assessed in this study. Although BMI is not directly corre-
lated with body fatness [14], it is a relatively easy surrogate
measure for adiposity. In addition, the inconsistencies
between findings might be related to factors specific to the
study population, including dietary habits, lifestyle, and gut
microbiota composition. Some of these metabolites are associ-
ated with age independent of gender, while others are associ-
ated with age in either gender only. The association of
metabolites with age in a gender-dependent manner could
be attributed to the effect of age-gender interaction, which
could be assessed in future studies.
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The strength of our study is the identification of a panel
of age-associated metabolites in the Malay population which
can be used as a reference dataset for future studies to assess
healthy aging and age-related disorders. These age-
associated metabolites could reflect the dietary intake, gut
microbiota composition, and physical activity of the partici-
pants. The alteration of metabolic pathways in the elder
Malays might be used as an indication to monitor the pre-
disposed risk of developing age-related disorders. Further
studies on dietary patterns, physical activity, gut microbiota
composition, and anthropometric measurements are
required to confirm the mechanistic insights of age-
associated metabolites. These metabolites shall be correlated
further with geriatric morbidities, frailty, and physiological
functions to find objective biomarkers that can discern
healthy aging from pathological ones and be used to develop
appropriate recommendations for the early prevention of
age-related diseases.

The limitation of this study is that the metabolite levels
were not adjusted with other confounding factors, including
BMI, systolic blood pressure, dietary intake, physical activ-
ity, conditions (fasting and exercise) before blood collection,
and lifestyle as reported by previous studies [7, 8, 10, 14, 16].
We could not evaluate the contribution of these factors to
age-associated metabolites. Nevertheless, the subjects were
standardized to be free from metabolic diseases and syn-
dromes. Second, the participants were recruited in the cen-
tral region of Peninsular Malaysia, which might limit the
generalization to other populations. Cohort studies with a
longitudinal design, larger sample size, and broader area
coverage that consider the covariables are needed to under-
stand the roles of age-associated metabolites in mediating
the functional outcomes of the elderly population. Lastly,
absolute quantification of the age-associated metabolites
was not performed to enable comparison with other studies.
Targeted and lipidomics profiling is recommended to con-
firm the altered metabolic pathways during aging.

5. Conclusions

In conclusion, this study reveals several age-associated
metabolites in Malays such as DHAEE, 9(E),11(E)-conju-
gated linoleic acid, nicotinamide, tryptophan, glutamine,
hippuric acid, cortisol, testosterone sulfate, deoxycholic acid,
and glycoursodeoxycholic acid. These age-associated metab-
olites reflect the changes in metabolisms during aging in the
Malays and could be used to discern the risk of developing
age-related diseases later. Further studies are warranted to
determine the influence of factors such as genetic back-
ground, lifestyle, gut microbiota composition, physical activ-
ity, and dietary intake on the altered metabolic processes
during aging and relate the metabolites to functional
outcomes.

Data Availability

Data is available on request.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Authors’ Contributions

JKT, MM, SM, and WZWN conceived and designed the
study. NFAS, FJ, ZHAB, AIZAH, KNNA, MDMR, and
NAN collected the samples. JKT, SNAZ, and GG conducted
the experiments. JKT analyzed the data and drafted the
manuscript. All authors reviewed and approved the final
manuscript.

Acknowledgments

We thank the participants and research team members for
their cooperation and effort. This work was supported by
the Ministry of Education, Malaysia (FRGS/1/2018/SKK08/
UKM/03/1 and LRGS/BU/2012/UKM-UKM/K/04).

Supplementary Materials

Supplementary Information Method 1: LCMS method. Sup-
plementary Figure S1: PCA score plot of samples in runs 1–6
for positive ion mode. Supplementary Figure S2: PCA score
plot of samples in runs 1–6 for negative ion mode. Supple-
mentary Table S1: number of total MFs detected, significant
MFs, and significant metabolites with level 2 confidence
annotation. (Supplementary Materials)

References

[1] G. Aubert and P. M. Lansdorp, “Telomeres and aging,” Physi-
ological Reviews, vol. 88, no. 2, pp. 557–579, 2008.

[2] R. S. Balaban, S. Nemoto, and T. Finkel, “Mitochondria, oxi-
dants, and aging,” Cell, vol. 120, no. 4, pp. 483–495, 2005.

