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Metabolism plays an important role in regulating aging at several levels, and metabolic reprogramming is the main driving force of aging. Due to the different metabolic needs of different tissues, the change trend of metabolites during aging in different organs and the influence of different levels of metabolites on organ function are also different, which makes the relationship between the change of metabolite level and aging more complex. However, not all of these changes lead to aging. The development of metabonomics research has opened a door for people to understand the overall changes in the metabolic level in the aging process of organisms. The omics-based “aging clock” of organisms has been established at the level of gene, protein and epigenetic modifications, but there is still no systematic summary at the level of metabolism. Here, we reviewed the relevant research published in the last decade on aging and organ metabolomic changes, discussed several metabolites with high repetition rate, and explained their role in vivo, hoping to find a group of metabolites that can be used as metabolic markers of aging. This information should provide valuable information for future diagnosis or clinical intervention of aging and age-related diseases.
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INTRODUCTION
Human life expectancy has gradually increased with the development of human society. According to the World Health Organization report, the number and proportion of the population aged 60 and over is increasing. In 2019, there were 1 billion people aged 60 and over. By 2030, this number will increase to 1.4 billion, and will rise to 2.1 billion by 2050 (World Health Administration, 2020). This growth is unprecedented and will accelerate in the coming decades, especially in developing countries (Chao et al., 2021). Aging causes a decline in many bodily functions, such as decreased muscle strength, organ function, and bone density. These adverse effects make older people more susceptible to disease. The incidence of neurodegenerative diseases, such as Alzheimer’s disease (AD) and Parkinson’s disease, shows a strong correlation with age (Mattson and Arumugam, 2018). How to maintain health and physical function for longer periods of time to achieve “healthy aging” and ultimately extend “healthy lifespan” is a problem that has been pondered by humans for thousands of years. In the twentieth century, it was discovered that while the decline of cognitive and physical abilities may be an inevitable consequence of aging, changes in diet and metabolism could delay the onset of this consequence (Canevelli et al., 2016; Sanders et al., 2016). However, the exact mechanisms of aging are still unknown. Whether changes in several key pathways or substances in the body control the aging process, or whether aging is the result of all the substances in the body beginning to deteriorate and working together at the same time, still needs to be confirmed by further research.
In recent years, an increasing number of researchers have begun to use omics technology to study normal aging because of its high-throughput characteristics, such as proteomics, genomics, transcriptomics, and metabolomics. Several “aging clocks” have been established to predict the onset of aging based on relevant omics research data, such as the proteome clock, the transcriptome clock, and the epigenetic clock (Fleischer et al., 2018; Horvath and Raj, 2018; Tanaka et al., 2018; Rutledge et al., 2022). Using metabolomics platforms, researchers can perform targeted or non-targeted tracking of large numbers of metabolites simultaneously, and compare metabolomic sample data from aging subjects, allowing them to understand changes in the aging process through changes in metabolite levels. Due to the functional differences between different organs, their respective metabolite compositions will also differ. In addition, the levels of metabolites in the same organ will be different in different age groups due to the different needs of the body’s life activities. Understanding the mechanisms underlying such differences will give us the opportunity to understand the mysteries of aging.
Blood and urine samples are readily available, and the blood contains metabolites from various tissues and organs, so using blood or urine metabolites for research can reflect the overall situation of the body to some extent, and changes in the blood and urine metabolome during aging have been well described and summarized (Roberts et al., 2020; Clement et al., 2019; Johnson et al., 2019; Kondoh et al., 2020; Shao and Le, 2019; van den Akker et al., 2020; Robinson et al., 2020; Hertel et al., 2016; Adav and Wang, 2021). However, due to the fact that not all metabolites in tissues are completely excreted in blood or urine, and that changes in organ activity can have a significant impact on the metabolites in those organs, this advantage also brings with it the difficulty of determining which changes are truly reflected in the metabolomic data obtained from the blood and urine (Tryggvason and Wartiovaara, 2005; Rutledge et al., 2022). Therefore, the use of metabolomics data from specific tissues or organs can avoid the problem of metabolic signals being masked during the aging process (Schaum et al., 2020; Tabula Muris, 2020). In addition, appropriate in vitro cell model omics data can also represent the changes in organs during aging or disease to some extent (Chao et al., 2021).
Herein, we performed a detailed literature search for metabolic studies in multiple tissues and species related to aging (PubMed and Google Scholar search with the criteria “aging/ageing,” “senescence,” “metabolites,” “metabolome”), which consulted over a thousand related articles in total. The manuscripts were then screened and reviewed, and the inclusion criteria for a manuscript included natural aging, metabolome results published on or after 2011, publications/authors provided list of significant/all metabolites, and choose those using nature aging mice, rats, human organs or in vitro aging cell models as research objects. Among the articles finally selected, eight articles described changes in the metabolome of aging cell models, eight described changes in the metabolome of aging muscle, four described changes in the metabolome of aging brain, four described changes in the metabolome of aging liver, two described changes in the metabolome of aging spleen. In addition, one article each described changes in the metabolome of the aging eye, skin, kidney, lung, and testes. Of these articles, eight focused on rats, seven on mice, and eight on human tissues or cell models. The measurements were performed using multiple platforms including but not limited to liquid chromatography-mass spectrometry-based metabolome and nuclear magnetic resonance-based metabolome. Using the authors’ summary of the experimental data, we summarized more than 130 metabolites showed significant changes in the aging stage, and 47 metabolites appeared frequently (more than or equal to three articles) (Table 1). Among the 47 recurrent metabolites, 16 mostly decrease with aging in different organs, 7 mostly increase with aging. The remaining 24 metabolites showed different trends with aging in different species as well as in different tissues, and overall there did not seem to be a clear trend associated with aging. By collecting existing reports on the relationship between these metabolites and aging, we selected 14 metabolites with apparent changes in level and known to be closely related to the aging process for further discussion (Table 2). In this review, we describe the changes in metabolites during organ aging and discuss the analysis of changes in metabolites levels, as well as some metabolites that can serve as potential biomarkers of aging with apparent trends, providing potential references for future research.
