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Background and aims: The metabolomic profile of a biofluid can be affected
by age, and thus provides detailed information about the metabolic alterations
in biological processes and reflects the in trinsic rule regulating the growth and
developmental processes.

Methods: To systemically investigate the characteristics of multiple metabolic
profiles associated with canine growth, we analyzed the metabolomics
in the plasma and urine samples from 15 young and 15 adult beagle
dogs via UHPLC-Q-TOFMS-based metabolomics. Blood routine and serum
biochemical analyses were also performed on fasting blood samples.

Results: The metabolomics results showed remarkable differences in
metabolite fingerprints both in plasma and urine between the young and
adult groups. The most obvious age-related metabolite alterations include
decreased serumlevels of oxoglutaric acid and essential amino acids and
derivatives but increased levels of urine levels of O-acetylserine. These changes
primarily involved in amino acid metabolism and bile secretion pathways. We
also found that the levels of glutamine were consistently higher in both serum
and urine of adults, while N-acetylhistamine and uracil concentrations were
much lower in the adult group compared to younger ones.

Conclusion: Our study provides a whole metabolic profile of serum and urine
characteristics of young and adult canines, identifying several metabolites
that were significantly associated with age change, which provides theoretical
support for the nutrition-related research and age-related homeostasis
maintenance in dogs.
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1. Introduction

Metabolic homeostasis is a highly dynamic status during
the development from juvenile to adult, accompanied by
robust changes in physiological metabolites, proteins, cells,
and organs. The establishment of metabolic homeostasis is
thus closely correlated with and controls nutritional demands,
pathophysiologic responses, and disease susceptibilities (1,
2), including atopic diseases, hematological malignancies,
autoimmune diseases, diabetes, and cardiovascular diseases
(3, 4). Therefore, understanding the growth and age-related
molecular mechanisms and metabolic changes is essential for
health management and disease prevention.

Metabolomics allows comprehensive detection and
analysis of endogenous small molecule compounds in the
biological samples, including the substrates, intermediates,
and products of metabolic reactions. Since metabolites are
the final downstream products in the biological system
and contain significant information reflecting age, sex,
lifestyle, dietary intake, and disease settings, metabolomics
is closer to phenotype than transcriptomics or proteomics
(5). Metabolomics has become a powerful tool for unraveling
details

of diseases, such as aging, cancer, diabetes, obesity, and

metabolic and screening important biomarkers
cardiovascular disease (6-8).

Currently, most metabonomic studies have demonstrated
specific metabonomic characteristics affected by age. For
example, Pann et al. found that the plasma metabolomics
of mice had high variability at different ages. B6] mice
had high levels of acylcarnitines at week 6 and high
levels of phenylalanine, ornithine, and tyrosine at week
14 (9). In addition, the histidine/histamine pathway (10),
tryptophan, purine, amino acid and nicotinamide metabolism
(11), glycine, serine and threonine metabolism, glyoxylic
acid, and dicarboxylic acid metabolism pathways in mice
are significantly correlated with age (12-15). In a urine
metabonomic analysis of healthy children, the researchers
found that these significantly age-related metabolites in infancy
were amino acid and fatty acid metabolic pathways and
carbohydrate metabolism (16). Through metabonomic analysis
of plasma and urine samples of young and elderly people,
a variety of age-related metabolites were found, such as
glutamine, aspartate, glutamate, sphingolipids, trimethylamine
N-oxide, etc., mainly involving amino acid and fatty acid
metabolic pathways (17, 18). Understanding the metabolic
process of the body at different ages and clarifying the role
of key metabolites in health, growth and development as
well as aging will provide important information for the
formulation of nutrition requirements for different stages and
anti-aging preventive measures. Furthermore, metabolomics
can be further used to investigate the relationship between
diseases and age. It has been identified that blood metabolites
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and metabolic pathways for PD (Parkinson’s Disease) are
significantly associated with age, and developed serine as a
blood biomarker for the early diagnosis of Parkinson’s Disease
(PD) (19).

