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Abstract
Background: Previous studies reported that gender and age could in�uence urine metabolomics, which
should be considered in biomarker discovery. As a consequence, for the baseline of urine metabolomics
characteristics, it becomes critical to avoid confounding effects in clinical cohort studies.

Results: In this study, we provided a comprehensive lifespan characterization of urine metabolomics in a
cohort of 348 healthy children and 315 adults aged 1 to 70 years using liquid chromatography coupled
with high resolution mass spectrometry. Our results suggested that gender-dependent urine metabolites
are much greater in adults than in children. The pantothenate and CoA biosynthesis and alanine
metabolism pathways were enriched in early life. Androgen and estrogen metabolism showed high
activity during adolescence and youth stages. Pyrimidine metabolism was enriched in the old stage.

Conclusion: Based on the above analysis, metabolomic characteristics of each age stage were provided.
This work could help us understand the baseline of urine metabolism characteristics and contribute to
further studies of clinical disease biomarker discovery.

Background
In recent years, urine metabolomics has been widely used in disease biomarker discovery [1, 2]. Previous
studies have reported that gender and age could in�uence urine metabolomics, which should be
considered during biomarker discovery [3]. Therefore, understanding the baseline of urine metabolomics
characteristics would be helpful for better understanding metabolism status under healthy conditions
and discovering disease-speci�c metabolism disorders.

Investigation of urine metabolomics variation in a healthy population has been performed in children and
adults using various approaches, including nuclear magnetic resonance (NMR) and mass spectrometry
coupled to either gas (GC-MS) or liquid chromatography (LC-MS). In 2016, urinary metabolites from 30
healthy children were assessed at 6 months and 1, 2, 3, and 4 years of age by using NMR spectroscopy.
Amino acid metabolism was signi�cantly different between infants aged 6 months and 1 year, whereas
carbohydrate metabolism was signi�cantly different between children aged 2 and 3 years [4]. In 2018, a
six European centers research on metabolome differences in children aged 6 to 11 were performed using
NMR and targeted LC-MS/MS. Both urine and serum metabolomes were found to be associated with age,
sex, BMI and dietary habits [5]. For the metabolic phenotypes in adults, in 2015, Etienne A. et al.
characterized the urinary metabolomes of 183 healthy subjects using an LC-MS platform. A total of 108
metabolites related to amino acid metabolism, the carnitine shuttle and the TCA cycle were found to be
affected by age, gender or BMI [2]. Recently, in 2018, Sili Fan et al. applied metabolomics pro�ling on
urine samples from 60 healthy males and females using GC-TOF-MS. Saturated fatty acids, TCA cycle
intermediates, and butyrate were found to be signi�cantly related to the effect of gender [6]. In 2018, we
conducted a urine metabolomics study in 203 healthy adults to �nd age- and gender-dependent urine
metabolites. Metabolic pathways, such as tryptophan metabolism, citrate cycle, and pantothenate and
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CoA biosynthesis, were found to be related to gender and age [7]. Despite the large efforts in
characterizing urine metabolomics in healthy subjects, most of the previous studies were focused on the
confounding factors of the urine metabolome. While the metabolic characterization of a population at
each stage across the life span was unavailable until the present study.

In the present study, a large sample size including 348 children (aged from 1 to 18 years) and 315 adults
(aged from 20 to 70 years) with balanced gender from China was enrolled. We aimed to characterize
urine metabolic features in different age stages for males (boys) and females (girls). HRLC-MS-based
metabolic pro�ling was utilized to characterize the urine metabolome of each individual. In addition to
gender- and age-related metabolites and pathways, the key metabolites that played important roles
during different gender or age stages were identi�ed and analyzed. Identi�cation of these signi�cant
metabolites and metabolite networks would be helpful for understanding the physiological functions
during different life stages and would be useful for future disease biomarker discovery.