[3] C. López-Otín, M. A. Blasco, L. Partridge, M. Serrano, and
G. Kroemer, “The hallmarks of aging,” Cell, vol. 153, no. 6,
pp. 1194–1217, 2013.

[4] L. Fontana, L. Partridge, and V. D. Longo, “Extending healthy
life span-from yeast to humans,” Science, vol. 328, no. 5976,
pp. 321–326, 2010.

[5] C. Daskalopoulou, B. Stubbs, C. Kralj, A. Koukounari,
M. Prince, and A. M. Prina, “Physical activity and healthy age-
ing: a systematic review and meta-analysis of longitudinal
cohort studies,” Ageing Research Reviews, vol. 38, pp. 6–17,
2017.

[6] A. Picca, H. J. Coelho-Junior, M. Cesari et al., “The metabolo-
mics side of frailty: toward personalized medicine for the
aged,” Experimental Gerontology, vol. 126, article 110692,
2019.

[7] C. M. Chak, M. E. Lacruz, J. Adam et al., “Ageing investigation
using two-time-point metabolomics data from KORA and
CARLA studies,” Metabolites, vol. 9, no. 3, p. 44, 2019.

[8] B. F. Darst, R. L. Koscik, K. J. Hogan, S. C. Johnson, and C. D.
Engelman, “Longitudinal plasma metabolomics of aging and
sex,” Aging, vol. 11, no. 4, pp. 1262–1282, 2019.

[9] K. A. Lawton, A. Berger, M. Mitchell et al., “Analysis of the
adult human plasma metabolome,” Pharmacogenomics,
vol. 9, no. 4, pp. 383–397, 2008.

10 Oxidative Medicine and Cellular Longevity

https://downloads.hindawi.com/journals/omcl/2023/4416410.f1.zip


[10] C. Menni, G. Kastenmüller, A. K. Petersen et al., “Metabolomic
markers reveal novel pathways of ageing and early develop-
ment in human populations,” International Journal of Epide-
miology, vol. 42, no. 4, pp. 1111–1119, 2013.

[11] R. Chaleckis, I. Murakami, J. Takada, H. Kondoh, and
M. Yanagida, “Individual variability in human blood metabo-
lites identifies age-related differences,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 113, no. 16, pp. 4252–4259, 2016.

[12] M. J. Rist, A. Roth, L. Frommherz et al., “Metabolite patterns
predicting sex and age in participants of the Karlsruhe Meta-
bolomics and Nutrition (KarMeN) study,” PLoS One, vol. 12,
no. 8, article e0183228, 2017.

[13] M. Jové, I. Maté, A. Naudí et al., “Human aging is a
metabolome-related matter of gender,” The Journals of Geron-
tology Series A: Biological Sciences and Medical Sciences,
vol. 71, no. 5, pp. 578–585, 2016.

[14] W. B. Dunn, W. Lin, D. Broadhurst et al., “Molecular pheno-
typing of a UK population: defining the human serum metab-
olome,” Metabolomics, vol. 11, no. 7, pp. 9–26, 2015.

[15] K. Mittelstrass, J. S. Ried, Z. Yu et al., “Discovery of sexual
dimorphisms in metabolic and genetic biomarkers,” PLoS
Genetics, vol. 7, no. 8, article e1002215, 2011.

[16] Z. Yu, G. Zhai, P. Singmann et al., “Human serum metabolic
profiles are age dependent,” Aging Cell, vol. 11, no. 6,
pp. 960–967, 2012.

[17] S. H. Lee, S. Park, H. S. Kim, and B. H. Jung, “Metabolomic
approaches to the normal aging process,” Metabolomics,
vol. 10, no. 6, pp. 1268–1292, 2014.

[18] J. Krumsiek, K. Mittelstrass, K. T. Do et al., “Gender-specific
pathway differences in the human serum metabolome,”Meta-
bolomics, vol. 11, no. 6, pp. 1815–1833, 2015.

[19] K. Saito, K. Maekawa, J. M. Kinchen, R. Tanaka, Y. Kumagai,
and Y. Saito, “Gender- and age-associated differences in serum
metabolite profiles among Japanese populations,” Biological
and Pharmaceutical Bulletin, vol. 39, no. 7, pp. 1179–1186,
2016.

