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Abstract
Plasma metabolites offer insights into aging processes and aging-related biomarkers. Here, the dietary effects of various 
functional foods on older adult mice were evaluated using metabolomic techniques. Fifty-week-old mice were divided into 
four groups (n = 4 each) and fed either a normal diet (AC) or the diets from Triticum aestivum sprout (TA), Schisandra 
chinensis (SZ), or Pisum sativum sprout (PS) extracts. Additionally, a group of 8-week-old mice fed a normal diet (YC; 
n = 5) was included for the comparison. The PS group had a significantly lower free fatty acid content and higher ornithine, 
proline, citric acid, and oxalic acid contents than the AC group. The PS group also showed reduced oxidative stress and 
muscle damage, suggesting the higher anti-aging efficacy of P. sativum sprouts than the other diets. These findings suggest 
plasma metabolite profiling is an effective tool to assess the anti-aging effects of functional foods.
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Introduction

Aging is represented by a progressive decline in the 
physical functions of an organism, during which various 
complex processes such as oxidative stress, mitochon-
drial damage, and cell aging are increased, leading to the 
manifestation of various aging-related diseases, such as 
Parkinson’s disease, Alzheimer’s disease, and arthritis 
(Bonomini et al., 2015). Middle age, at 40–60 years, is a 
transitional period from young to old age at which physi-
cal functions begin to decline (Kim et al., 2021). Most 
aging-related diseases can be efficiently detected early and 
prevented in middle age; therefore, research targeting mid-
dle age has gained interest (Kim et al., 2021). However, 
the medications against aging-related diseases currently in 
use exhibit limited efficacy or exert side effects. Neverthe-
less, the intake of functional foods rich in antioxidants and 
beneficial nutrients can help prolong life by preventing or 
reducing the occurrence of aging-related diseases (Singh 
et al., 2021). Therefore, the potency of natural foods con-
taining physiologically active ingredients has been exten-
sively explored to identify functional foods with anti-aging 
effects (Jędrusek-Golińska et al., 2020).

Physiologically active ingredients such as polyphenols, 
dietary fibers, and carotenoids are mainly present in plant-
based functional foods (Jędrusek-Golińska et al., 2020), 
such as Pisum sativum sprouts (Borges-Martínez et al., 
2021; Wu et al., 2023), Triticum aestivum sprouts (Lee 
et al., 2023), and Schisandra chinensis extracts (Yang and 
Yuan, 2021). Pisum sativum sprout contains a variety of 
phenolic compounds, including flavonoids such as querce-
tin glycosides and kaempferol glycosides, anthocyanins, 
and isoflavones. These compounds have been reported 
to increase antioxidant activity (Borges-Martínez et al., 
2021; Wu et al., 2023). Triticum aestivum seedlings con-
tain high concentrations of various bioactive metabolites, 
such as isoorientin, isoschaftoside, and isoscoparin (Lee 
et al., 2023). These compounds exert various health ben-
efits, including radical scavenging activity (Cheel et al., 
2005; Yuan et  al., 2016), suggesting wheat seedlings 
as an important source of functional agents (Lee et al., 
2023). Schisandrene, a dibenzocyclooctadiene lignan, is 
the major compound in Schisandra chinensis and shows 
strong antioxidant effects (Yang and Yuan, 2021). How-
ever, the anti-aging effects of these functional foods have 
not been explored yet.

Plasma metabolites analysis of an individual offers 
valuable insights into aging-related biomarkers, such as 
mitochondrial dysfunction, fatty acid oxidation, and ath-
letic ability (Kondoh et al., 2020). Hao et al. (2022) dem-
onstrated fatty acid and glucose metabolism in the blood of 
middle-aged mice are important metabolites in improving 

vascular remodeling and dysfunction due to aging. As met-
abolic challenges often emerge with aging, understanding 
the changes in plasma metabolites is crucial in studying 
aging-related diseases. Therefore, in this study, we aimed 
to evaluate the dietary effects of various functional foods 
on older adult mice using metabolomics techniques. We 
analyzed the alterations in plasma metabolites using gas 
chromatography–mass spectrometry (GC–MS)-based in 
50-week-old mice, equivalent to 60–65 human years, fed 
with P. sativum sprouts, T. aestivum sprouts, or S. chinen-
sis for 10 weeks.

Materials and methods

Preparation of diets

In this study, sprouts of T. aestivum and P. sativum were 
cultivated using the Korean cultivars Saekeumkang and 
Dacheong, respectively. These cultivars were grown in arti-
ficial soil in a growth chamber in 2022 under the follow-
ing growth conditions: temperature, 18–20 °C; humidity, 
60–70%; illumination, 5500 lx; light/dark cycle, 12 h of 
light followed by 12 h of darkness. Sprouts of T. aestivum 
and P. sativum were harvested 11 days after germination. 
The harvested samples were air-dried for 2 days at 50 °C 
to remove moisture, then freeze-dried at − 78 °C. The dried 
T. aestivum and P. sativum sprouts were extracted with 
40% ethanol and 60% water (v/v) and 30% ethanol and 70% 
water (v/v), respectively. The selection of the extracts was 
based on the comparison of high-performance liquid chro-
matography (HPLC) chromatogram patterns, considering 
both the diversity of peaks and area values (Fig. S1). The 
extraction was performed at room temperature in a shaker 
for 18 h. Schisandra chinensis was purchased from Health 
& Co. (Gyeonggi-do, Korea). Dried S. chinensis (100 g) was 
extracted with 10 times the volume of water at 20–23 °C 
(2 h for each extraction) and then filtered. The water extract 
was then evaporated using a rotary vacuum evaporator at 
45 °C, and the solvent was evaporated in vacuum to obtain 
an extract with a yield of 11.5% by weight. Each extract was 
then vacuum filtered using an 8 µm filter (1002-090, What-
man, Kent, UK), vacuum-concentrated, and freeze-dried 
at − 80 °C to obtain the dry powder (1 g S. chinensis water 
extract contains approximately 5 mg schizandrin).

Animals and sample collection

Male C57BL/6  J mice were obtained from the Jackson 
Laboratory (USA). The mice were divided into two groups: 
an aging group (50 weeks old, n = 20) and a young group 
(8 weeks old, n = 5). All mice were housed in individual 
cages under a 12 h light–dark cycle at 25 °C and 40–60% 
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humidity. Young mice were used as non-aged controls (YC). 
However, several mice died in the aging group during the 
caging; therefore, the remaining 16 mice were randomly 
divided into four groups (n = 4 per group) based on their 
treatments. The mice in the control group (AC) were admin-
istered distilled water, and the other three groups were fed 
with extracts of P. sativum sprouts (PS group), T. aestivum 
sprouts (TA group), or S. chinensis (SZ group), at a dose of 
200 mg/kg body weight per day. All mice were provided 
free access to tap water and a standard AIN-93G diet. Food 
consumption was recorded daily, and their water bottles were 
changed regularly. The test substances were administered 
orally at a volume of 10 mL/kg once daily for 10 weeks. 
During the experiment, forced swimming was conducted in 
a circular pool (diameter 100 cm, height 30 cm) containing 
warm water (temperature, 28 ± 1 °C) at a depth of 15 cm 
for 1 min a day, 30 min after administration. The daily food 
intake and body and tissue (liver, white adipose, and muscle) 
weights were measured in all groups to evaluate the effect 
of the three functional food diets. All animal experimental 
procedures were approved by the Animal Ethics Committee 
(approval number KNU 2022-0434).

At the end of the 10 weeks, the mice were fasted for 12 h 
and anesthetized via isoflurane inhalation. Afterward, the 
blood samples were collected from the inferior vena cava in 
heparin-treated tubes and centrifuged at 1200 × g for 10 min 
at − 4 °C. The supernatants (plasma samples) were collected 
and stored at − 80 °C  until analysis.

Plasma extraction and analysis of metabolites

Low-molecular-weight metabolites (e.g., amino acids, 
organic acids, sugars, fatty acids, and sterols) from the 
plasma were analyzed with some modifications to the 
extraction methods reported by Kim et al. (2022). Briefly, 
for extraction of low-molecular weight metabolites such as 
amino acids and sugars, 500 µL methanol–chloroform (3:1, 
v/v) was added to a 2 mL tube containing 30 µL plasma 
sample. Subsequently, 30 µL l-2-chlorophenylalanine 
(0.3 mg/mL), used as an internal standard (IS), was added. 
After mixing for 10 s, the mixture was sonicated at 20 °C 
for 5 min and centrifuged at 14,000 × g at 4 °C for 15 min. 
The supernatant (500 µL) was transferred to a new tube 
and concentrated using a vacuum concentrator (CVE-3110, 
EYELA, Tokyo, Japan) for 2 h. The concentrated sample 
was derivatized for 90 min at 37 °C in 80 µL methoxyamine 
hydrochloride in pyridine (20 mg/mL) and then treated 
with 80 µL N,O-bis(trimethylsilyl) trifluoroacetamide con-
taining 1% trimethylchlorosilane at 60 °C for 60 min. The 
mixture was then centrifuged at 14,000 × g for 15 min at 
room temperature. Subsequently, 160 µL extract was filtered 
through a 0.5 µm hydrophobic membrane filter and injected 
into GC–MS. In addition, 20 µL of each plasma sample was 

combined to create quality control (QC) samples. An auto-
sampler AOC-20i and GCMS-QP2010 Ultra system (Shi-
madzu, Kyoto, Japan) were used to perform the GC–MS 
analysis. The injection parameter was in split mode with a 
split ratio of 1:10. Helium at a flow rate of 1.1 mL/min was 
used as the carrier gas, and the separation was carried out 
using a DB-5 column (30 m × 0.25 mm id, film thickness 
1.0 µm; 122-5033, Agilent, Santa Clara, CA, USA). The ini-
tial temperature of the oven was set at 100 °C for 4 min until 
it was increased to 320 °C at a rate of 10 °C/min and then 
was held for 11 min. The MS range was set to 45–600 m/z. 
The peaks were identified by comparing the retention time 
and mass spectra of the GC–MS data with those of standard 
compounds, in-house and in MS libraries (NIST 7.0 and 
Wiley 9), respectively. The retention times of the peaks were 
corrected based on the retention time of a standard alkane 
series mixture (C-9 to C-33) using the Automatic Adjust-
ment of Retention Time (AART) function of the Shimadzu 
GC–MS solution software (Table 1; Shiomi et al., 2011). To 
compare the metabolite contents in the five groups, the rela-
tive concentrations of amino acids, organic acids, carbohy-
drates, fatty acids, and sterols were quantitatively analyzed 
based on the ratio of each metabolite peak area to that of the 
IS (Shiomi et al., 2011; Kim et al., 2022).

Statistical analysis

After the GC–MS data were normalized (unit variance 
scaling), principal component analysis (PCA), partial least 
squares discriminant analysis (PLS-DA), and orthogonal 
partial least squares discriminant analysis (OPLS-DA) were 
performed. Soft independent modeling was performed for 
PCA, PLS-DA, and OPLS-DA using the SIMCA package 
14.1 software (Umetrics, Ume, Sweden).  R2Y and  Q2 were 
used to measure the goodness of fit and predictability of 
the OPLS-DA model, respectively. The  R2Y and  Q2 values 
range between 0 and 1, and a value higher than 0.5 between 
the two groups indicated a significant metabolic difference. 
The Student's t-test and analysis of variance (ANOVA) 
were performed using Prism GraphPad 9.0. (GraphPad, San 
Diego, CA, USA) to statistically evaluate the data. A p-value 
less than 0.05 indicated a statistically significant difference 
between the means of the groups being compared.

Results and discussion

Animal characteristic data

Compared to the YC group, the four older adult mice groups 
(AC, TA, SZ, and PS) had significantly higher body weights 
at the start of the experiment. However, at the end of the 
experiment, no significant differences in body weight were 
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observed among the five groups (Table S1). Food intake 
and the weights of the liver and white adipose tissue signifi-
cantly increased in the AC group compared to the YC group, 
while muscle weight showed a significant decrease in the AC 
group. Among the old age mice groups, TA supplementa-
tion decreased liver tissue weight while it increased muscle 
weight compared to those of other diets. Furthermore, the 
liver weight was decreased in the SZ group compared to that 
in the AC group.

Plasma metabolite profiling

Metabolomics is a powerful tool for studying the effects of 
anti-aging functional foods on the body. It provides a com-
prehensive interpretation of biochemical pathways and pro-
cesses altered by dietary consumption (May et al., 2013). 
Wang et al. (2022) demonstrated that metabolomics analy-
sis in mice fed with plant-based diets revealed changes in 
the levels and types of plasma metabolites. Furthermore, 
metabolomics can be used to identify changes in the levels 
of amino acids, lipids, and other small molecules involved 
in energy metabolism, antioxidant defense, and other physi-
ological processes. Together, these findings indicate metabo-
lomics analysis can provide insights into the mechanisms by 
which functional foods exert their effects and help identify 
novel biomarkers.

In this study, we identified 49 metabolites comprising 
16 amino acids, 10 organic acids, 3 sugars, 2 sugar alco-
hols, 1 steroid, 1 pyrimidine, 9 fatty acids, and 7 other com-
pounds in the plasma of the five mice groups (Table S2). 
The unsupervised statistical method, PCA, is useful for 
identifying variations between metabolic phenotypes (Park 
et al., 2023). In experiments with various data, the QC 

Table 1  Relative retention times (RRTs) and GC–MS data of hydro-
philic and lipophilic compounds in the plasma samples of mice

Compound RT RRT RI Quantita-
tion ion 
(m/z)a

Pyruvic acid-meto-TMSb 7.593 0.412 1046 174
Lactic acid-2TMS 7.862 0.427 1060 219
Glycolic acid-2TMS 8.118 0.441 1073 205
Alanine-2TMS 8.699 0.472 1103 190
Glycine-2TMS 8.973 0.487 1118 204
Oxalic acid-2TMS 9.401 0.510 1143 219
3HB-2TMSc 9.711 0.527 1160 233
Valine-2TMS 10.758 0.584 1221 218
Urea-2TMS 10.931 0.593 1231 189
2-Aminoethanol-3TMS 11.635 0.631 1275 174
Leucine-2TMS 11.649 0.632 1276 232
Glycerol-3TMS 11.626 0.631 1274 218
Phosphoric acid-3TMS 11.679 0.634 1278 314
Isoleucine-2TMS 12.017 0.652 1298 232
Proline-2TMS 12.149 0.659 1307 216
Succinic acid-2TMS 12.206 0.632 1311 247
Glycine-3TMS 12.287 0.667 1317 248
Glyceric acid-3TMS 12.523 0.680 1333 292
Fumaric acid-2TMS 12.663 0.687 1342 245
Uracil-2TMS 12.699 0.689 1344 255
Nonanoic acid-TMS 12.910 0.701 1359 215
Serine-3TMS 12.980 0.704 1363 306
Threonine-3TMS 13.402 0.727 1392 291
Decanoic acid-TMS 14.278 0.775 1456 229
Malic acid-3TMS 14.737 0.800 1489 233
Methionine-2TMS 15.271 0.829 1531 293
5-Oxoproline-2TMS 15.347 0.833 1537 258
Cysteine-3TMS 15.726 0.853 1566 218
Creatinine-3TMS 15.875 0.862 1578 329
Threonic acid-4TMS 15.723 0.853 1566 292
Phenylalanine-2TMS 16.709 0.907 1646 218
Glutamine-4TMS 17.830 0.968 1651 227
G3P-4TMSb 18.146 0.985 1770 445
Glutamine-3TMS 18.268 0.991 1781 362
L-2-chlorophenylalanined 18.427 1.000 1795 218
Ornithine-4TMS 18.852 1.023 1834 174
Citric acid-4TMS 18.815 1.021 1831 363
Myristic acid-1TMS 18.988 1.030 1847 285
Fructose-meto-5TMS(1) 19.509 1.059 1895 307
Fructose-meto-5TMS(2) 19.602 1.064 1904 307
Mannose-meto-5TMS 19.678 1.068 1912 319
Glucose-meto-5TMS(1) 19.830 1.076 1927 319
Lysine-4TMS 19.930 1.082 1937 317
Glucose-meto-5TMS(2) 20.060 1.089 1949 319
Tyrosine-3TMS 20.137 1.093 1957 382
Mannitol-6TMS 20.286 1.101 1972 319
Palmitoleic acid-TMS 20.852 1.132 2029 311

RT retention time (min), RRT  relative retention time (retention time 
of analyte/retention time of l-2-chlorophenylalanine), RI retention 
index
a Mass ion used for quantification
b TMS, trimethylsilylation
c 3HB, 3-hydroxybutyric acid and G3P, glycerol-3-phosphate
d Internal standard

Table 1  (continued)

Compound RT RRT RI Quantita-
tion ion 
(m/z)a

Palmitic acid-TMS 21.005 1.140 2045 313
Inositol-6TMS 21.857 1.186 2134 318
Linoleic acid-TMS 22.640 1.229 2219 337
Oleic acid-TMS 22.664 1.230 2221 339
Stearic acid-TMS 22.852 1.240 2243 341
Arachidonic acid-TMS 24.095 1.308 2385 117
Cholesterol-TMS 33.215 1.803 3235 458
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collected for each group increases the reliability of the sta-
tistical results (Godzien et al., 2015). In this study, unsu-
pervised PCA revealed the aggregation of all QC samples 
of all the diet groups (n = 6 in each) in the center of the 

plot (Fig. 1A), which confirmed the reliability and repro-
ducibility of the metabolic analysis performed in this study. 
However, the samples in different age groups [old-age (TA, 
SZ, and PS) and young-age (YC) groups] formed distinct 

Fig. 1  A Score plot of the PCA models based on the 49 metabolites 
in the plasma samples in the five groups (young group, square; aging 
groups, circle), including the QC samples (quality control, triangle). 
This plot shows the clustering of QC samples, demonstrating that 
metabolic analysis has good stability, reliability, and reproducibility. 

B Score and C loading plots of the PLS-DA models based on the 49 
metabolites in the plasma of five groups (young group, square; aging 
groups, circle). These plots show the relationship between the metab-
olites and the classification of the groups based on their plasma pro-
files
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clusters. Nevertheless, PCA is not ideal for predicting the 
distinct separation between variables (Park et al., 2023). In 
contrast, PLS-DA is frequently used to identify disparities 
among groups in various categories and is a suitable method 
for confirming differences in plasma metabolites result-
ing from various dietary interventions (Yoon et al., 2019). 
Therefore, we employed PLS-DA to visualize the variations 
in plasma metabolites among the five groups. In the PLS-
DA model, PLS 1 and 2 of the score plot represented 36.5% 
of the total variance (PLS 1, 29.0%; PLS 2, 7.5%; Fig. 1B). 
PLS 1 separated the old and young mice groups (Fig. 1B). 
In addition, notable differences in the metabolite separa-
tion were observed in the normal diet old group (AC) and 
the functional diet old groups (TA, SZ, and PS; Fig. 1B). 
Metabolites that affected the separation were identified 
using the loading plot (Fig. 1C). Among the metabolites that 
contributed most to the separation, the contents of amino 
acids, such as alanine, cysteine, proline, and serine, were 
higher in the YC group than those in the old mice groups. 
Their eigenvector values were 0.264, 0.257, 0.250, and 
0.208, respectively. The content of free fatty acids, such as 
palmitoleic, stearic, oleic, and palmitic acids (eigenvector 
values were − 0.184, − 0.183, − 0.174, and − 0.160, respec-
tively), increased in the AC group compared to those in the 
other groups. Consistent with these findings, those in previ-
ous studies have demonstrated a relatively high content of 
amino acids and tricarboxylic acid cycle intermediates in 
the plasma samples of young mice (Adachi et al., 2018; Kim 
et al., 2022). In contrast, the plasma samples from the old 
mice showed relatively low levels of amino acids and high 
levels of free fatty acids (Kim et al., 2022). Furthermore, 
the PLS-DA results revealed that each group was divided 
according to aging and diets, and the functional diet groups 
(TA, SZ, and PS) exhibited differences in their metabolite 
profiles compared with the YC and AC groups.

Metabolites comparison of different diets

Next, we performed OPLS-DA analysis to compare each 
functional diet group with the normal diet group (AC), 
which allowed for graphical visualization of the differ-
ences and similarities between groups (Fig. 2). OPLS-DA 
is a supervised statistical technique that separates variables 
related to class identifiers (Blasco et al., 2015). Contrary to 
PLS-DA, OPLS-DA facilitated the identification of meta-
bolic differences between the AC and each extract-fed group 
(TA, SZ, and PS).

The OPLS-DA model showed no significant difference 
between the TA and AC groups, with a  Q2 value of − 0.349 
and an  R2Y value of 0.96 (Fig. 2A). Nevertheless, only cit-
ric acid was identified as a significant metabolite (Fig. 2A; 
Student’s t-test). Moreover, ANOVA revealed elevated levels 
of citric acid in the YC group (Fig. 2A). Citric acid serves 

as an intermediate in the tricarboxylic acid cycle, suggest-
ing a higher energy metabolic rate in young mice than that 
in old mice, consistent with previous findings (Kim et al., 
2022). Furthermore, the OPLS-DA model between the SZ 
and AC groups had a  Q2 value of 0.213 and an  R2Y value 
of 0.995; however, it was difficult to clarify whether the two 
groups were completely separated (Fig. 2B). The ANOVA 
results showed that citric acid and oxalic acid were signifi-
cant metabolites that distinguished the groups (Fig. 2B). In 
particular, oxalic acid had a p-value of less than 0.01, and 
relatively less oxalic acid was detected in the SZ group com-
pared to those in the YC and AC groups.

Unlike the previous comparison, the OPLS-DA model 
between the PS and AC groups had  Q2 and  R2Y values of 
0.659 and 0.984, respectively. This indicated a statistically 
significant difference between the two groups (Fig. 3A). To 
investigate plasma metabolites that significantly influenced 
clustering patterns in the OPLS-DA models, the variable 
importance in projection (VIP) plots were constructed. The 
VIP value represents the importance of each contributing 
metabolite relative to other metabolites. Components with 
VIP values higher than 1.0 are considered significant in 
the grouping of subjects (Yoon et al., 2019). In this study, 
the VIP plots of the AC and PS groups for 21 metabolites 
showed significant VIP values (> 1.0). The highest VIP 
values were identified for organic acids, such as citric, 
oxalic, and pyruvic acids, as well as for amino acids, such 
as ornithine, proline, and leucine (Fig. 3B). ANOVA was 
performed on plasma metabolites with a VIP value of > 1.0 
from mice fed with P. sativum sprout, which confirmed the 
significant difference (p < 0.05; Fig. 3C). Ornithine and cit-
ric acid showed the most significant differences (p < 0.01) 
between groups. A previous study has shown that citrul-
line can modify body composition and positively influence 
lipid metabolism in older adult mice (Moinard et al., 2015). 
Ornithine is a precursor for citrulline synthesis; therefore, 
an increase in ornithine levels may positively affect citrul-
line synthesis and its associated benefits (Marini, 2012). In 
addition, citric acid is a known biomarker of aging that can 
distinguish between aging states (Yue et al., 2022). Cardio-
vascular disease is a typical aging-related disease closely 
associated with the citric acid cycle (North and Sinclair, 
2012). Cardiac muscle mitochondria play an important role 
in ATP production in the citric acid cycle. As the cardiac 
muscle ages, mitochondria alter the cycle flux, reduce ATP 
production, and accumulate citric acid metabolites in the 
plasma. Therefore, high levels of citric acid in the plasma are 
closely related to aging and can act as a predictive biomarker 
for cardiovascular disease (Santos et al., 2023). Oxalic acid 
and proline levels between the PS and AC groups were also 
significantly different (p < 0.05). The presence of a high 
concentration of oxalic acid in the plasma can be an indica-
tor of oxidative stress, which impairs antioxidant defense 
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mechanisms (Korol et al., 2021). Oxalic acid can also con-
tribute to urea formation and exacerbate oxidation (Mydlik 
and Derzsiova, 2010). The link between oxidative stress 
and major aging-related diseases is well-established (Lig-
uori et al., 2018). Reactive oxygen species are byproducts of 
biological oxidation and cause progressive oxidative dam-
age, leading to cell dysfunction and death (Bonomini et al., 
2015). In addition, a high concentration of proline in the 
plasma is associated with sarcopenia and cognitive impair-
ment (Toyoshima et al., 2017). Sarcopenia and proline levels 
in the plasma are closely related because muscle atrophy 
and proline metabolism increase (Ilaiwy et al., 2016). High 
concentrations of proline can induce oxidative damage to 
proteins, lipids, and DNA (Ferreira et al., 2014). Addition-
ally, it prevents the uptake of glutamine, a neurotransmitter, 
in the cerebral cortex and hippocampus of mice (Delwing 

et al., 2007). Furthermore, patients with Alzheimer’s disease 
and amnestic mild cognitive impairment have high plasma 
proline concentrations (Wang et al., 2014). This finding 
suggests a link between increased proline levels and cogni-
tive decline. In addition, ANOVA results showed that the 
contents of oxalic acid, ornithine, citric acid, and proline 
in YC plasma were higher than those in AC and PS groups 
(Fig. 3C). This could be the result of an increased meta-
bolic rate in younger age groups (Kim et al., 2022). Taken 
together, the plasma metabolite profiling data indicated that 
mice ingested with P. sativum sprout had a significant meta-
bolic difference compared to those ingested with other diets.

In conclusion, the dietary effects of functional foods (T. 
aestivum sprout, S. chinensis, and P. sativum sprout) on the 
plasma metabolites of old mice were successfully evaluated 
using metabolomics techniques. After 10 weeks of feeding, 

Fig. 2  A Score plot of the OPLS-DA models based on the 49 metabo-
lites obtained in the plasma of AC and TA groups. Box plots show 
significant differences in ANOVA based on 49 metabolites identified 
in the plasma of AC, TA, and YC groups. B Score plot of the OPLS-
DA models based on the 49 metabolites identified in the plasma of 
AC and SZ groups. Box plots show significant differences in ANOVA 

based on 49 metabolites in the plasma samples of AC, SZ and YC 
groups. The OPLS-DA model represents the difference between the 
two groups. *p < 0.05, **p < 0.01, and ***p < 0.001. AC, TA, and 
SZ groups were fed with 200  mg/kg/day normal, Triticum aestivum 
sprout extract, and Schisandra chinensis extract diets for 10  weeks, 
respectively
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Fig. 3  A Score and B VIP plots of the OPLS-DA models were 
obtained from 49 metabolites in the plasma of AC and PS. The 
OPLS-DA represents the difference between the two groups. C Box 
plots showing significant differences in ANOVA based on 49 metab-

olites identified in the plasma samples of AC, PS, and YC groups. 
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. AC and 
PS groups were fed with 200 mg/kg/day normal and Pisum sativum 
sprout extract diets for 10 weeks, respectively
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metabolic differences were identified using multivariate 
analyses. In particular, the OPLS-DA model showed a statis-
tically significant difference between the PS and AC groups. 
The PS group had lower levels of citric acid, oxalic acid, and 
proline and higher levels of ornithine than the AC group. 
These results indicate that consumption of P. sativum sprout 
extract can potentially prevent or ameliorate the symptoms 
of aging-related diseases. The results of this study highlight 
the importance of plasma metabolite profiling in evaluating 
aging-related biomarkers and suggest the need for further 
research on various functional foods.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10068- 023- 01479-8.
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