Methods

Study sample population
Our study enrolled 348 children aged 1 to 18 years from Beijing Children's Hospital and 315 adults aged
20 to 70 years from 3rd Clinical Hospital, Jilin University (Table 1). According to physiological
developmental characteristics, the enrolled population was divided into 6 age stages for males (boys)
and females (girls): preschool (aged 1-6), primary school (aged 7-12), secondary school (aged 13-18),
youth (aged 20-30), middle (aged 31-50) and old (aged >50). Participates were checked and examined by
trained nurses according to standard operating procedures. All physical examination indexes were in the
normal range. On the day of the examinations, urine samples were collected at approximately 7:00 and
9:00 a.m. on an empty stomach. This study was approved by the Ethics Committee of Peking Union
Medical College. A doctor informed the eligible participants about the nature of the study and invited
them to participate. All human subjects provided informed consent before participating in this study. The
research was carried out according to The Code of Ethics of the World Medical Association (Declaration
of Helsinki). and institutional review board of Peking Union Medical College has approved the study.
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Table 1
Basic characteristics of the participants

in this study
Age stage Female Male Total

1-6 54 59 113

7-12 59 57 116

13-18 59 60 119

20-30 38 43 81

31-50 72 68 140

>50 54 40 94

Total 336 327 663

Urine sample preparation
Urine samples were processed according to our previous protocols. Brie�y, proteins from urine samples
(200 μL) were precipitated using acetonitrile (400 μL). The mixture was vortexed for 30 sec and
centrifuged at 14,000 g for 10 min. The supernatant was dried under vacuum and then reconstituted with
200 μL 2% acetonitrile/water. Quality control (QC) samples were prepared by mixing aliquots of 50
representative samples across different groups to be analyzed. All samples were randomly injected into
the LC-MS system within a single analysis (within 12 days). QC sample was injected every ten or twelve
samples.

Urine metabolite LC-MS measurements
HRLC-MS was selected for urinary metabolite detection due to its high sensitivity and reproducibility.
Urine metabolite separation and analysis was conducted using a Waters ACQUITY H-class LC system
coupled with a LTQ-Orbitrap Velos Pro mass spectrometer (Thermo Fisher Scienti�c, MA). The following
18-min gradient on a Waters HSS C18 column (3.0 × 100 mm, 1.7 μm) at a �ow rate of 0.5 mL/min was
used: 0-1 min, 2% solvent B (mobile phase A: 0.1% formic acid in H2O; mobile phase B: acetonitrile); 1-3
min, 2-55% solvent B; 3-8 min, 55-100% solvent B; 8-13 min, 100% solvent B; 13-13.1 min, 100-2% solvent
B; 13.1-18 min, 2% solvent B. The column temperature was set at 45°C.

All samples were untargeted scanned from 100 to 1000 m/z at a resolution of 60 K at the positive ESI
mode. The automatic gain control (AGC) target was 1 × 106, and the maximum injection time (IT) was
100 ms. The extracted MS features were divided into several targeted lists and imported to MS2 method
for targeted data dependent analysis. MS/MS fragment acquisition was acquired at a resolution of 15 K
with an AGC target of 5 × 105. Collision energy was optimized as 20, 40 or 60 for each targeted list with
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higher-energy collisional dissociation (HCD) fragmentation. The injection order of urine samples was
randomized to reduce any experimental bias. The QC sample was injected regularly to monitor system
stability.

Statistical analysis
Raw data �les were processed by Progenesis QI (Waters, Milford, MA) software based on a previously
published identi�cation strategy, which included sample alignment, peak picking, peak grouping,
deconvolution and �nal information export [8]. The exported data were further preprocessed by
MetaboAnalyst 3.0 (http://www.metaboanalyst.ca), which included missing value estimation, log
transformation and Pareto scaling. Variables that were missed in 50% or greater of the samples were
removed from further statistical analysis.

Nonparametric tests (Wilcoxon rank-sum tests and Kruskall-Wallis tests) were used to evaluate the
signi�cance of variables related to gender and age using MetaboAnalyst 3.0. Benjamini-Hochberg
correction was applied throughout to account for multiple test comparisons. Cutoff of FDR 0.05 was
applied. Pattern recognition analysis (principal component analysis [PCA]; partial least squares
discrimination analysis [PLS-DA]; and orthogonal partial least square analysis [OPLS-DA]) was carried out
using SIMCA 14.0 software (Umetrics, Sweden) to visualize group classi�cation and select signi�cant
features. 100 permutation tests were used to validate the OPLS-DA and PLS-DA model to avoid over-
�tting of the model. Signi�cantly differential metabolites were chosen according to the following criteria:
(i) adjusted p <0.05; (ii) fold change between two groups >2; and (iii) the variable importance plot (VIP)
value obtained from OPLS-DA was above 1. Heat map virtualization and metabolic pathway enrichment
analysis was performed by MetaboAnalyst 3.0, and the enrichment results were visualized using R based
on previous methods [9].

Feature annotation and metabolite identi�cation

MS1 features were divided into several targeted lists and imported to MS method for targeted data
dependent analysis. The MS/MS spectra were further imported to Progenesis QI for database searching
(HMDB: http://www.hmdb.ca/) and MS/MS spectra matching using “MetFrag” algorithm [10]. Detailed
compound identi�cation information (.csv �le) included compound ID, adducts, formula, score, MS/MS
score, mass error (in ppm), isotope similarity, theoretical isotope distribution, web link, and m/z values.
Con�rmation of the differential compounds was performed by the parameters, including Score,
Fragmentation score, and Isotope similarity given by Progenesis QI.  Score ranging from 0 to 60, is used
to quantify the reliability of each identity. According to the score results of the reference standards, the
threshold was set at 35.0. Isotope similarity is calculated by comparison of the measured isotope
distribution of a precursor ion with the theoretical. The compound identi�cation is more reliable the higher
the values obtained. For metabolites with biological signi�cance, the annotations were further manually
validated by standards MS2 spectra or MS2 spectra database (Masbank: http://www.massbank.jp/),
combined with fragmentation explanation.

http://www.hmdb.ca/
http://www.massbank.jp/
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Results

Data quality control
The work�ow for the present study is shown in Fig. 1. To reduce experimental variations from the
sampling process, standard sampling procedures, including sampling time and sampling processing,
were performed by a specialist. Data from the two centers’ sample were analyzed separately. Overall, 730
injections were carried out. Principal component analysis was performed to evaluate the variation of
samples (Fig S1a). A good cluster of QC samples indicated good stability of the analytical platform.

Gender-dependent metabolomics in children and adults
A total of 291 metabolites were identi�ed and subjected to further analysis (Table S1). Children and adult
urine samples were collected from two clinical centers, and gender-dependent metabolites were assessed
in the children and adult samples, respectively.

Urine metabolic differences between males and females were assessed using PCA and OPLS-DA models.
Scatter plots showed that gender differences in the urine metabolites of adults are more apparent than in
children (OPLS-DA: children: R2Y = 0.599, Q2 = 0.379 ; adults: R2Y = 0.928,  Q2 = 0.768. Fig. S1b and
S1c). Metabolites with VIP values above the threshold value 1 and p values below the signi�cance
threshold were considered gender dependent. A total of 42 metabolites were found to be signi�cantly
different between boys and girls, and 98 metabolites were different between males and females (Fig. 2a
and 2b, Tables S2 and S3). A total of 17.9% (21) of these metabolites showed gender differences in both
children and adult populations with the same change trend (Fig. 2c). Guanidoacetic acid, 5-
hydroxyindoleacetic acid, dopamine, 5'-methylthioadenosine and indoleacrylic acid showed higher levels
in females. The metabolites deoxyinosine, cotinine glucuronide, dopamine glucuronide and L-
formylkynurenine showed higher levels in males. Gender differences of these common differential
metabolites in the adult population were larger than those in the children population (Fig. 2c). Speci�cally,
the metabolites cortisol, uric acid, 18-hydroxycortisol, deoxycholic acid and glycine conjugate were found
to be gender-dependent only in the children population. Metabolites of deoxyuridine, pantothenic acid,
ribo�avin, and 3-hydroxytetradecanedioic acid were gender-dependent only in the adult population. These
metabolites suggested differential metabolic status between children and adults.

Pathway enrichment analysis would provide an overview of gender-dependent metabolism status in
children and adults. Arginine, proline, and tryptophan metabolism and glucuronate interconversions were
found to be gender-dependent in both the children and adult populations (Fig. 2d and 2e). Additionally,
several speci�c pathways were found to be gender-dependent in adults only, including nicotine
metabolism, nicotinate and nicotinamide metabolism, steroid hormone biosynthesis, lysine metabolism
and histidine metabolism. These results indicated the commonness and differences of gender-dependent
metabolism characteristics in children and adults, probably resulting from different physiological
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characteristics, dietary habits or other environmental factors [11]. The detailed gender-associated
pathways in each age stage are listed in Table S4.

Age-dependent metabolomics in children and adults

Age is another important factor in metabolism status. PCA was �rstly performed, showing apparent
separation of different groups (Fig. S2a). To determine metabolites related to age, PLS-DA modeling was
performed on urine metabolite pro�les of populations with different age stages. Since the metabolism
status of the population was different between sexes, the analyses for age in children and adults were
performed separately for males and females.

In the children population, the PLS-DA three-component score plot showed clear associations of
metabolite pro�les with age in boys (R2Y = 0.719, Q2 = 0.528, Fig. 3a, Fig. S2b), indicating signi�cant
metabolism differences among different age stages. The same trend was observed in girls (R2Y = 0.78,
Q2 = 0.564, Fig. 3b, Fig. S2b). In both boys and girls, two clusters of metabolites were found, one cluster
with metabolites decreasing with age (Component 1); the second cluster with metabolites showing the
highest level in the primary school aging 7 to 12 (Component 2) (Fig. 3c). The �rst cluster contributes
most to age variation in both girls and boys. In the adult population, clear separations were also observed
for the three age groups in males and females (PLS-DA-male: R2Y = 0.652, Q2 = 0.17; PLS-DA-female:
R2Y = 0.583, Q2 = 0.362, Fig. S2b, Fig. S2c and Fig. S2d). Similar to children, metabolites decreasing with
age contributed most to age differences (Fig S2e). According to the signi�cance threshold, a total of 98
and 76 metabolites were selected as age-dependent in boys and girls, respectively. For the adult
population, 55 and 80 metabolites were age-dependent in males and females, respectively (Table S5, S6,
S7 and S8). These metabolites were further submitted for further pathway analysis.

Since the urine samples of children and adults were from two centers, we examined differential
metabolism pathways in the two populations, respectively. In the children population, the metabolites
involved in histidine metabolism, ribo�avin metabolism, pantothenate and CoA biosynthesis and fatty
acid biosynthesis were found to change with age in both boys and girls. Tryptophan metabolism was
age-dependent in boys, indicating sexual dimorphism of age-associated metabolites. In the adult
population, most differential pathways were the same as the children population. However, in adult
males, steroid hormone biosynthesis was found to be age dependent, although this difference was found
in girls rather than boys, partly resulting from later sexual development in boys. The detailed age-
dependent metabolism pathways for males (boys) and females (girls) are listed in Table S4.

Metabolic characteristics in males and females across life
span
According to the above results, the urine metabolites of children and adults showed both gender and age
dependent effects. Furthermore, we detailed the metabolic differences affected by both gender and age.
The p values of OPLS-DA for gender separation during each stage were used to evaluate the signi�cance
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of gender difference. The results showed a parabolic trend of gender differences during life span, with
less signi�cance in the pre- and primary school stages, high signi�cance during the secondary school,
youth and middle stages, and less signi�cance during the old stage (Fig 4).

Second, we examined the main metabolic characteristics for each age stage in males (boys) and females
(girls). Metabolites showing the highest level for each group were submitted to pathway analysis,
indicating the speci�c metabolism characteristics during a certain life stage. For each age stage,
representative pathways were listed for males (boys) and females (girls) (Fig 4 and Table 2). In the
population aged 1-6, the main metabolic feature was energy metabolism for growth demand, showing
high activity of pantothenate and CoA biosynthesis and beta-alanine metabolism. In the population aged
7-12, higher lipid, glucose and amino acid metabolisms were the main features. The activation of three
major energy supply pathways indicated higher energy demand during this stage. In the population aged
13-18, the metabolic features in boys and girls showed some differences, most likely due to sexual
development. Spermidine and spermine biosynthesis and ribo�avin metabolism showed high activity in
boys. In addition, fatty acid oxidation and biosynthesis were active in girls. In populations aged 20-30,
organ metabolism was the most active. Androgen and estrogen metabolism, steroidogenesis and
arachidonic acid/linoleic acid metabolism showed higher activity. During the 30- to 50-year-old stage,
males and females showed different metabolic features. In males, vitamin B6 and purine metabolism
were active. In females, steroidogenesis and caffeine metabolism were the main metabolic features. For
the last age group, males and females showed similar metabolic features, with high levels of the
metabolites vitamin K, pyrimidine and caffeine.
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Table 2
Metabolic characteristics in males (boys) and females (girls)

  Males (boys) Females (girls)

1-6 Pantothenate and CoA biosynthesis

Alanine metabolism

Pyrimidine metabolism

Pantothenate and CoA biosynthesis

Alanine metabolism

Vitamin B6 metabolism

7-12 Tryptophan metabolism Ether lipid metabolism

Nicotinate and nicotinamide metabolism

Histidine metabolism

13-18 Fatty Acid oxidation and biosynthesis

Spermidine and spermine biosynthesis

Ribo�avin metabolism

Fatty acid oxidation and biosynthesis

20-30 Androgen and estrogen metabolism

Steroidogenesis

Linoleic acid metabolism

Androgen and estrogen metabolism

Steroidogenesis

Arachidonic acid metabolism

30-50 Vitamin B6 metabolism

Purine metabolism

Steroidogenesis

Caffeine metabolism

>50 Vitamin K metabolism

Steroidogenesis

Caffeine metabolism

Vitamin K metabolism

Pyrimidine metabolism

Key metabolite variations with gender and age
In the present work, several important pathways were found to be signi�cantly varied in males (boys) and
females (girls) or with aging. For example, tryptophan metabolism showed gender differences, with
metabolites of 5-hydroxyindoleacetic acid showing signi�cant variation between males and females.
Pantothenate and CoA biosynthesis, steroid hormone biosynthesis and pyrimidine metabolism showed
age dependence, with metabolites of pantothenate, testosterone glucuronide and 8-hydroxy-7-
methylguanine showing different levels with age. Herein, we evaluated the continuous change trends of
the represented signi�cant metabolites involved in gender and age-dependent pathways, giving an
overview of relative levels across the life span in males (boys) and females (girls). The annotations of
these metabolites were provided in Fig.S3



Page 11/23

Metabolites of 5-hydroxyindoleacetic acid showed higher levels in females (girls) than males (boys)
across the life span (Fig 5a), indicating high activity of tryptophan metabolism in females (girls).
Metabolites of phenylalanyl-valine showed higher levels in males (boys) than in females (girls). These
differences in adults were larger than those in children. For viewing the change trend with aging, age
series lines of the representative metabolites were plotted.

As shown in Fig 5b and Fig S4, pantothenate, also called vitamin B5, is a vitamin required to sustain life.
Pantothenate is needed to form CoA and is thus critical in the metabolism and synthesis of
carbohydrates, proteins, and fats. Pantothenate was the highest in the early life stage, contributing to
nutritional demands for rapid development.

Steroids are characteristic metabolites and showed the highest level in the youth life stage. Testosterone
glucuronide is the downstream metabolites of testosterone. Herein, we detected some testosterone
glucuronide  secreted in the urine. The level of testosterone glucuronide was very low in children and
increased with puberty and youth. In the adult population, a high level of testosterone glucuronide was
also observed in the youth and then decreased with aging in the old. Steroid level changes were tightly
associated with sexual development during the life span.

8-Hydroxy-7-methylguanine is an endogenous methylated nucleoside. Methylated nucleoside in urine
could be derived from covalently bound adducts in DNA, which are formed by exposure to various
carcinogens. The level of 8-hydroxy-7-methylguanine remained fairly constant from early life to youth.
However, it increased signi�cantly during the midlife stage and reached the highest level during the old
stage.

Discussion
In the present study, we tested urine samples from a large population of children and adults to
characterize metabolic features in different age stages. Urine metabolism characteristics from early life
to old age were pro�led, which is the �rst systematic comparison study based on such a large and
healthy population.

Gender-dependent metabolism status in children and adults

In the present study, we characterized the urine metabolomes of males and females in children and
adults. Consistent with previous studies [4, 6, 7], amino acid metabolism, including tryptophan
metabolism and arginine and proline metabolism, showed gender differences in both children and adults.
In females/girls, tryptophan metabolites, indoleacrylic acid, indolylacryloylglycine and 5-
hydroxyindoleacetic acid showed higher levels compared with males/boys. 5-Hydroxyindoleacetic acid is
a breakdown product of serotonin that is excreted in the urine and is mainly involved in serotonin
degradation and serotonin receptor signaling regulation. The higher level in females could be partly
explained by greater precursor, such as tryptophan, availability [12]. Studies on experimental animals
have revealed the effects of gonadal hormones on the indoleamine system, and in the rat brain, 5-
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hydroxyindoleacetic acid is higher in females than in males [13]. These results were consistent with our
present urine results.

            In addition, children and adults showed different gender-dependent metabolic statuses. In the child
population, purine metabolites, steroid metabolites and amino acid metabolites showed speci�c gender
dependence. For example, uric acid, an oxidation product of purine, showed a signi�cantly higher level in
boys compared with girls but showed no gender variations in adults. Renal excretion of uric acid in
children differs from that in adults. It was reported that the younger the child, the greater the excretion of
uric acid [14]. Altered urine uric acid level is an indispensable marker in detecting rare inborn errors of
metabolism [15]. The level of uric acid in urine was higher in boys than girls, probably contributing to the
higher prevalence of hyperuricemia in boys than in girls [16].

Compared to children, we identi�ed more speci�c gender-dependent metabolites in adults. Most of the
speci�c gender-dependent metabolites in adults showed higher levels in males, including fatty acids,
acylcarnitines, steroid hormones and dipeptides. Higher levels of acylcarnitines in males were found in
our previous study, indicating a higher activity of fatty acid oxidation and energy production in males
compared to females [7]. In addition, a higher level of steroid hormone biosynthesis was found in males,
consistent with previous studies [17].

Age-dependent metabolism status in children and adults

For children and adults, we found many common age-dependent pathways between boys (males) and
girls (females), indicating common metabolism status variations with age in humans. For instance,
pantothenate and CoA biosynthesis, fatty acid biosynthesis and tryptophan metabolism were found to be
changed with age in both children and adults. These pathways correspond to energy demand changes
with aging [4]. Interestingly, tryptophan metabolism was only found to be age dependent in boys and
males, while no signi�cant changes were found in girls and females. Metabolites of tryptophanol and 5-
methoxytryptophan were reported to be associated with increased cellular anti-in�ammatory and blood
circulation properties [18], probably re�ecting age-associated metabolism activity differences between
genders. In addition, we found that the pathway of steroid hormone biosynthesis was changed with age
in adults and children. As a whole, steroid hormone biosynthesis showed high activity during the
adolescent and youth stages, corresponding to sexual development [19].

Additionally, children and adults showed different age-dependent metabolic statuses. Particularly in the
children population, the fatty acid biosynthesis pathway was found to be age dependent. The results
showed a positive correlation with increasing age. Fatty acids constitute a large energy source for the
body. Increased fatty acid metabolism indicated high ATP generation with age in a children population
[20]. In adults, pyrimidine metabolism and caffeine metabolism were found to be age dependent.
Pyrimidine metabolism was found to be positively correlated with aging, showing the highest level in the
old adults. Deoxyuridine, a naturally occurring nucleoside, is considered to be an antimetabolite that is
converted to deoxyuridine triphosphate during DNA synthesis. Disturbance of DNA synthesis may
modulate the aging process and contribute to the high incidence of cancer with aging [21].
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Metabolomic characteristics during each age stage

Metabolomic characteristics during the pre- and primary school stages  During early life in the preschool
and primary school stages, gender differences were relatively smaller than in other age stages, as shown
in Fig 4. During the preschool stage, pathways of pantothenate and CoA biosynthesis, pyrimidine
metabolism, vitamin B6 and alanine metabolism showed high activity in girls and boys. These active
pathways were associated with energy and nutrient supply. These metabolic characteristics correspond
to the physiological characteristics during this life stage, high metabolism activity for rapid growth and
development demands [4]. Research on children aged from 2-7 years old suggested that pantothenate
and CoA biosynthesis, pyrimidine metabolism and vitamin B6 metabolism were signi�cantly related to
autism spectrum disorder (ASD) [22]. These results highlight the importance for these pathways to
maintain homeostasis during preschool.

During primary school stage, the most active metabolism pathway is tryptophan metabolism, lipid
metabolism, nicotinate and nicotinamide metabolism and histidine metabolism. These metabolic
features were corresponding to the main physiological characteristic-visual development, blood
circulation increasing and rapid metabolism activity during this stage. Although gender differences were
small during the primary school stage, metabolites with the highest level in boys and girls showed
speci�c features. In boys, tryptophan metabolites, such as 5-methoxytryptophan, were found to show the
highest level in boys. 5-Methoxytryptophan is an endogenous tryptophan metabolite with anti-
in�ammatory properties [18]. In addition, 5-methoxytryptophan was reported to be involved in the cyclic
metabolism of the retina [23], ventricular remodeling and maintaining liver function [24, 25]. In girls,
urocanic acid, a breakdown (deamination) product of histidine, showed the highest level. Urocanic acid is
one of the essential components of human skin [26]. It could accumulate in the epidermis and may be
both a UV protectant and an immunoregulator. A higher level of these metabolites in girls may contribute
to skin development during this age stage. It was reported that skin disorders are more common among
girls than boys aged 6 to 17 years [27], which could be affected by the immunomodulatory effects of
urocanic acid [28].

Metabolomic characteristics during adolescence and youth  During adolescence and the youth stage,
gender differences become more signi�cant, partly due to changes in hormone and endocrine levels. The
main metabolic feature during these stages was fatty acid oxidation and biosynthesis, androgen and
estrogen metabolism and steroidogenesis. These metabolic characteristics correspond to pubertal
development, neurodevelopmental changes and heightened stress sensitivity during adolescence and
youth stages. Cortisol, androstenol, testosterone, and their glucuronide metabolites showed higher levels
during this period. Cortisol is the main glucocorticoid secreted by the adrenal cortex and is involved in the
stress response. Synergies between cortisol reactivity and testosterone were reported to in�uence
antisocial behavior in young adolescence. The youth with high diurnal testosterone, combined with high
or moderate cortisol reactivity, were signi�cantly higher on antisocial behavior and attention behavior
problems [29].
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In addition to the common metabolic features during adolescence and the youth stage, boys and girls
also showed speci�c metabolic characteristics. During adolescence, spermidine biosynthesis was higher
in boys. One of the involved metabolites was 5-methylthioadenosine, a byproduct of polyamine synthesis
in DNA turnover cycles that increases with in�ammation to modulate cellular stress. It has been shown to
in�uence the regulation of gene expression, proliferation, differentiation, and apoptosis [30]. Higher serum
levels of 5-methylthioadenosine have been reported in youth boys when compared to girls [31]. A direct
association between 5-methylthioadenosine and high metabolic risk was found in boys, possibly driven
by proin�ammatory pathways [32]. While in adolescent girls, fatty acid oxidation and biosynthesis
showed high activity. Acylcarnitines showed the highest level, indicating high activity of carnitine
acetyltransferase in mitochondria [33]. These results indicated the preferred metabolic fuel-from fatty
acid oxidation in adolescent girls [33].

In the youth males aged 20 to 30 years, linoleic acid metabolites showed higher levels in addition to
steroid metabolism. The involved metabolite eicosapentaenoic acid serves as the precursor for
prostaglandin-3. It could enhance the production of the cytoprotective prostanoid 15d-PGJ2 [34], which
corresponds to the elevated prostaglandin production in youth males [35]. In contrast to youth males,
arachidonic acid metabolites showed higher levels in youth females. It was reported that in females,
arachidonic acid metabolism could rescue anti-in�ammatory and butyrate-producing microbiota, then
upregulate GPR41 and GPR109A and control hypothalamic in�ammation [36].

Metabolomic characteristics during the middle and old stages  During the middle age stage, males and
females showed the most signi�cant gender differences. In males, the main metabolic features were
vitamin B6 and purine metabolism. 8-Hydroxy-7-methylguanine, a methylated purine base, showed higher
levels in males. High methylated purine bases were found in tumor-bearing patients compared to healthy
controls [37]. Urine alkylated purines were partly derived from covalently bound adducts in DNA formed
from exposure to carcinogenic alkylating agents [38]. Purine disorders may be associated with serious,
sometimes life-threatening consequences. In females, the metabolism pathway of steroidogenesis and
caffeine metabolism showed high activity. Menopausal symptom are an unavoidable problem in females
during this period, which could contribute to some metabolic disorders. Caffeine metabolism was
reported to be associated with menopausal symptoms, particularly vasomotor symptoms [39].

For the stage aged above 50 years, the gender difference decreased. During this period, organ
metabolism activity gradually slows down. Energy-supply metabolism pathways, such as fatty acids and
amino acids, showed low levels. In contrast, steroidogenesis, caffeine and pyrimidine metabolism
showed high levels. Higher levels of pyrimidine metabolites in the old stage have adverse effects on
health [38]. Additionally, several cognitive impairment-related metabolites, including acetylhistidine and
steroid hormones, were found to be higher in the old population, partly contributing to the high incidence
of cognitive impairment diseases at older ages [40].

Conclusion
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In conclusion, we provide a comprehensive view of human metabolism status across the life span. To our
knowledge, this is the �rst systematic study to analyze metabolism characterization based on population
across a considerable age range. This study showed that gender differences existed from early life
stages, and these differences were much smaller than those in adults. Age is another recognized
confounder. Metabolism characteristics for each age group could re�ect the metabolism status during
different life stages and possibly contribute to some age-dependent disease incidences. Our present
study would be helpful to understand the age- and gender-dependent metabolism differences, which will
be a critical component for the development of metabolomics-based systems biology as a population
screening and precision medicine research.

Additionally, several limitations still exist and need to be further validated in the future. First, urine
samples of children and adults were collected from two different hospitals. Although sampling operation
is strictly controlled, batch effects resulting from center differences could not be completely eliminated.
Considering batch effects, data from children and adults were �rst analyzed separately and then a cross
comparison was performed, resulting in an age gap between second school and the youth stages.
Second, in the children population, each stage could show speci�c features for their rapid development.
However, due to sample size limitations, we provide an overview of the average metabolism status over a
period of 6 years. Third, the in�uences of diets and circadian rhythm on urine metabolomics could not be
completely eliminated, though all subjects were from the same region. For future validation analysis,
these in�uences should be systematically evaluated and analyzed.
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Figures

Figure 1
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The work�ow of this study.

Figure 2

Representative gender-differential metabolites and metabolism pathways in children and adults. a. polar
plot for fold change (Female/Male) and p value of gender-dependent metabolites in children. The length
of the column indicates the fold change, and the color indicates the p value. b. Polar plot for fold change
(Female/Male) and p value of gender differential metabolites in adults. c. Fold change value of 50
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common gender-dependent metabolites in children and adults. Values inside the green circle represent
metabolites higher in males (boys), and values outside the green circle represent metabolites higher in
females (girls). d. Gender-dependent metabolism pathways in children. Metabolites involved in some
pathway were connected using lines. e. Gender-dependent metabolism pathways in adults. Metabolites
involved in some pathway were connected using lines.

Figure 3

Urine metabolomics variation with age in children. a. PLS-DA score plot of urine metabolomics of
different ages in boys. b. PLS-DA score plot of urine metabolomics of different ages in girls. c. Change
trends of the �rst and second principal components of PLS-DA in children; these two principal
components contribute most to the age separation in children.
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Figure 4

Metabolic characteristics for different gender and age stages. Age-dependent metabolic pathways were
enriched based on metabolites with the highest level in each age group. The KEGG database was the
background pathway database. The signi�cance of gender differences was evaluated using the p value
of OPLS-DA models. The cutoff for the p value was 0.05.
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Figure 5

Key metabolite variation with gender and age. a. Relative intensity of gender-differential metabolites, 5-
hydroxyindoleacetic acid and phenylalanyl-valine in male (boy) and female (girl) during different age
stage. b. Relative intensity change of age differential metabolites, pantothenate, testosterone glucuronide
and 8-hydroxy-7-methylguanine with age in males.
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