[20] N. F. Abdul Sani, M. H. Ahmad Damanhuri, A. I. Z. Amir
Hamzah et al., “DNA damage and protein oxidation associated
with ageing correlate with cognitive dysfunction in a Malay-
sian population,” Free Radical Research, vol. 52, no. 9,
pp. 1000–1009, 2018.

[21] N. F. Abdul Sani, A. I. Amir Hamzah, Z. H. Abu Bakar et al.,
“Gene expression profile in different age groups and its associ-
ation with cognitive function in healthy Malay adults in
Malaysia,” Cell, vol. 10, no. 7, p. 1611, 2021.

[22] Z. H. Abu Bakar, H. Ahmad Damanhuri, S. Makpol et al.,
“Effect of age on the protein profile of healthy Malay adults
and its association with cognitive function competency,” Jour-
nal of Alzheimer’s Disease, vol. 70, no. s1, pp. S43–S62, 2019.

[23] A. I. Z. Amir Hamzah, Z. H. Abu Bakar, N. F. Abdul Sani et al.,
“Relationship between education and cognitive performance
among healthy Malay adults,” Sains Malaysiana, vol. 45,
no. 9, pp. 1371–1379, 2016.

[24] W. B. Dunn, D. Broadhurst, P. Begley et al., “Procedures for
large-scale metabolic profiling of serum and plasma using gas
chromatography and liquid chromatography coupled to mass
spectrometry,” Nature Protocols, vol. 6, no. 7, pp. 1060–1083,
2011.

[25] J. Chong, O. Soufan, C. Li et al., “MetaboAnalyst 4.0: towards
more transparent and integrative metabolomics analysis,”

Nucleic Acids Research, vol. 46, no. W1, pp. W486–W494,
2018.

[26] W. E. Johnson, C. Li, and A. Rabinovic, “Adjusting batch
effects in microarray expression data using empirical Bayes
methods,” Biostatistics, vol. 8, no. 1, pp. 118–127, 2007.

[27] A. Gil-De-La-Fuente, J. Godzien, S. Saugar et al., “CEU Mass
Mediator 3.0: a metabolite annotation tool,” Journal of Prote-
ome Research, vol. 18, no. 2, pp. 797–802, 2019.

[28] C. Guijas, J. R. Montenegro-Burke, X. Domingo-Almenara
et al., “METLIN: a technology platform for identifying knowns
and unknowns,” Analytical Chemistry, vol. 90, no. 5, pp. 3156–
3164, 2018.

[29] D. S. Wishart, Y. D. Feunang, A. Marcu et al., “HMDB 4.0: the
human metabolome database for 2018,” Nucleic Acids
Research, vol. 46, no. D1, pp. D608–D617, 2018.

[30] L. W. Sumner, A. Amberg, D. Barrett et al., “Proposed mini-
mum reporting standards for chemical analysis,” Metabolo-
mics, vol. 3, no. 3, pp. 211–221, 2007.

[31] S. Shahar, H. Jan Bin Jan Mohamed, F. de los Reyes, and
M. Amarra, “Adherence of Malaysian adults’ energy and mac-
ronutrient intakes to national recommendations: a review and
meta-analysis,” Nutrients, vol. 10, no. 11, p. 1584, 2018.

[32] K. J. Prentice, S. G. Wendell, Y. Liu et al., “CMPF, a metabolite
formed upon prescription omega-3-acid ethyl ester supple-
mentation, prevents and reverses steatosis,” eBioMedicine,
vol. 27, pp. 200–213, 2018.

[33] E. Ricciotti and G. A. Fitzgerald, “Prostaglandins and inflam-
mation,” Arteriosclerosis, Thrombosis, and Vascular Biology,
vol. 31, no. 5, pp. 986–1000, 2011.

[34] E. J. Corey, C. Shih, and J. R. Cashman, “Docosahexaenoic acid
is a strong inhibitor of prostaglandin but not leukotriene bio-
synthesis,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 80, no. 12, pp. 3581–
3584, 1983.

[35] P. Araujo, I. Belghit, N. Aarsæther, M. Espe, E. Lucena, and
E. Holen, “The effect of omega-3 and omega-6 polyunsatu-
rated fatty acids on the production of cyclooxygenase and
lipoxygenase metabolites by human umbilical vein endothelial
cells,” Nutrients, vol. 11, no. 5, p. 966, 2019.