Previous studies have provided strong evidence that
metabolomics analysis is an important tool for investigating
metabolic changes associated with aging. But comprehensive
information about the plasma and urine metabolic networks
of dogs and how they are affected by age and other factors
is not yet fully understood. With the increasing numbers
of pets and evolving of the pet food and medical industry,
researchers have focused on the research of healthier pet
foods or targeted therapeutic drugs for certain diseases. For
example, grain-free pet foods supplemented with methionine,
taurine, or methyl donors and methyl receivers can increase
the concentration of homocysteine, methionine, or taurine in
the plasma after a meal. Supplementing these nutrients can
meet the canine’s body’s demand for amino acids and help
to treat diseases that cause metabolic or oxidative stress (20).
Dietary calcium fructoborate supplementation can reduce the
degree of joint pain in osteoarthritis dogs (21). Therefore,
understanding the information about the metabolic alterations
in different growth stages could further reveal the mechanisms
by which age influences body metabolism and disease risk,
and identify the biomarkers with potential clinical utilities,
which is vital for formulating nutritional needs at different
stages and preventing age-related chronic diseases. In addition,
dogs have become a new model of aging biology and age-
related diseases. With the growth of age, dogs experience
functional decline similar to that of humans, and develop many
age-related diseases, including cancer, metabolic syndrome,
and neurodegeneration. Therefore, scientific findings on dogs
may be helpful to the research on human biology and
aging (22, 23).

In our study, an LC-MS-based untargeted metabolomics
platform was used to depict the whole alterations of blood and
urine metabolomic profiles in dogs of different ages. To reveal
the metabolic pathways related to age, we conducted KEGG
analysis and correlation analyses on the differential metabolites
in the two groups, and finally determined the major age-related
metabolites and age-related changes in metabolic pathways, such

as amino acid metabolism and bile secretion.

2. Materials and methods
2.1. Animal

Healthy juvenile beagle puppies (n = 15, age range = 3-6
months old; mean £ SD = 4 £ 1 months) and healthy adult
beagle dogs (n = 15, age range = 12-70 months; mean =+
SD = 414 22 months) were obtained from Hubei yizhicheng
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Biotechnology Co., Ltd. All of the dogs were fed in single
cages under the same and stable environmental conditions with
temperature at 25°C and relative humidity at 75%. The study
protocols were approved by the Ethical Committee of Gannan
Medical College.

2.2. Collection and preparation of blood
and urine

Blood samples were collected via blood collection needle
from the dog’s forearm vein into the BD Vacutainer tubes
(BD-Vacutainer; Franklin Lakes, NJ) on the same morning
under fasting conditions. EDTA whole blood was analyzed
the complete blood count using an VetScan HM5 automatic
blood cell analyzer (Abaxis, USA). Blood samples in the heparin
anticoagulant tube were centrifuged at 3,000 rpm for 10 min
at 4°C to separate plasma. One plasma sample was sent to
WellAnimal Test (Wuhan) Co., Ltd. for biochemical detection
using an automatic biochemical analyzer (Hitachi 3110; Hitachi,
Tokyo, Japan). The remaining plasma was stored at —80 °C
freezer until metabolomic analysis.

For urine collection and storage, dogs were anesthetized
with a mixture of Zoletil (50 mg/kg) and xylazine (3 mg/kg).
Urine was collected by bladder puncture under the direction of
a Doppler ultrasonic apparatus. Urine samples were centrifuged
at 3,000 rpm for 10 min at 4°C to remove sediments and then
stored at —80°C freezers until metabolomic analysis.

2.3. Plasma and urine metabolomic
analysis

Non-targeted metabolomic analysis of plasma and urine
samples was performed using ultra-high performance liquid
chromatography (UHPLC; Agilent 1290 Infinity LC System)
equipped with Triple TOF 6600 mass spectrometer (AB
SCIEX, USA). Chromatographic separation was implemented
on Waters, ACQUITY UPLC BEH Amide 1.7pum, 2.1 X
100mm column for both positive and negative models. To
guarantee the quality of non-targeted metabolomic analysis, 6
QC samples were inserted during metabonomic analysis process.
They were slowly thawed at 4 °C, and vortex mixed in pre-cooled
extraction buffer (methanol/acetonitrile/water,2:2:1, v/v). Then,
mixtures were sonicated for 30 min at 4 °C, settle for 10 min at
—20°C, and centrifuged at 14,000 x g for 20 min at 4°C. The
supernatant was collected, vacuum-dried, and resolubilized in
100 pL acetonitrile-water solution (1:1, v/v). The supernatant
was separated on UHPLC. The Column temperature was 25
°C, the injection volume was 2 pL and the flow rate was
0.5 mL/min. Then, the samples were analyzed by Triple TOF
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6600 mass spectrometers. The ESI parameters were as follows:
ion source gas 1 (Gas 1), 60; ion source gas 2 (Gas 2), 60;
curtain gas (CUR), 30 psi; source temperature, 600°C; and
ion spray voltage floating (ISVF) £ 5,500V (positive and
negative modes). The mass spectrometry data were collected
in the Information-dependent acquisition (IDA) mode. The
declustering potential (DP) was £60V (positive and negative
modes); the collision energy (CE) was 35V with £ 15eV;
Exclude isotopes within 4 Da, and 10 candidate ions were
monitored per cycle.

The MS raw data (wiff files) were converted to mzXML
format using ProteoWizard, and then peak alignment, retention
time correction, and peak area extraction were performed using
the R package XCMS program. Based on the self-built database
[in-house database (Shanghai Applied Protein Technology)],
compound identification of metabolites was performed by
matching with the information of the retention time of
metabolite, accuracy m/z value (<10 ppm), fragmentation
analysis, and the identification results were strictly checked and
confirmed manually.

2.4. Multidimensional statistical analysis

Orthogonal partial least-square discriminant analysis
(OPLS-DA) were used for multidimensional statistical analysis.
OPLS-DA is a supervised multivariate statistical method and
was applied to establish the correlation between metabolites
expression and sample as well as to evaluate the variation
(R2Y) and predictive ability of the model (Q2) by 7-fold
cross-validation. The variable importance in projection (VIP)
values in the OPLS-DA model (VIP > 1) and p-value (P < 0.05)
were used as the criteria for further screening of significant
differential metabolites.

2.5. Analysis of pathway and differential
metabolites

To identify the most important metabolic pathways
during growth and development, the enrichment analysis was
performed with KEGG pathway analysis (Kyoto Encyclopedia
of Genes and Genomes, http://www.kegg.jp/). Correlations
between phenotypic and main differential metabolites in plasma,
and differential metabolites in plasma and urine were carried out
by Spearman’s rank correlation.

2.6. Statistics

Data were presented as mean =+ standard, and 20.0 SPSS
(IBM Corporation, Chicago, USA) was used to analyze whether
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FIGURE 1
Age-related changes in the number of blood cells. (A) Study flow diagram of tests of physiological and biochemical indexes, UHPLC-Q-TOF/MS

detection, metabolite analysis and pathway analysis. (B—D) Routine blood texts of young and adult groups. The white blood cell-derived indexes
(B), red blood cell-related indexes (C), platelet-derived indices (D). Horizontal red dotted lines represent the normal range for each measured
value. n = 15 dogs per group. Data are represented as mean and standard deviation. Adult group vs. young group: *P < 0.05, **P < 0.01,

***p < 0.001, and ns indicates not significantly different.

the data conformed to normal distribution. The two-tailed 3. Results

Students ¢-test was applied to assess the differences between two .
3.1. Age-related changes in the number
of blood cells

groups conforming to normal distribution. If not correspondent
with normal distribution, the differences between the two groups

was compared using the Mann-Whitney U nonparametric test.
The level of significance is shown by asterisks: *P < 0.05, To investigate the phenotypic variations during canine
**P < 0.01, ***P < 0.001. development, we first collected blood samples that were
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subjected to routine blood tests, biochemistry examinations and
non-targeted metabolomics (Figure 1A). The results showed
that the levels of most routine blood indexes fell within the
normal range of established standards for dogs according
to the analyzer’s software (Figures 1B-D). We found that
young dogs had higher levels of leukocyte-related parameters
compared with adult dogs, including white blood cell (WBC)
counts, lymphocyte (LYM) counts, monocytes (MON) counts,
eosinophils (EOS) counts, and neutrophil (NEU) counts, and
eosinophil (EOS) (Figure 1B). While the red blood cell-related
parameters except red blood cell count (RBC) were much higher
in adults as compared to young dogs (Figure 1C). The levels
of platelet count were conversely lower in the adult group
compared with the younger ones (Figure 1D).

3.2. Liver and heart function biomarkers
were significantly separated between
adult and young canines

As vital biochemical indicators indicating the liver function,
the ALT, AST, TP, ALB, and TBIL activities were considerably
lower in the young group than those in the adult group (p <
0.05, Figure 2A). In contrast, the content of plasma myocardial
enzymes (LDH, CK, and CK-MB) was significantly decreased
along with the development of beagle dogs (Figure 2B).
Furthermore, we observed levels of kidney function indexes
and blood lipids were largely similar between the two groups
(Figures 2C, D). In terms of plasma ions, the calcium, potassium,
magnesium, and phosphorus concentrations were much lower
in the adult group (Figure 2E), but the fasting blood glucose level
in the adult group was higher than younger ones (Figure 2F).

3.3. Plasma metabolomics profiles were
largely remodeled during canine growth

To deeply investigate the age-related whole changing
spectrums in metabolic phenotypes, plasma samples of
young dogs and adult dogs were collected and subjected
to untargeted metabolomics analysis. A total of 1,498
metabolites were identified in the plasma. As a reliable
multivariate statistical method, OPLS-DA was applied to
display the differences in metabolites between samples from
the two groups. As shown in Figure 3A, the clustering of
the young group was well separated from that of the adult
group based on the negative and positive ion modes. The
model evaluation parameters (for positive ion mode: RpY
= 0.987, Q2Y = 0.893; for negative ion mode: R;Y = 0.993,
Q2Y =0.902) showed that the OPLS-DA model was good
in both stability and reliability and can be used for further
analysis (Figure 3B).
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To identify the age-associated pathway, the KEGG
pathway enrichment analysis was carried out according to
the differential metabolites (VIP > 1, P < 0.05), and the
top 15 most significantly enriched pathways were shown in
Figure 3C. Among them, differentially-expressed metabolites
mainly participated in pathways of ABC transporters, alanine,
aspartate and glutamate metabolism, arginine biosynthesis,
protein digestion and absorption, bile secretion, and histidine
metabolism (Figure 3C). The 15 KEGG pathways were further
Of
note, the most significantly decreased pathways included

ranked based on their differential abundance scores.

ferroptosis, histidine metabolism, alanine, aspartate and
glutamate metabolism, neuroactive ligand-receptor interaction,
cholesterol metabolism, arginine biosynthesis, and bile secretion
pathway (Figure 3D).

3.4. Amino acid and bile metabolism
pathways were compromised in adult
canines

We comprehensively compared the number of differentially
changed metabolites and DA scores of each pathway, and
selected four mainly altered metabolic pathways for further
analysis, including alanine, aspartate and glutamate metabolism,
arginine biosynthesis, bile secretion, and histidine metabolism.
For the alanine, aspartate, and glutamate metabolism pathways,
we found that the level of L-glutamic acid and oxoglutaric
acid were significantly decreased in adult dogs, which lead
to reductions in gamma-aminobutyric acid and succinic
acid content (Figure 4A). The metabolic map of the arginine
biosynthesis reveals that the concentrations of L-arginine,
citrulline were significantly decreased, which were associated
with low L-glutamic acid and N-acetylornithine levels
(Figure 4B). As shown in Figure4C, the adult dogs had
higher plasma cholesterol levels and lower plasma bile
acids compared to the young dogs. Particularly, glycocholic
acid, taurocholic acid, taurolithocholic acid 3-sulfate, and
taurochenodesoxycholic acid were significantly decreased
in the adult group. Figure 4D showed that the degradation
products of histidine were significantly decreased with age,
such as 1-methylhistidine, N-acetylhistamine, urocanic acid,
and 1-methylhistamine, indicating a decrease in histidine
metabolism (Figure 4D).

3.5. Plasma metabolite profiles were
correlated with age-related physiological
index

To further explore the physiological significances of plasma
differential metabolites, we analyzed the correlations between
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Liver and heart function biomarkers were significantly separated between adult and young canines (A—E). The levels of serum biochemical
indicators in young dogs and adult dogs. Measurement of liver function biomarkers (A), heart function biomarkers (B), kidney function indices
(C), blood lipids (D), and blood ion concentrations (E). (F) Fasting blood glucose and serum B-hydroxybutyrate levels were measured under
overnight fasting conditions. Horizontal red dotted lines represent the normal range for each measured value. n = 15 dogs per group. Data are
represented as mean and standard deviation. Adult group vs. young group: *P < 0.05, **P < 0.01, ***P < 0.001, and ns indicates not significantly
different.

the level of dramatically changed metabolites with that
of routine blood and biochemical indexes (Figure5). The
results showed that the gamma-aminobutyric acid, oxoglutaric
acid, succinic acid, taurocholic acid, 1-methylhistidine, and
1-methylhistamine were positively correlated with WBC,
NEU, BAS, PLT, and PCT. The gamma-aminobutyric acid,
glycocholic acid, 1-methylhistidine, 1-methylhistamine, and
carnosine were positively correlated with CK, CK-MB, LDH,
and ALP but negatively correlated with ALT, AST, TBIL, and
ALB. As shown in Figure 5D, the differential metabolites in
the histidine metabolism pathway were the strongest ones
correlated with both blood cell counts and organ heart
functional indexes.
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3.6. Urine metabolite profile undergone
significantly change during body growth

Since urine metabolic profile is closely correlated with
body development and physiological status, we further carried
out urine metabolomics assay using UHPLC-Q-TOF MS in
both positive and negative ion scan modes. The OPLS-DA
model showed a clear cluster differentiation of the metabolic
profiles between the young and adult groups (Figure 6A) with
satisfactory evaluation indexes reflecting a high stability of the
model (Figure 6B).

A total of 600 differential metabolites were identified
and mapped into 32 KEGG pathways, and the 15 most
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significantly enriched pathways were shown in Figure 6C,
mainly including bile secretion, neuroactive ligand-receptor
interaction, protein digestion and absorption, glycine, serine and
threonine metabolism, and other metabolic processes. Clearly,
we noted that cholinergic synapse, bile secretion, sulfur relay
system, taste transduction, cysteine and methionine metabolism
pathways were significantly upregulated in the adult group,
while the pentose phosphate pathway as well as protein digestion
and absorption pathways were largely inactivated along with
body growth (Figure 6D). Among metabolites involved in those
enriched pathways, O-acetylserine, morphine-6-glucuronide,
and L-cysteine were identified as the most significantly changed
ones in the urine samples from adult animals compared to the
younger ones (Figure 6E).

3.7. Amino acids and their derivatives
were conserved metabolites reflecting
development in both plasma and urine

Our combined metabolomics analysis revealed that 745
metabolites were identified in both the plasma and urine
samples (Figure 7A), among which 9 conserved differential
metabolites were identified (Figures 7B, C). Notably, glutamine,
methylmalonic acid and L-carnitine were all significantly higher
in adult body fluid samples than those in young group

Frontiersin Veterinary Science

07

(Figure 7D). In contrary, the abundance of 6 metabolites,
such as N-acetylhistamine and uracil, were much lower in
both the plasma and urine of adult ones (Figure 7D). These
conserved metabolites were related to 11 KEGG pathways,
in particular pyrimidine metabolism and ABC transporters
pathways (Figure 7D).

4. Discussion

Age is one of the main factors affecting physiology and
metabolic changes. In the present study, the age-related
phenotypic variations were evidenced by blood routine, serum
biochemical tests, and plasma and urine metabolites. In terms
of blood routine tests, we observed higher levels of WBC and
PLT but lower RBC levels in young dogs than that in adults. The
age-associated changes in hematological reported in this study
are consistent with those findings in dogs reported in previous
studies (24, 25). Brenten T et al. regularly collected the blood of
Labrador retriever and miniature schnauzer dogs between weeks
8 and 52 for blood routine and blood biochemical analysis, and
found that WBC count decreased over time, RBC, HGB, HCT,
MCYV, and MCH increased with age (26). Ishii T et al. compared
the blood routine data from juvenile beagle dogs (<3 months of
age) with dogs (6 months of age) and found that the count of
RBC increased and WBC decreased with the growth of beagles
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(27). RBC maturation and HGB concentration were positively
correlated with age (28, 29).

Blood biochemistry is a useful diagnostic tool to assess
organ system health. It is necessary to understand the age-
related changes in blood chemistry. In this study, AST and ALT
activities were significantly higher in the adult group than those
in the young group, The effect of age on ALT and AST activity is
consistent with prior results. Ishii T et al. analyzed the different
of blood chemistry data between the two age classes, and found
that the growth of beagle dogs was shown to be associated
with increases in AST, ALT, and with decreases in CK (27).
ALT is primarily localized in the liver, while AST is expressed
in liver, cardiac muscle, and skeletal muscle. All of them are
important enzymes in the liver and are involved in the formation
of oxalacetic and pyruvic acids respectively. Serum AST and
ALT levels increased with age, which is closely related to tissue
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growth and muscle mass (26). When the metabolism of liver
cells or muscle cells in the body is enhanced, the intracellular
transaminase enters the serum after cell rupture, resulting in
the increase of AST and ALT concentrations in plasma. In
addition, the activities of ALT and AST in serum are important
indicators to evaluate the extent of hepatic injury (30). Early
studies identified that increased AST and ALT levels in aged
mice suggest impairment of the liver and metabolic syndrome
(31-33). Conversely, higher serum ALP levels were observed in
young dogs, which might be due to the production of bone-
specific ALP, an ALP isoenzyme, elevating as a result of skeletal
growth and increased osteoblastic activity (34, 35). In addition,
due to physiological differences between young and adult dogs,
some indicators of young dogs were not within the normal
range of blood routine or blood biochemical indexes for adult
dogs (Figures 1, 2). Therefore, it is very important to identify
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Plasma metabolite profiles were correlated with age-related physiological index. (A—D) Heat map of the correlation between physiological
indexes (significantly changed blood routine indicators and serum biochemical indicators) with differential plasma metabolites from alanine
aspartate and glutamate metabolism pathway (A), arginine biosynthesis pathway (B), bile secretion pathway (C), and histidine metabolism
pathway (D); Heat map: red represented positive correlation and blue represented negative correlation. Significance levels *P < 0.05, **P < 0.01,
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the changes of age-related physiological indicators and establish
reference intervals for blood routine and biochemical indicators
in dogs of different ages.

Regarding the metabolomics profiles, several pathways
were significantly different between young and adult dogs,
mainly including amino acid metabolism (alanine aspartate
and glutamate metabolism, arginine biosynthesis, histidine
metabolism), bile secretion, and cholesterol metabolism. In
particular, the levels of oxoglutaric acid, gamma-aminobutyric
D-Aspartate and
decreased in adult dogs compared to young dogs. These

acid, L-Glutamic, succinic acid were
metabolome characteristics of dogs showed high similarity
to those in human studies (12). As a key intermediate of
the tricarboxylic acid (TCA) cycle, oxoglutaric acid is a
significant regulatory metabolite that coordinates nitrogen
and carbon metabolism, which has the physiological function
of regulating nitrogen metabolism, energy metabolism,
maintaining intestinal health, and improving bone (36). The
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basal diet supplemented with oxoglutaric acid can improve
the glutamine metabolism of intestinal cells, enhance intestinal
digestion and absorption function, and improve the bone
mineral density and performance of piglets (37, 38). In
addition, oxoglutaric acid is a biosynthetic precursor of
many amino acids such as L-glutamic acid, L-glutamine,
succinic acid, and L-arginine acid (39). Glutamic acid is an
important neurotransmitter in the central nervous system.
It can be catalyzed by glutamic acid decarboxylase (GAD)
to produce Gamma-aminobutyric acid (GABA), which is
also a well-known neurotransmitter (40, 41). Roalf DR
et al. found lower levels of brain Glu in healthy older
adults compared to younger adults, leading to age-related
declines in behavioral and cognitive function, indicating
changes in glutamate as a marker for age-related neurological
changes (42).

Blood arginine levels are maintained by food protein,
protein turnover, and endogenous synthesis from citrulline
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FIGURE 6

Urine metabolite profile undergone significantly change during body growth. OPLS-DA score plot (A) and OPLS-DA validation plots (B) urine
samples from the young group and adult group. (C) KEGG pathway enrichment analysis of differential metabolites in comparison between the
two groups, and the top 15 significantly enriched pathways are listed. (D) Differential abundance analysis of top 15 KEGG pathways. (E) Analysis
of the urine differential metabolites in adult dogs compared with young dogs. Red represents increased and purple represented decreased

abundance in adult dogs.

through the small intestine-kidney metabolic axis (43). High
plasma citrulline concentration in neonates and neonatal pigs
was utilized by the kidney for arginine synthesis via the
intestinal-renal axis (44). The arginine biosynthesis pathway
was inhibited in adult dogs, which may due to inhibition
of the absorption in the intestine or de novo synthesis of
arginine (45). Arginine, the precursor for the production of
intracellular NO, involved in the regulation of vascular tone
and immune regulation, improving cardiovascular function in
hypertension and pulmonary hypertension (46). Exogenous
supplement of arginine can increase the synthesis and release
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of NO, and has significant effects on enhancing blood
flow, lowering blood pressure and improving arteriosclerosis.
L-citrulline is precursor of L-arginine, which more effective
and bioavailable because it has a longer circulation time
(46). Clinical studies showed that arginine supplementation,
in the form of either arginine or citrulline, can improve
pulmonary hemodynamics and blood circulation in the cerebral
microvasculature, have therapeutic benefits in children with
MELAS syndrome (47-49). In addition, arginine is involved
in the body’s protein composition, and lack of arginine in
young animals will lead to delayed production and reduced
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Amino acids and their derivatives were conserved metabolites reflecting development in both plasma and urine. (A) Venn diagram showed 1,498
and 2,499 metabolites identified from plasma and urine, respectively; (B, C) Only three significantly increased metabolites and six significantly
decreased metabolites were observed in both the plasma and the urine of adult dogs. Purple represents the plasma samples and yellow
represents the urine samples. (D) The nine metabolites derived from (B, C) involved in multiple metabolic pathways. For the metabolite lists: red
represents increased (VIP > 0) and purple represented decreased abundance (VIP < 0) in adult dogs. For the metabolic pathways: different colors

young group.

of the box represent the different metabolic pathways involved by the corresponding metabolites. “P < 0.05, P < 0.01,

P < 0.001 vs.

immunity. It has been found that adding arginine to the feed
of piglets can improve immune status and growth performance
(50, 51).

Histidine pathway analyses revealed that the plasma levels
of 1-methylhistidine, 1-methylhistamine, urocanic acid, and
N-acetylhistamine in the young dogs were significantly higher
than those in adult dogs, indicating that active histidine
metabolism in young dog. Histidine is a dietary essential amino
acid with unique roles in the scavenging of reactive oxygen
and nitrogen species, erythropoiesis, and the histaminergic
system (52, 53). At present, histidine has been used as a
nutritional supplement under various conditions. histidine can
improve the gastric mucosal damage induced by aspirin in
rats (54). Combined use of histidine and vitamin C can
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reduce free radical induced toxicity, and prevent isoproterenol-
induced cardiotoxicity (55). It can also inhibit inflammation
and oxidative stress, enhance skin barrier function, and reduce
the severity of AD (56). In addition, L-histidine combines
with beta-alanine to synthesize the carnosine, which is widely
abundant in skeletal muscle, heart, and brain tissues. Carnosine
has the function of anti-oxidant, free-radical scavenging and
exercise performance-enhancing. The level of carnosine is
associated with gender and age, and decreased with age (57, 58).
This study found that carnosine levels in dogs showed the
same trend.

Compared with younger plasma, adult canines possess
lower taurocholic acid and some bile acid abundances but
higher cholesterol concentration in adult plasma samples.
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Bile acid, an important solution for digesting fats, is
metabolized from cholesterol in the liver and secreted into
the duodenum for digestion and absorption of ingested
lipids and fat-soluble vitamins (59). In earlier studies of the
human gallstone disease, Kim et al. (60) have found that
the liver synthesis of primary bile acid was decreased and
the cholesterol secretion was enhanced with age, further
increasing the cholesterol saturation of bile, resulting in
an increased probability of developing gallstones. Han
et al. showed that the decrease in bile acid synthesis and
secretion was associated with liver aging by transplanting
livers of young rats into old rats (61). Additionally, lowered
bile acid secretion was unfavorable for anti-allergic and
anticarcinogenic (62). Recent studies indicate that certain
probiotic supplementation, such as Bifidobacteria, could
reduce cholesterol levels via converting cholesterol into the cell
membrane of probiotics (59).

Analyzing urine metabolites between young and adult
dogs, we found that the bile secretion pathway was the
remarkably enriched KEGG pathway. The urine of adult dogs
was characterized by the higher content of O-acetylserine, mor-
phine-6-glucuronide, and L-cysteine, and the lower content
of leukotriene C4. O-acetylserine is a central metabolite
of sulfur assimilation, providing the carbon backbone for
catalyzing cysteine formation (63). Cysteine can be directly
taken off sulfhydryl and amino to generate pyruvate, which
can form acetyl-CoA through oxidative decarboxylation, and
then be further converted to glutamate (64, 65). Cysteine,
as a glutathione precursor, has antioxidant potential. N-
acetylcysteine and cysteine-rich whey protein isolate are usually
used as cysteine supplements in clinical studies. N-acetylcysteine
was shown to increase whole blood glutathione levels and
decrease the basal insulin reactivity in AIDS patients and
non-diabetic obese patients, respectively (66, 67). Additionally,
cysteine-rich undenatured whey protein could significantly
improve the skeletal muscle function, decreased plasma levels
of the inflammatory cytokine tumor necrosis factor-o (TNF-a),
improved immune functions, and increased plasma albumin
levels (68).

In conclusion, the present study systematically profiled
the phenotypic and metabolic characteristics of young and
adult beagle dogs. Our findings showed apparent variations in
blood routine and biochemical indexes, and, more importantly,
supported a dramatic metabolite remodeling in body fluids
during canine growth. In recent years, the addition of
functional ingredients in food is becoming a new direction
of pet foods research and development to fulfill the specific
requirements for the growth and improve the organismal
fitness (21, 69). Analyzing the dynamic metabolic process
could firmly guide food research and development and
disease therapy.
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