TABLE 1 | Changes of metabolites in different aging organs.
[image: Table 1]TABLE 2 | Changes in metabolite levels with apparent trends in different aging organs and cell models.
[image: Table 2]Metabolites from carbohydrate metabolism is one of the extensively studied group as markers during aging
Carbohydrate metabolism refers to a series of complex chemical reactions of glucose (Glu), glycogen, etc. In the body. The major metabolic pathways of Glu in vivo include glycolysis, the tricarboxylic acid (TCA) cycle, and the pentose phosphate (PPP) pathway. The entire reaction process of glycolysis is completed in the cytoplasm, starting with the Glu, which is catalyzed by a series of enzymes to form the end-product pyruvate. Pyruvate is then reduced to lactate under anaerobic conditions. Under aerobic conditions, pyruvate enters the mitochondria and is further oxidized to produce acetyl coenzyme A (acetyl-CoA) for further oxidation in the TCA cycle, which is the primary pathway for energy production in the organism. In addition, the PPP is another important pathway for Glu oxidation and catabolism, and is designed to provide some of the raw materials needed for biosynthesis, rather than for cellular energy supply (Anastasiou et al., 2011; Gruning et al., 2011).
In the testis of aging rats, Glu levels are decreased (Jarak et al., 2018), and the masseter muscle showed lower levels of 3-phosphoglycerate, 2-phosphoglycerate, and phosphoenolpyruvate (PEP) (Kato et al., 2021). In aged mice, pyruvate levels are elevated in the eye, but fructose-1,6-bisphosphate (FBP) showed different changes in different parts of the eye (Wang et al., 2018). In cellular models, the trend in glycolysis consistent with the trend in rats and mice (Wu et al., 2017; Nagineni et al., 2021), suggesting that the degree of glycolysis is upregulated in senescent cells (Wu et al., 2017). In addition, the PPP also shows an increased trend (Garvey et al., 2014), while the TCA cycle shows the opposite trend. In the skeletal muscle of aging rats, the levels of fumaric acid and malic acid, intermediate metabolites of the TCA cycle, were decreased in older individuals. Levels of succinylcarnitine and flavin adenine dinucleotide (FAD) were also reduced (Garvey et al., 2014). In addition, the liver, spleen, lungs, and eye of aging mice all have decreased levels of fumaric acid, oxaloacetate, malic acid, and α-ketoglutarate (Wang et al., 2018; Zhang et al., 2021). Studies at the cell level yielded similar results. Senescent cells showed a downward trend in malic acid, fumaric acid, and succinic acid levels, while isocitrate and citric acid levels were relatively elevated (Yi et al., 2020; Nagineni et al., 2021). In addition to the major metabolites listed above, other metabolic intermediates such as allantoin, acetate, ethanolamine, choline, phosphorylcholine, 2-hydroxyglutarate, succinyl, malonic acid, and citrate, also change with age (Table 1).
Because of the different functions of organs in different parts of the body, their metabolite level changes at the same time can be distinguished. For example, in rat gastrocnemius muscle, the levels of glycolytic intermediates such as FBP, and PEP are significantly increased, but in soleus muscle, FBP, PEP, glucose-6-phosphate (G6P), etc., showed the opposite changes in the same age group of rats (Garvey et al., 2014). Studies have shown that the aging process of the soleus muscle may be later than that of the gastrocnemius muscle (Oliveira et al., 2019; Yanar et al., 2019), which may account for the different metabolic trends seen in these two muscles in rats of the same age. In addition, relatively high levels of the TCA cycle intermediate fumaric acid, malic acid, succinic acid, and α-ketoglutarate were detected in human breast cancer cells with a senescent phenotype induced by doxorubicin (Wu et al., 2017). These changes are different from the aforementioned changes in mitochondria-related metabolome in normal aging cells. The reason for this phenomenon may be that when the damage accumulation does not reach the threshold, cells can repair the damaged DNA by increasing the strength of the PPP and TCA pathways to synthesize nucleotides, thereby compensating for the cellular dysfunctions caused by DNA damage as soon as possible (Gewirtz, 1999; Thorn et al., 2011).
Pyruvate is the key metabolite linking glycolysis and the TCA cycle. Pyruvate has been shown to have antioxidant, anti-nitrite stress, and anti-inflammatory effects, among others (Flaherty et al., 2010; James et al., 2015). In addition, pyruvate can undergo transamination reactions with glutamate to produce alanine and α-ketoglutarate, which are used as reaction intermediates to participate in the remaining steps of the TCA cycle. A study has shown that the consumption priority of pyruvate is higher than that of glucose in isolated mouse skeletal muscle (Khattri et al., 2022). In addition, pyruvate can counteract hypoxic lactic acidosis and the Warburg effect by increasing the ratio of nicotinamide adenine dinucleotide to reduced nicotinamide adenine dinucleotide (NAD+/NADH) (Hu et al., 2013). It also protects the structural integrity of the mitochondria and the function of the endoplasmic reticulum, thereby preventing cell apoptosis (Zhang et al., 2020a; Li et al., 2020). In addition, studies have shown that artificially elevated pyruvate can increase NAD+ levels (Iannetti et al., 2018; Kim et al., 2018), and there are no reports of adverse effects, which has led researchers to consider the possibility of using pyruvate or pyruvate derivatives as drugs to treat certain diseases. Some scientists believe that pyruvate can be used instead of NAD+ as an exogenous supplement to treat diabetes, but more research is needed to verify this hypothesis (Zhang et al., 2020b; Zhou, 2021). Thus, the elevated levels of pyruvate, a key central metabolite, during the aging phase, indicate that the downstream pathways it mediates are inhibited. Given the variety of stress conditions that occur during aging, inhibition of these pathways is likely to be a direct manifestation of aging. All of these results suggest that pyruvate can be used as an indicator of organ aging.
In addition to pyruvate, Glu is one of our first choices as a marker metabolite of aging, but Glu in different organs does not change consistently with age. Studies have shown that the Glu uptake capacity of high-energy-consuming organs such as the brain and skeletal muscle is reduced due to the decline in insulin signaling, insulin sensitivity, and Glu transporter levels that occurs with aging (Muzumdar et al., 2004; Karakelides et al., 2010; dos Santos et al., 2012). The expression levels of phosphoenolpyruvate carboxykinase (PEPCK) and Glu-6-phosphatase (G6Pase) were increased in the livers of aging rats, which ultimately increased hepatic Glu production (Gaspar et al., 2020). These results suggest that different organs have different levels of Glu requirements, which means that Glu may not be a suitable aging marker for the whole-body. However, because of its high detection sensitivity, it is possible to combine changes in Glu levels with other metabolites in specific organs to provide a targeted indication of organ age.
Lactate is reduced from pyruvate under anaerobic conditions, and several studies in different organs have found that lactate levels change with age as well as in senescent cell models (Houtkooper et al., 2011; Tepp et al., 2017; Nagineni et al., 2021; Zhang et al., 2021), but the of change trends are different. Lactate has long been considered a metabolic waste product for a long time. However, studies have shown that most of the lactate produced by muscle contraction is taken up by other organs through the bloodstream and used as fuel for oxidation to produce energy, a phenomenon now known as the lactate shuttle (Brooks, 1986; Bergersen, 2007; Adeva-Andany et al., 2014). Central nervous system lactate increase as plasma lactate levels increase, with decreased Glu uptake, suggesting that the brain may prefer lactate to Glu as a raw material for energy production (Smith et al., 2003). Muscle cells can convert lactate to pyruvate, which can enter the TCA cycle directly, if oxygen is available, and the liver can also convert lactate to Glu through gluconeogenesis (Bergman et al., 2000; Meyer et al., 2002; Le et al., 2010; Emhoff et al., 2013). In fact, lactate can not only directly enter the mitochondria directly to complete the oxidation process to pyruvate, but it can also be converted to pyruvate in the cytoplasm and then transported to the mitochondria, and an increase in lactate intake can help cells generate more energy faster through the TCA process (Bouzat et al., 2014). In recent years, studies have shown that lactate can bind to GPR81 (also known as hydroxycarboxylic acid receptor HCAR1), a member of the members of the G protein-coupled receptor family (Lauritzen et al., 2014), shedding new light on how lactate is involved in more complex signaling processes (Bozzo et al., 2013). Overall, similar to Glu, the general changes in lactate levels in aging organs suggest that lactate is closely related to aging and could be a targeted indicator of organ age.
Taken together, these results suggest that the energy centers of the cell undergo a shift from the mitochondria to the cytoplasm during senescence. Changes in the levels of several metabolites reflect this age-related transition (Figure 1), such as the levels of fumaric acid and malic acid were relatively decreased in the aging stage, accompanied by a relative increase in the level of pyruvate, indicating an enhancement of the glycolytic pathway and the weaking of the TCA pathway during the aging phase. On the other hand, some modalities thought to prolong the lifespan, such as energy restriction (CR), can increase the metabolic level of the TCA cycle, which laterally reflects that the decrease in the TCA cycle may be a symbol of aging (Heilbronn and Ravussin, 2003; Mitchell et al., 2016). Based on studies summarized above, it seems that pyruvate can be used as a marker for carbohydrate metabolism changes during aging, while more research on Glu, lactate is needed to better understand their role in aging.
[image: Figure 1]FIGURE 1 | Schematic representation of glycolysis and the TCA cycle. The red font indicates the metabolites with significant changes in the level of aging organs found in most studies (data from Table 1). The red up arrow indicates that the changes of metabolites in different reports and tissues are mostly increasing, while the green down arrow indicates the opposite. In aging organs, the levels of the glycolytic intermediate products G6P, FBP, glycorate-3-phosphate, and glycorate-2-phosphate and the TCA intermediate products fumaric acid and malic acid are relatively low, while the levels of the glycolytic end product pyruvate are relatively high, reflecting that the glycolytic flux increased at the stage of organ aging, while the TCA cycle flux decreased.
Amino acid metabolites showing different trends during aging
Amino acids and small-molecule peptides are also metabolites that appear frequently in many studies. Amino acids can be used to synthesize proteins necessary for life activities, and are associated with a number of other metabolites (Figure 2), and some important anti-stress substances in the body are also synthesized through amino acid metabolism, such as glutathione (GSH) and creatine (Hopkins, 1929; Kendall et al., 1930; Van Pilsum et al., 1972).
[image: Figure 2]FIGURE 2 | Schematic of carbon skeleton sources during nonessential amino acid synthesis. The metabolites reported in many articles that their levels in aging organs will change significantly are shown in red font (data from Table 1). The red up arrow indicates that the metabolites are increased in aging tissues, while the green down arrow indicates that they are decreased in aging tissues. The levels of glycine, glutamate, and methionine can be seen to decline in aging organs, while the opposite is true for leucine and isoleucine.
Most protein amino acids show different metabolic trends in different aging organs or cells. For example, in aged rats, glutamate level decreased while alanine, and glutamine levels increased (Table 1). In senescent human umbilical vein endothelial cells, the levels of glutamate and alanine decreased as the number of cell passages increased. In human skin samples, the level of glutamate was higher in older samples, as were the levels of glutamine and alanine (Kuehne et al., 2017). Some amino acids even show inconsistent metabolic trends in different parts of the same organ, such as cysteine. Cysteine levels increased with age in the retina and lens, but decreased in the cornea (Wang et al., 2018). The same is true for non-protein amino acids and modified amino acids, such as taurine, methylhistidine, and methylhistamine, as well as small molecular weight peptides, such as creatine (Table 1).
Glutamate is a free amino acid that is abundant in the human body and was originally known for its unique umami taste. Glutamate is an excitatory neurotransmitter (Burger et al., 1989; Watkins and Jane, 2006; Zhou and Danbolt, 2014), and because of the close link between glutamate recycling at synapses and energy metabolism (Sibson et al., 1998; Yu et al., 2018), maintaining of glutamate homeostasis at synaptic sites is of great importance for normal brain function. In addition, neurons actively take up glutamate and use it as a substrate for energy production (Sonnewald et al., 1996; Olstad et al., 2007). An increasing number of studies have shown that brain energy metabolism homeostasis is closely related to neurological diseases. Some neurological diseases are associated with abnormal glutamate levels, such as AD. Significantly lower glutamate levels have been found in patients with major depression and AD compared to healthy subjects (Rupsingh et al., 2011; Gueli and Taibi, 2013; Inoshita et al., 2018). This information raised the question of whether abnormal glutamate metabolism may be a major cause and an important manifestation of neurodegenerative diseases (Cunnane et al., 2020). Studies have shown that decreased expression of a key glutamate receptor, GLT-1, in both AD and Huntington’s disease (HD) patients and related rodent disease models reduces the efficiency of glutamate uptake by astrocytes for release into the synaptic cleft (Andersen et al., 2021). Glutamate is also active in peripheral organs such as the digestive tract, pancreas, and bone (Julio-Pieper et al., 2011; Tremolizzo et al., 2012). It has been reported that approximately 35% of the total energy consumption of intestinal mucosal cells comes from dietary glutamate (Uneyama et al., 2017). Together with the decreasing trend of glutamate in the aging rat brain described above, these results together raise the possibility of using glutamate as a marker of brain aging.
Glutamine is listed as a non-essential amino acid because it can be synthesized in vivo, and it is involved in many metabolic pathways as well as glutamate transfer processes in the nervous system. One article suggested that inhibiting the normal breakdown of glutamine may promote various age-related diseases by prolonging the survival time of senescent cells (Johmura et al., 2021). This is similar to the conclusion that timely removal of senescent cells in some age-related diseases can maintain overall organ or body health (Xu et al., 2018; Justice et al., 2019). Here, relatively high levels of glutamine were found in several aging organs and cell models (Table 1), as if glutamine degradation in inhibited during aging. However, not all aging organs show higher glutamine levels (Table 1). Recently, a study has shown that aging mesenchymal stem cells exhibit metabolic remodeling, characterized by reduced glucose uptake, which in turn compensates for energy generation gaps by degrading glutamine (Choudhury et al., 2022). Therefore, further studies on the metabolic changes in glutamine in aging are needed.
GSH is a tripeptide synthesized from three amino acids by the enzymatic system and is a common antioxidant in cells. Although its primary anabolic sites are the liver and kidney, GSH is present in almost all cells of the body (Jana et al., 2021). Previous studies have mentioned that its levels decrease during aging (Mitchell et al., 2000; Rebrin and Sohal, 2008; Cantor and Sabatini, 2012; Homma and Fujii, 2015; Verdin, 2015; DeBerardinis and Chandel, 2016; Pavlova and Thompson, 2016), which is consistent with the results of metabolomic studies in recent years (Table 2). The oxidized form of GSH is called GSSG. GSH is the major form that exerts its function, and GSSG must be reduced to obtain GSH before the next round of reaction. GSH has significant effects in enhancing immunity and detoxification, and it has been reported in recent years that the intracellular detoxification process involving GSH has a certain delaying effect on senile deafness (Escartin et al., 2011; Scire et al., 2019; Ferreira et al., 2021; Someya and Kim, 2021). Combined with its functions, especially its antioxidant capacity, proper supplementation of GSH may have unexpected effects on aging or some age-related diseases. However, the strong antioxidant capacity of GSH itself also indicates that it is easily oxidized and has poor stability. In addition, as a tripeptide, it cannot cross the cell membrane directly by itself. These factors make it difficult to preserve and directly replenish GSH. However, the nanodrug delivery system developed in recent years may provide a new direction for artificial GSH supplementation (Li et al., 2021). According to the metabolomic research literature discussed above, GSH levels or GSH/GSSG levels in aging organs were relatively decreased in the aging stage, which means that it may indicate the aging process and could be an aging marker.
Glycine levels showed a tendency to decrease with aging (Table 1). Glycine is one of the amino acids that synthesize GSH, and its level is affected to some extent by the level of GSH, then influence the progress of aging (Kumar et al., 2020; Kumar et al., 2021). Glycine is also simultaneously the input amino acid for one-carbon metabolism and is able to contribute single carbon units to the folate cycle to produce a variety of one-carbon bound tetrahydrofolates (THF) (Locasale, 2013). These act as coenzymes in methylation reactions, including the generation of methionine by methionine synthase (METR-1 in C. elegans) and the universal methyl donor S-adenosylmethionine (SAMe) by S-adenosylmethionine synthase (SAMS-1) in C. elegans (Locasale, 2013). These output metabolites of one carbon metabolism support a number of biological functions (Locasale, 2013). In C. elegans, mutations in the metabolic gene SAMS-1 and levels of SAMe and S-adenosylhomocysteine (SAH) have been implicated in the regulation of senescence (Hansen et al., 2005; Cabreiro et al., 2013). Another study in mouse pluripotent stem cells showed that threonine catabolism contributes one carbon to the same synthesis and histone methylation via the glycine cleavage pathway (Shyh-Chang et al., 2013). In recent years, glycine and N-acetylcysteine (GlyNAC) supplementation for 16 or 24 weeks has been shown to improve GSH deficiency, oxidative stress, mitochondrial dysfunction, inflammatory response, insulin resistance, muscle strength, and cognition in elderly subjects, whereas these beneficial effects were reduced 12 weeks after cessation of GlyNAC supplementation (Kumar et al., 2021; Kumar et al., 2023). A study in C. elegans showed that the addition of 5–500 μM glycine was able to increase the lifespan of nematode, whereas higher levels of glycine (5–10 mM) had no such effect (Liu et al., 2019). Taken together, these results suggest that glycine may serve as an aging marker.
Leucine, isoleucine, and valine all contain a branched chain structure, so they are collectively called branched-chain amino acids (BCAAs), and they are all essential amino acids. BCAAs have three main roles: as a raw material for protein synthesis, as a signaling molecule to stimulate protein synthesis, and to break down energy production during fasting (Le Couteur et al., 2020). Metabolism of BCAAs is concentrated in the muscle, and muscle tend to suffer from loss of quality and strength as the body ages. Reduced muscle anabolism and decreased response to insulin and amino acids in aging skeletal muscle, but still responsive to the administration of BCAAs, particularly leucine (Fujita and Volpi, 2006). Leucine can stimulate insulin secretion from beta cells in the pancreatic islets and work synergistically with glucose to regulate insulin secretion in response to dietary carbohydrate and protein intake (Neinast et al., 2019; Le Couteur et al., 2020). Studies have shown that a diet high in leucine can reverse the phenomenon of impaired muscle protein synthesis in the elderly, but the same diet had no significant effect on muscle protein synthesis in young adults (Katsanos et al., 2006). In addition, a study showed that skeletal muscle mass increased in the intervention group after dietary intervention with BCAA-rich supplements in patients with gait disorders, although there was no significant impact on daily activated (Moriwaki et al., 2019). However, it remains to be confirmed whether supplemental leucine can help older adults regain lost muscle mass. A systematic review and meta-analysis of leucine supplementation in older adults showed that leucine increased the rate of protein synthesis, but had no effect on lean body mass or lean leg mass in older adults (Xu et al., 2015). In addition, BCAAs levels tend to increase with age during the aging process (Table 1), and energy restriction, protein restriction, gastric bypass surgery, etc., which are thought to improve metabolism, will decrease plasma BCAA levels (Magkos et al., 2013; Zheng et al., 2016a; Fontana et al., 2016). A study examining the effect of a low-BCAAs diet on normal lifespan in mice found that starting a low-BCAAs diet midway through life increased lifespan and that this effect was associated with decreased mTORC1 signaling, while increased levels of BCAAs in the brain may increase mTORC1 signaling (Richardson et al., 2021). In addition to rodents and humans, studies of the effect of BCAAs on lifespan have been conducted in other biological models, such as Saccharomyces cerevisiae, Caenorhabditis elegans, and Drosophila, but the results have been inconsistent (Aris et al., 2013; Mansfeld et al., 2015; Juricic et al., 2020). In addition, BCAAs have been implicated in disease. Studies have shown that complete deprivation of BCAAs for a short period of time can improve insulin sensitivity in the liver (Xiao et al., 2011; Xiao et al., 2014). Experiments in mice and rats have shown that artificially increasing BCAA levels in the daily diet can induce obesity and insulin resistance (Newgard et al., 2009). These findings all indicate that low levels of BCAAs are beneficial for maintaining health and slowing down aging. However, plasma levels of BCAAs were lower in sarcopenic elderly subjects than in healthy elderly subjects, which means that sarcopenia is associated with reduced levels of BCAAs (Ottestad et al., 2018; Ter Borg et al., 2019). Taken together, differential changes in the levels of BCAAs in different age-related diseases suggest that BCAAs along may not be directly associated with the development of these diseases. Some scholars have noted that it may not be the right choice to group the three BCAAs into one category. The functions of leucine, valine, and isoleucine in the body are still different. For example, the blood level of isoleucine is positively correlated with human mortality, while valine and leucine show the opposite correlation (Deelen et al., 2019). Furthermore, leucine and isoleucine are insulinotropic in the postprandial phase, whereas valine and isoleucine are gluconeogenic in the fasting state (Le Couteur et al., 2020). Overall, although BCAAs may have an intriguing relationship with aging, more research is needed to further elucidate their role in aging and age-related diseases, as well as the differences between different species (Le Couteur et al., 2020; Babygirija and Lamming, 2021).
The involvement of amino acids and their derived metabolites in multiple metabolic pathways, combined with their diversity, makes it more difficult to delineate changes in their levels in aging organs from a holistic perspective. Significant changes in the levels of glutamate, glutamine, and BCAA have been reported in many publications, suggesting a close relationship between them and organ aging and making them important age-related metabolites. But their changing trends in different organs are not the same, more studies are needed to help better understand the role they may play in aging. Nevertheless, GSH or GSH/GSSG, as well as glycine levels, were decreased with aging in several organs, thus may serve as markers of aging.
ATP and uracil in nucleotide metabolites can be used as aging markers
Nucleotides, as the basic structural units of nucleic acids, are involved in almost all metabolic pathways in cells, such as coenzyme function, regulation, substrate activation, anabolism, and provision of nucleic acid subunits (Lane and Fan, 2015). Studies have shown that adenosine triphosphate (ATP) levels were significantly lower in the aging group in various organs of rats, mice, and human cell aging models (Table 1). The levels of inosine monophosphate (IMP), guanosine diphosphate (GDP), hypoxanthine, and uracil all increase with age (Figure 3). In the human fibroblast model, higher levels of purines (hypoxanthine, 7-methylguanine, and urate) and pyrimidine (3-ureidopropionate) and lower levels of thymidine were measured in normal and γ-ray-induced aging groups (James et al., 2015). In addition, the changes in inosine and uridine levels found in several studies varied. In the brain, heart, kidney, and liver of mice, the levels of inosine and uridine levels decreased with age (Zhang et al., 2021), whereas a study in rat showed an increase in uridine levels in the liver (Wesley et al., 2019). Increased levels of guanosine monophosphate (GMP) can be detected in the masseter muscle of aged rats (Morrison et al., 2019; Kato et al., 2021). Other substances with age-related changes in metabolite levels include deoxyribose and methylated nucleotides, which increase with age in the retina and optic nerve of aging mice, respectively (Wang et al., 2018).
[image: Figure 3]FIGURE 3 | Schematic diagram of the nucleotide synthesis pathway and the pathway related to ATP generation. Metabolites with significant changes in their levels in aging organs are indicated in red font (data from Table 1). The rising trend is indicated by the red up arrow, and the decreasing trend is indicated by the green down arrow. The levels of IMP, GDP, and uracil were all relatively increased in aging organs, as well as ROS, while the levels of ATP, fatty acids, and phosphocreatine changed inversely.
The decrease in ATP is consistent with previous findings of decreased TCA cycle and OXPHOS flux in the mitochondria. Because of its important basic function in the body, it is difficult to confirm its role in the aging process. However, the total ATP level is detectable, so it is possible to make ATP a simple marker of aging with a perfect evaluation system. Hypoxanthine levels were positively correlated with age. Hypoxanthine is the product of the nucleotide degradation pathway and produces xanthine and uric acid under the action of xanthine oxidase (Lawal and Adeloju, 2012). Uracil is mentioned in several articles, and all point to a relative increase in uracil levels with age (Morrison et al., 2019; Kato et al., 2021; Zhang et al., 2021). It is a component of RNA in the form of uracil ribonucleotides, and appears in DNA in some special cases, such as abnormal cytosine deamination, and incorrect insertion of deoxy uracil dUTP during DNA synthesis (Fadda and Pomes, 2011; Lewis et al., 2016; Chakraborty and Stover, 2020). In general, uracil misincorporation into DNA is recognized and removed by DNA repair enzymes, but excess uracil mutations can cause DNA double-strand breaks, which in turn activate the p53-mediated apoptosis pathway (Yadav et al., 2016). From this perspective, the increase or accumulation of uracil that occurs during normal aging reflects the accumulation of DNA damage in organs and can be used as an aging marker.
Lysophosphatidylcholine (LPC) and fatty acids are possible aging markers in lipid metabolism
Lipids have important functions in living organisms, including energy storage, organ protection, and the formation of cell membrane systems in living organisms. In addition, many lipid metabolites and their derivatives play key roles in cell signaling, metabolic regulation, and other processes. In aged rats, studies have shown that the levels of several glycerophospholipids (GPLs) decreased in the soleus, while glycerol, 3-phosphoglycerol, and glycerophosphocholine increased in the gastrocnemius increased (Garvey et al., 2014). Fatty acids levels of in the soleus decrease with age but increase in the gastrocnemius muscle (Garvey et al., 2014). Lower levels of carnitine and low molecular weight acylcarnitine were found in the gastrocnemius and soleus (Garvey et al., 2014). Glycerol-3-phosphate and linolenic acid levels were reduced in the liver (Son et al., 2012). However, increased levels of cholesterol, betaine, carnitine, and acylamino bases were found in the liver (Son et al., 2012). An increase in total LPC and fatty acids was found in the brain (Zheng et al., 2016b), and the same occurred in the human vastus lateralis (Zheng et al., 2016b; Wilkinson et al., 2020; Zhang et al., 2021). In addition, except for alpha-linolenic acid, the levels of omega-3 and omega-6 fatty acids levels were significantly lower, whereas linoleic acid and arachidonic acid levels were higher in the rat brain (Zheng et al., 2016b). In aged mice, fatty acids accumulate in muscle, with increased levels of polyunsaturated fatty acids and decreased levels of phospholipids such as renal phospholipids and LPC in the heart (Houtkooper et al., 2011; Zhang et al., 2021). Relatively low levels of cholesterol are found in the cornea and optic nerve (Wang et al., 2018). Glycerol decreased in kidney and liver (Eum et al., 2020; Zhang et al., 2021), but increased in the retina (Wang et al., 2018). In addition, glycerol levels were decreased, and palmitic acid, oleic acid, myristic acid, stearic acid, and linoleic acid were increased after CR treatment (Mitchell et al., 2016).
Under normal conditions, the mitochondrial membrane is polyunsaturated, and its lipid composition is dominated by unsaturated lipids. Previous studies have shown that the unsaturation of the mitochondrial membrane decreases with age (Almaida-Pagan et al., 2012; Stanley et al., 2012), resulting in reduced mitochondrial production of energy production and increased levels of ROS, causing excessive oxidative stress that can damage organs during aging (Kubota et al., 2016; Wang et al., 2018). One study showed that individuals with higher levels of LPC had greater mitochondrial oxidative capacity (Semba et al., 2019), suggesting that LPC may affect mitochondrial oxidative capacity by participating in the formation of the normal mitochondrial membrane system. In addition, studies have shown that LPC levels can be significantly altered from normal conditions in several age-related diseases, including rheumatoid arthritis, atherosclerosis, cardiovascular disease, and AD (Newgard et al., 2009; Xiao et al., 2011; Xiao et al., 2014; Ottestad et al., 2018). Therefore, LPC, a substance involved in the composition of the mitochondrial membrane structure, can be used as a universal marker of aging. On this basis, if the effective level of LPC in the body can be artificially increased by external intervention, it may have unexpected effects on delaying the aging process.
Fatty acids showed a tendency to decrease with age in most studies. However, a significant accumulation of free fatty acids was observed in aged rat gastrocnemius muscle (Garvey et al., 2014). Considering that an important pathway for energy production from fatty acids is beta-oxidation which occurs in mitochondria (Kasumov et al., 2005; Lopaschuk et al., 2010; Houten et al., 2016), it is possible that the gastrocnemius muscle attempts to compensate for the gap in energy production through fatty acid β-oxidation capacity, but due to mitochondrial damage from aging, β-oxidation cannot proceed normally, resulting in the accumulation of free fatty acids (Garvey et al., 2014). Similar results have been found in rat livers (Son et al., 2012; Garvey et al., 2014). In the above research results, the level of carnitine, a substance that helps macromolecular fatty acids enter the mitochondrial membrane, was relatively lower in the aging stage (Table 1), which may reflect the inhibited β-oxidation pathway. In addition, fatty acids may also be involved in more complex regulatory processes, such as cognitive maintenance (Pifferi et al., 2010; Pifferi et al., 2015; Royo et al., 2018). However, some studies have shown that n-3 PUFAs have an opposite regulatory effect in the human brain (Cunnane et al., 2009). Therefore, more research is needed to confirm the overall trend of changes in the levels of these substances with age.
Polyamine metabolism, NAD+ and ROS
Polyamines (PAs) are ubiquitous low molecular weights biogenic amines and classically refer to three molecules: putrescine, spermidine, and spermine. Polyamines can interact with various cellular macromolecules, such as nucleic acids, ATP, proteins, and phospholipids, and thus play a critical role in many biological processes, including nucleic acids stabilization, protein synthesis, cell cycle progression, and cell proliferation (Bae et al., 2018; Igarashi and Kashiwagi, 2019). The changing trend of spermidine has different characteristics in different organs, with increasing levels in the masseter muscle of aging rats, but no significant changes levels in the colon cancer cell model (Kato et al., 2021). In contrast, spermine shows an increasing trend with aging in various organs (Wilkinson et al., 2020; Nagineni et al., 2021). Although rarely reported in the literature, polyamines may have unexpected anti-aging effects (Xu et al., 2020; Soda, 2022). One study showed that when rats were treated with spermine or spermidine, their cardiac creatine levels were reduced during aging, along with taurine, which were the same results as in CR-treated experiments (Mitchell et al., 2016; Zhang et al., 2017).
NAD+, NADH, nicotinamide adenine dinucleotide phosphate (NADP) and reduced nicotinamide adenine dinucleotide phosphate (NADPH), as proton transfer carriers, are responsible for the function of transferring protons in various metabolic pathways. A study in rats showed that liver NAD+/NADH levels decreased with age, and nicotinamide levels were also reduced (Son et al., 2012; Wesley et al., 2019). Correspondingly, NAD+ levels in the gastrocnemius muscle decreased significantly, consistent with the concomitant observation of glycolysis (Garvey et al., 2014). In the brain, a relative decrease in NAD+ levels was observed along with an increase in niacin levels (Wesley et al., 2019). Some studies have shown that lower levels of nicotinamide in the kidney, liver, and lungs of aging mice and relatively high levels of NAD+, riboflavin, and nicotinamide in the choroid of the eye (Wang et al., 2018; Zhang et al., 2021). In cell models, relatively low levels of acetyl-CoA were detected in senescent breast cancer cells, and the amount of NADPH produced by the PPP pathway increased in the cells of the aging and apoptosis groups, but the total amount of NADPH in the cells decreased at the same time (Wu et al., 2017). Relative decreases in nicotinamide riboside and nicotinamide ribonucleotide levels were detected in the mesenchymal stromal cell model (Fernandez-Rebollo et al., 2020), and relatively low levels of NAD+ and NADPH were detected in human umbilical vein endothelial cells and colon cancer cells, respectively (Yi et al., 2020; Nagineni et al., 2021). Overall, NAD+ shows a relative decrease in levels in aging organs, and can be used as an aging marker. Research has shown that the decrease in tissue NAD+ levels during aging is directly related to the increased expression of macrophage CD38+, a transmembrane protein that can consume NAD+ to form cyclic adenosine diphosphate (ADP)-ribose, ADP-ribose, and nicotinamide (Camacho-Pereira et al., 2016; Covarrubias et al., 2020).
As reported, ROS has been widely used as an aging marker. ROS are partially reduced or excited forms of oxygen, negative changes in the external environment can directly cause ROS accumulation. And cells also continue to generate endogenous ROS during normal metabolism (Sarniak et al., 2016). It is generally believed that the latter is the main reason for the marked increase in ROS levels in senescent cells. The level of intracellular ROS shows a trend of continuous accumulation throughout the life cycle of cells, and the levels of several antioxidant molecules, such as GSH, creatine, and fumarate, in senescent cells gradually decreased with increasing cell passage (Table 1), indicating that the cell’s antioxidant defense system weakens as cells age. Although the metabolomic article selected here does not provide a direct examination of ROS levels, in the free radical theory of senescence established more than five decades ago, ROS are essential for senescence and a large number of experiments to date have demonstrated the role of ROS in inducing senescence (Baranov and Baranova, 2017). However, new experimental data and clinical studies in recent years suggest that ROS also play an important role in normal cellular life processes, a finding that transforms ROS change from harmful to common metabolites like other metabolites (Baranov and Baranova, 2017; Mittler, 2017). During the development of C. elegans, the gradually increasing levels of ROS enhance the nematode’s ability to tolerate stress and thus have the effect of prolonging its lifespan (Bazopoulou et al., 2019). However, such findings rather emphasize the validity of ROS as a marker of senescence.
In general, the NAD+ levels decreased relatively in aging organs, while ROS showed a trend of continuous accumulation. Since NADPH can be used to maintain the reduced state of GSH, it is believed that this may be due to the increase in the amount of intracellular ROS, which consumes a large amount of GSH and causes the reduction of senescent cells (Wu et al., 2017). Therefore, the close relationship between ROS, NAD+ and aging, the fundamental role that ROS and NAD+ play in the life activities of cell, and the relatively mature means of detecting their levels make ROS and NAD+ good markers of aging.
CONCLUSION
Aging, as a common phenomenon in nature, has attracted the continuous research of people for thousands of years. The study of the aging metabolome has shown that the intensity of mitochondrial TCA cycle in organs decreases during the aging stage, and at the same time, the glycolytic flux increased increases. Dysregulation of lipid oxidation pathways in normal aging and similar energy production manifestations in some age-related diseases further suggest that disruption of energy production pathways during aging may be the key to initiating or accelerating aging.
On the other hand, we also found that changes in the levels of some metabolites with the aging process have different trends in different organs, and some have obvious anteroposterior sequences, such as the gastrocnemius and soleus of rats, while others have no clear pattern in terms of current data. There may be two reasons for this phenomenon: first, the methods used were different, which in turn led to opposite results regarding changes in the levels of some metabolites. Second, it is true that different organs do not start to age at the same time. Because of their different functions, they are affected by aging to different degrees, which ultimately manifests itself as a difference in the progression of aging (Schaum et al., 2020; Tabula Muris, 2020). Since different organs often work together as a whole, combining data from multiple omics studies may be a better approach to understanding aging.
Finally, metabolomic studies directly on organs can reflect the metabolite status of these organs during aging, and the establishment of an aging organ metabolite clock may allow us to understand aging from a new perspective, provide more ways to treat aging-related diseases, and be beneficial to the health maintenance of elderly individuals. Recently, an article detailed the brains of aging and young mice, yielding a total of 1,547 different annotated metabolites (Ding et al., 2021). Through this work, the author presents a large-scale, comprehensive metabolomic map of the aging mouse brain that can inform and help researchers better understand previously established genome, transcriptome, and proteome maps (Ding et al., 2021).
Here, we use metabolomics data from aging tissues to summarize that pyruvate, GSH or GSH/GSSG levels, glycine, ATP, uracil, NAD+, and ROS as global aging markers that have the same change trend in different organs, while Glu, lactate, glutamate, glutamine, BCAAs, LPC, and fatty acids as potential aging markers that need more research to confirm their role in aging. We hope that this will be useful for constructing metabolomic aging clocks based on organ metabolomic data. However, at the present stage, it is extremely difficult to sample and detect organs in vivo compared to blood or other body fluids. In addition, some low-abundance or structurally specific small-molecule metabolites may require multiple detection methods to be effectively detected. These factors have a certain hindering effect on the promotion of metabolomic research results in organs, which may be the reason why there is no clear and accurate aging clock based on organ metabolomics to date (Rutledge et al., 2022). In conclusion, metabolomics studies of aging organs using omics techniques can truly reflect the changes we go through with aging, and will expand our understanding of aging as well as age-related diseases.
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ribonucleotide Yi et al. (2020, Kato et
al. (2021), Nagineni etal.
(2021), Hoshino et al.
(2022)

Adenosine monophosphate 0 Zhuang et al. (2021)

Allantoin 0 1 i 1 i Zhang et al. (2021),
Zhuang et al. (2021)

Deoxyribose 1 Wang et al. (2018)

Flavin adenine dinucleotide 1 Garvey et al. (2014)

Guanine diphosphate T T 1 Morrison et al. (2019),
ribonucleotide Kato etal. (2021), Zhang
et al. (2021), Hoshino et
al. (2022)

Guanine monophosphate 1 Kato et al. (2021),
ribonucleotide Hoshino et al. (2022)

Hypoxanthine i T i James et al. (2015),
Morrison et al. (2019),
Kato etal. (2021), Zhang
et al. (2021), Zhuang et
al. (2021)

Inosine ! 1 ! 1l ! Morrison et al. (2019),
Zhang et al. (2021),
Zhou et al. (2021),
Hoshino et al. (2022)

Inosine monophosphate 1 il 1 Morrison et al. (2019),
Kato etal. (2021), Zhang
etal. (2021), Hoshino et
al. (2022)

Phosphoribosyl 1 Nagineni et al. (2021)
pyrophosphate

Ribose il 1n Garvey et al. (2014),
Nagineni et al. (2021)

Ribulose-5-phosphate u Garvey et al. (2014)

Thymidine 1 James et al. (2015)

Uracil T T m i Morrison et al. (2019),
Kato etal. (2021), Zhang
et al. (2021)

Urate 1 James et al. (2015)

Uridine 1 11 ! i Son et al. (2012),
Morrison et al. (2019),
Zhang et al. (2021)

Xylulose-5-phosphate I Garvey et al. (2014)
Polyamine and NAD* metabolism

Putrescine ! ! Nagineni et al. (2021),
Hoshino et al. (2022)

Spermidine UL Kato et al. (2021),
Zhuang et al. (2021),
Hoshino et al. (2022)

Spermine 1 1 Wilkinson et al. (2020),
Nagineni et al. (2021)

Nicotinamide ) 1 T 1 1 Wang et al. (2018),
Zhang et al. (2021),
Zhuang et al. (2021)

Nicotinamide adenine 1 1 1 i 11l Garvey et al. (2014),
dinucleotide Wang et al. (2018),
Wesley et al. (2019), Yi
etal. (2020), Nagineni et
al. (2021), Zhuang et al.
(2021), Hoshino et al.
(2022)

Nicotinamide ! Fernandez-Rebollo et al.
ribonucleotide (2020)

Nicotinamide riboside i Fernandez-Rebollo et al.
(2020)

Nicotinic acid 1 Wesley et al. (2019)

Reduced nicotinamide 1L [ T James et al. (2015),
adenine dinucleotide Wesley et al. (2019), Yi
et al. (2020), Nagineni et
al. (2021), Hoshino et al.
(2022)

Reduced nicotinamide 1 1 Wu et al. (2017),
adenine dinucleotide Hoshino et al. (2022)
phosphate

Other

Acetate 1 Zhang et al. (2021)

Ethanolamine 1 Zhang et al. (2021)

Fenugreek 1 Wang et al. (2018)

Formate 0 Wesley et al. (2019)

Glyceric acid i Wang et al. (2018)

Indole-3-acetic acid ii Wang et al. (2018)

Methyl glutamate T Wang et al. (2018)

Methyl-histamine 0 Hunsberger et al. (2020)

Phosphocholine 1 Wang et al. (2018)

Riboflavin 1 Wang et al. (2018)

Sorbitol 1 Garvey et al. (2014),
Zhuang et al. (2021)

Thiamine ! Wang et al. (2018)

A single arrow s used to represent the research result of an article. Up arrows indicate the metabolite level increases in older organ samples compared to younger samples, and the down arrows
indicate that it decreases. Red arrows represents rat tissue, green represents mouse tissue or cell model, and blue represents human tissue or cell model.
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