[36] T. M. Trebble, S. A. Wootton, E. A. Miles et al., “Prostaglandin
E2 production and T cell function after fish-oil supplementa-
tion: response to antioxidant cosupplementation,” The Ameri-
can Journal of Clinical Nutrition, vol. 78, no. 3, pp. 376–382,
2003.

[37] I. Vedin, T. Cederholm, Y. Freund-Levi et al., “Reduced
prostaglandin F2α release from blood mononuclear leuko-
cytes after oral supplementation of ω3 fatty acids: the Ome-
gAD study,” Journal of Lipid Research, vol. 51, no. 5,
pp. 1179–1185, 2010.

[38] Y. Qin, Y. Zhou, S. H. Chen et al., “Fish oil supplements lower
Serum lipids and glucose in correlation with a reduction in
plasma fibroblast growth factor 21 and prostaglandin E2 in
nonalcoholic fatty liver disease associated with hyperlipidemia:
a randomized clinical trial,” PLoS One, vol. 10, no. 7, article
e0133496, 2015.

[39] M. Platten, E. A. A. Nollen, U. F. Röhrig, F. Fallarino, and C. A.
Opitz, “Tryptophan metabolism as a common therapeutic tar-
get in cancer, neurodegeneration and beyond,”Nature Reviews
Drug Discovery, vol. 18, no. 5, pp. 379–401, 2019.

[40] Y. Adachi, Y. Shimodaira, H. Nakamura et al., “Low plasma
tryptophan is associated with olfactory function in healthy

11Oxidative Medicine and Cellular Longevity



elderly community dwellers in Japan,” BMC Geriatrics, vol. 17,
no. 1, p. 239, 2017.

[41] C. Chojnacki, T. Popławski, J. Chojnacki, M. Fila, P. Konrad,
and J. Blasiak, “Tryptophan intake and metabolism in older
adults with mood disorders,” Nutrients, vol. 12, no. 10,
p. 3183, 2020.

[42] V. Zamoscik, S. N. L. Schmidt, R. Bravo et al., “Tryptophan-
enriched diet or 5-hydroxytryptophan supplementation given
in a randomized controlled trial impacts social cognition on
a neural and behavioral level,” Scientific Reports, vol. 11,
no. 1, article 21637, 2021.

[43] N. N. Nik Mohd Fakhruddin, S. Shahar, I. S. Ismail, A. Ahmad
Azam, and N. F. Rajab, “Urine untargeted metabolomic profil-
ing is associated with the dietary pattern of successful aging
among Malaysian elderly,” Nutrients, vol. 12, no. 10, p. 2900,
2020.

[44] N. N. I. N. M. Fakhruddin, S. Shahar, R. Rajikan et al., “Iden-
tification of dietary patterns associated with characteristics of
successful aging,” Malaysian Journal of Nutrition, vol. 25,
no. 1, pp. 47–57, 2019.

[45] J. Masuda, M. Karayama, T. Suda, M. Maekawa, F. Shimizu,
and A. Takada, “Effects of gender, age, and clot formation
on the measurements of tryptophan metabolites in blood,”
Food and Nutrition Sciences, vol. 10, no. 7, pp. 761–775,
2019.

[46] F. J. H. Sorgdrager, P. J. W. Naudé, I. P. Kema, E. A. Nollen,
and D. P. P. De, “Tryptophan metabolism in inflammaging:
from biomarker to therapeutic target,” Frontiers in Immunol-
ogy, vol. 10, p. 2565, 2019.

[47] V. Valdiglesias, D. Marcos-Pérez, M. Lorenzi et al., “Immuno-
logical alterations in frail older adults: a cross sectional study,”
Experimental Gerontology, vol. 112, pp. 119–126, 2018.

[48] G. Sulo, S. E. Vollset, O. Nygård et al., “Neopterin and
kynurenine-tryptophan ratio as predictors of coronary
events in older adults, the Hordaland Health Study,” Inter-
national Journal of Cardiology, vol. 168, no. 2, pp. 1435–
1440, 2013.

[49] S. E. H. Solvang, J. E. Nordrehaug, G. S. Tell et al., “The kynur-
enine pathway and cognitive performance in community-
dwelling older adults. The Hordaland Health Study,” Brain,
Behavior, and Immunity, vol. 75, pp. 155–162, 2019.

[50] H. Zuo, P. M. Ueland, A. Ulvik et al., “Plasma biomarkers of
inflammation, the kynurenine pathway, and risks of all-cause,
cancer, and cardiovascular disease mortality: the Hordaland
Health Study,” American Journal of Epidemiology, vol. 183,
no. 4, pp. 249–258, 2016.

[51] G. De Simone, C. Balducci, G. Forloni, R. Pastorelli, and
L. Brunelli, “Hippuric acid: could became a barometer for
frailty and geriatric syndromes?,” Ageing Research Reviews,
vol. 72, article 101466, 2021.

[52] L. Brunelli, A. Davin, G. Sestito et al., “Plasmatic hippuric acid
as a hallmark of frailty in an Italian cohort: the mediation effect
of fruit–vegetable intake,” The Journals of Gerontology: Series
A, vol. 76, no. 12, pp. 2081–2089, 2021.

[53] K. Masahiro, T. Takayuki, Y. Mitsuhiro, and K. Hiroshi,
“Frailty markers comprise blood metabolites involved in anti-
oxidation, cognition, and mobility,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 117, no. 17, pp. 9483–9489, 2020.

[54] D. Meynial-Denis, “Glutamine metabolism in advanced age,”
Nutrition Reviews, vol. 74, no. 4, pp. 225–236, 2016.

[55] F. Agostini and G. Biolo, “Effect of physical activity on gluta-
mine metabolism,” Current Opinion in Clinical Nutrition &
Metabolic Care, vol. 13, no. 1, pp. 58–64, 2010.

[56] M. Mignon, L. Lêvêque, E. Bonnel, and D. Meynial-Denis,
“Does glutamine supplementation decrease the response of
muscle glutamine synthesis to fasting in muscle in adult and
very old rats?,” Journal of Parenteral and Enteral Nutrition,
vol. 31, no. 1, pp. 26–31, 2007.

[57] C. A. Larsson, B. Gullberg, L. Råstam, and U. Lindblad, “Sali-
vary cortisol differs with age and sex and shows inverse associ-
ations with WHR in Swedish women: a cross-sectional study,”
BMC Endocrine Disorders, vol. 9, no. 1, p. 16, 2009.

[58] Z. Y. Zhao, F. H. Lu, Y. Xie, Y. R. Fu, A. Bogdan, and
Y. Touitou, “Cortisol secretion in the elderly. Influence of
age, sex and cardiovascular disease in a Chinese population,”
Steroids, vol. 68, no. 6, pp. 551–555, 2003.

[59] C. T. Liverman and D. G. Blazer, Eds., Testosterone and Aging:
Clinical Research Directions, The National Academies Press,
Washington, DC, USA, 2004.

[60] L. Frommherz, A. Bub, E. Hummel et al., “Age-related changes
of plasma bile acid concentrations in healthy adults-results
from the cross-sectional KarMeN study,” PLoS One, vol. 11,
no. 4, article e0153959, 2016.

[61] G. Xie, Y. Wang, X. Wang et al., “Profiling of serum bile acids
in a healthy Chinese population using UPLC-MS/MS,” Journal
of Proteome Research, vol. 14, no. 2, pp. 850–859, 2015.

[62] L. Chen, J. Zhang, J. P. Y. Teh et al., “Comparative blood and
urine metabolomics analysis of healthy elderly and youngmale
Singaporeans,” Journal of Proteome Research, vol. 19, no. 8,
pp. 3264–3275, 2020.

12 Oxidative Medicine and Cellular Longevity


	Metabolomics Profiling of Age-Associated Metabolites in Malay Population
	1. Introduction
	2. Materials and Methods
	2.1. Study Population
	2.2. Sample Collection
	2.3. Metabolite Extraction
	2.4. LC-MS/MS
	2.5. Data Preprocessing
	2.6. Statistical Analysis
	2.7. Metabolite Annotation

	3. Results
	3.1. Characteristics of the Participants
	3.2. Data Integrity
	3.3. Gender-Associated Metabolites
	3.4. Age-Associated Metabolites

	4. Discussion
	5. Conclusions
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials



