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Abstract: Sarcopenia is an age-related systemic disease characterized by skeletal muscle aging that generally severely affects the 
quality of life of elderly patients. Metabolomics analysis is a powerful tool for qualitatively and quantitatively characterizing the small 
molecule metabolomics of various biological matrices in order to clarify all key scientific problems concerning cell metabolism. The 
discovery of optimal therapy requires a thorough understanding of the cellular metabolic mechanism of skeletal muscle aging. In this 
review, the relationship between skeletal muscle mitochondria, amino acid, vitamin, lipid, adipokines, intestinal microbiota and 
vascular microenvironment has been separately reviewed from the perspective of metabolomics, and a new therapeutic direction has 
been suggested. 
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Introduction
Sarcopenia is a geriatric syndrome characterized by skeletal muscle aging.1 According to different diagnostic criteria, the global 
prevalence of sarcopenia in people aged over 65 years is between 10–20%, and that in those over 80 years is up to 50%.2 

Sarcopenia often severely affects the quality of life in elderly people and is associated with serious health consequences in terms 
of falls, fractures, hospitalization, disability and mortality.3,4 Since the onset of sarcopenia is hidden and easily ignored, different 
diagnostic methods have been proposed successively for different regions and racial groups. The Asian Working Group for 
Sarcopenia has issued two consensus reports urging medical professionals to pay attention to it. Sarcopenia is one of the world’s 
major public health problems, posing a significant burden on health-care spending in various countries as the global elderly 
population grows. As a result, it is critical to focus on the pathogenesis, preventive measures, and treatment of sarcopenia.

Skeletal muscle is the largest organ in the body, accounting for 30–40% of body weight. It not only controls human 
movement, physical strength, and temperature, but it also has a significant impact on overall body metabolism via the 
anabolic/catabolic balance.5 In this way, it directly contributes to the progression of chronic diseases and aging. Previous 
studies6–8 have shown that mitochondrial dysfunction, oxidative stress, inflammation, abnormal autophagy, DNA 
methylation, and other factors can alter muscle cell metabolism. These can result in muscle cell damage and aging, 
and lead to skeletal muscle quality and function decline.

Mitochondria are metabolic organelles found in muscle cells that play an important role in the pathogenesis of 
sarcopenia. Mitochondria not only play an important role in oxidative phosphorylation, ATP synthesis, and energy 
metabolism, but they also have the ability to regulate the myonuclear domain of senescent muscle cells and skeletal 
myofiber plasticity under physiological and pathological conditions,9 indicating that these organelles are central to the 
maintenance of muscle cell activity. Given this situation, mitochondria are considered to participate in the regulation of 
aging-related muscle atrophy. In fact, with aging and loss of muscle function, the degeneration of mitochondria is 
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accompanied by comprehensive pathophysiological modifications. These modifications include significant declines in 
mitochondrial content,10 resting and maximal oxygen (O2) consumption,11 activities of tricarboxylic acid cycle enzymes, 
and oxidative phosphorylation (OXPHOS) activity.12 The mitochondrial decay process is an established biomarker of 
aging and is also considered to be the main driving force in skeletal muscle aging.13

Metabolomics is a method to address all key scientific issues related to cell metabolism by qualitatively describing 
and quantitatively characterizing the small molecular metabolites of different biological substrates. Here, we review the 
literature on the metabolomics of sarcopenia, which are shown in Table 1, focusing on the interaction between the 
characteristic metabolites and mitochondria of skeletal muscles. Furthermore, we also discuss the relationship between 
characteristic metabolites and the vascular microenvironment of sarcopenia. We hope that this work can provide a fresh 
perspective for new diagnostic methods and treatment strategies.

The Effect of Amino Acids and Vitamins on Mitochondria in Skeletal 
Muscles
The normal physiological function of mitochondria in energy metabolism is controlled by numerous complex interactions, 
which are also closely related to the pathogenesis of sarcopenia. With the innovation and development of metabolomics 
technology, multiple metabolites associated with sarcopenia have been identified, which include branched-chain amino acids 
(BCAAs), tryptophan, serine, methionine, sarcosine, aspartate, glutamate, taurine, and vitamin D. Their involvement in 
mitochondrial energy metabolism is briefly described as follows.

BCAAs
Multiple studies have demonstrated that the serum concentration of BCAAs decreases in patients with sarcopenia in 
comparison to elderly people without sarcopenia.14–17 BCAAs refer to leucine, valine, and isoleucine, which are essential 
amino acids that can only be obtained from dietary sources and cannot be synthesized indigenously. They are involved in 
muscle protein synthesis, satellite cell activation, and proteolysis inhibition.18 Although most amino acids are degraded in 
the liver, BCAAs are primarily metabolized in muscle tissue by mitochondrial dehydrogenase and branch-chain ketoacid 
dehydrogenase.19 BCAA degradation can be divided into two steps.

The first step involves the production of branched-chain keto acids (BCKAs), glutamine, and alanine from BCCAs 
under the action of more than 40 mitochondrial enzymes. Of which the two most important enzymes are branched-chain 
aminotransferases (BCATs) and branched-chain α-ketoacid dehydrogenase complex (BCKDH). These products are 
released into the blood circulation, among which glutamine and alanine are considered indicators of increased catabolism 
of BCAAs. The second step involves the production of gluconeogenic substrates and ketogenic substrates from BCKAs 
under the action of BCKDH. These products can enter the tricarboxylic acid (TCA) cycle or be stored in other forms to 
provide compensatory metabolism to organs during disease or trauma.19–21

In addition to the metabolic function, BCAAs also play a key role in signal transduction. BCAAs, especially leucine, are 
involved in regulating the mammalian target of rapamycin (mTOR) pathway, which has a key involvement in mitochondrial 
energy metabolism. Although the mechanism has not been thoroughly studied, leucine has been known to effectively activate the 
mTOR complex 1 (mTORC1) in at least two ways. Firstly by directly binding to sestrin 2 and releasing GTPase-activating 
protein activity for Rags 2 to promote the complete activation of mTORC1, and secondly, by increasing sirtuin 1 (SIRT1) and 
peroxisome proliferator-activated receptor gamma (PPARγ) coactivator-1α (PGC-1α) to activate the mTOR pathway. The 
activated mTOR pathway can increase mitochondrial biogenesis partially by increasing the nitric oxide generating system.22–24

In addition, some studies have shown that Leucyl-tRNA synthetase (LeuRS) can be used as a direct sensor of leucine 
and participate in the activation of mTORC1. However, in the absence of relevant evidence, further investigation is 
needed to validate this concept.25 BCAAs are also associated with other pathophysiological processes that are involved in 
the genesis of skeletal muscle aging, such as inflammation and insulin resistance.26–28 Therefore, the impairment of 
metabolism of BCAAs may be one of the basic factors contributing to sarcopenia.
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Table 1 Clinical Study on Metabolomics of Sarcopenia

Country 
or Region

Research Design Age (Case/Control) Number (Case/ 
Control)

Eligibility Criteria Tissue Key Metabolites PMID

America Cross-sectional study 77.7±3.9/0 73/0 SPPB≤10 Blood Leucine, isoleucine, valine, tryptophan, 3-hydroxy-2-ethylpropionic acid, indole 

propionic acid, C-glycosyltryptophan, β- alanine

24085401

Singapore Cross-sectional study 73.9±5.3/72.52±5.25 87/102 AWGS criteria Blood Adiponectin, leptin, lysine, methionine, phenylalanine, threonine, BCAA, 

choline, nicotine metabolites

30624690

Italy Cross-sectional study 75.5±3.9/73.9±3.2 18/17 PF&S criteria Blood/ 

stool

Butyrate, aspartate, threonine 31887978

China Cross-sectional study 80.9±8.5/78.6±7.4 65/181 AWGS criteria Blood Isoleucine, leucine, BCAA, tryptophan, glycine, glutamate, C6, C8, C10, C12, 

C14, LPC16.0, LPC18.0, LPC18:2

35337292

Taiwan, 

China

Cross-sectional study 79.4±6.2/79.0±5.9/29.3 

±4.3

24/24/24 Low muscle mass 

(Male<6.76; Female<5.28)

Blood Traumatic acid 34939349

China Cross-sectional study 79.9±8.2/78.0±7.0 150/96 Fried&AWGS criteria Blood Tryptophan, glycine, C5, LPC16:0, LPC18:2, C8, C10, C12, C14 35155500

Netherlands Cross-sectional study 81/72 53/174 EWGSOP criteria Blood N-3 fatty acids, vitamin B6, folic acid, vitamin E, magnesium, linoleic acid, 

homocysteine, leucine, BCAA, EAA, 1,25 (OH) D

26825685

Japan Cross-sectional study 83.1±6.2/76.0±6.5 49/94 AWGS criteria Blood BCAA, EAA, leucine 30080226

Japan Cross-sectional study 85.1±4.8/76.1±6.3 28/132 AWGS criteria Blood Proline, alanine, glutamine, tryptophan 28934309

Norway Cross-sectional study 78/74 90/327 EWGSOP criteria Blood Leucine, isoleucine, valine 29909813

Italy Cross-sectional study 76.4±4.9/74.6±4.3 38/30 PF&S criteria Blood Asparagine, aspartate, citrulline, ethanolamine, glutamate, sarcosine, taurine 30404172

Japan Cross-sectional study 85.0±8.6/83.8±6.3 6/13 AWGS criteria Blood Short chain carnitine, TCA metabolites, urea cycle metabolites, methylated 

compounds

34492634

China Prospective study 73.3±5.2/71.4±4.6 326/2284 AWGS criteria Blood Serine, taurine, arginine, BCAA 34515116

Japan Cross-sectional study 75.9±5.7/64.9±10.5 39/453 AWGS criteria Blood Citrulline, glycine, taurine 33924750

China Cross-sectional study Male:87/82; Female:81.5/ 

81

77/76 AWGS criteria Blood Glutamate, citrulline, BCAA, aspartate, asparagine 33410783

Abbreviations: SPPB, short physical performance battery; AWGS, the Asian Working Group for Sarcopenia; EWGSOP, the European Working Group on Sarcopenia in Older People; BCAA, branched chain amino acid; LPC, 
lysophosphatidylcholine; EAA, essential amino acids; TCA, tricarboxylic acid.
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Tryptophan
Tryptophan is an essential amino acid for the human body. In a study of elderly patients in Massachusetts, it was 
observed that those with poor muscle mass are associated with low serum levels of tryptophan and related metabolites, 
such as indole propionic acid.29 Similar results were reported in the other two studies in Tokyo and Baltimore.14,30

Tryptophan is essential for protein synthesis, and normal protein turnover in skeletal muscles and lack of tryptophan has 
been observed to affect embryonic development, especially that of skeletal muscles.31 Ninomiya et al demonstrated that a diet 
deficient in tryptophan negatively regulated glycolysis and reduced muscle fiber diameter in mice, which recovered after 
switching to a standard diet, indicating that tryptophan plays a critical role in the regulation of skeletal muscle mass.32

Low levels of glycolysis inhibit mTOR signaling by enhancing the binding of glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) to Ras homologous (Rheb).33 However, the supplementation of tryptophan was observed to 
increase muscle-derived insulin-like growth factor 1 (IGF-1) and the expression of genes involved in the eif4/p70s6 k/ 
mTOR pathway to reverse muscle atrophy caused by low serum tryptophan levels.32,34 IGF-1 is an upstream activator of 
the mTORC1 and regulates the translational apparatus by activating P13K/AKT pathway through insulin receptors and 
associated adaptor molecules.35 In this process, Rheb is reduced to its inactive GDP-bound form.36 These results 
strengthen the correlation between IGF-1 and tryptophan, better explaining how IGF-1 activates the mTORC1 pathway.

In addition, tryptophan also plays a role in the biosynthesis of NAD+, a coenzyme involved in the redox reactions, 
which form the core of energy metabolism and are very important to maintain mitochondrial function.37 The NAD+ 

synthesized from tryptophan through the kynurenine pathway in cells is transported to mitochondria and is mainly 
consumed by sirtuin3, sirtuin4, and sirtuin5 to regulate mitochondrial acylation which is closely associated with lipid 
metabolism, ketone body biosynthesis, urea cycle and oxidative stress.38 Other metabolites produced upon tryptophan 
degradation through the kynurenine pathway can prevent excessive inflammation.39 However, it must be mentioned that 
the compounds produced in this pathway can regulate neuronal excitability and initiate immune tolerance, which is 
closely related to neurodegenerative disorders, pain syndromes and autoimmune diseases.40 It may adversely affect on 
the application of tryptophan in the treatment of sarcopenia. For instance, Connell et al demonstrated that the 
supplementation of tryptophan fails to effectively improve muscle strength in elderly patients with sarcopenia.38

Serine, Methionine, and Sarcosine
Serine, methionine, and sarcosine are also considered essential amino acids. Their levels in the serum of patients with 
sarcopenia have been observed to be decreased than in elderly people without sarcopenia.41,42 Calvani et al believed that 
the decrease in serum levels of these three amino acids is due to malnutrition caused by decreased in total energy and 
protein intake, as it is often thought to be the risk factor for sarcopenia.43

The connection between these three amino acids and mitochondria is connected by one-carbon metabolism. 
Methionine can be metabolized to form sarcosine. Serine, methionine, and sarcosine are directly or indirectly involved 
in one-carbon metabolism mediated by the folic acid cofactor, which includes biosynthesis of purines and thymidine, 
amino acid homeostasis, epigenetic maintenance, and redox defense.44 Previous studies have shown that mitochondria 
are also involved in one-carbon metabolism and play a role as the site of oxidation of these three amino acids,45 

suggesting the involvement of these amino acids in synthesizing one-carbon units in mitochondria.
Formic acid is one of the basic products of one-carbon metabolism and plays an important role in the mitochondrial- 

cytosolic one-carbon cycle, mitochondrial tracing, and cytosolic serine catabolism.46 A complete set of enzymes linking 
serine to formic acid exists in both the cytosol and mitochondria. These enzymes allow parallelly running metabolic 
processes and a complete oxidative/reductive cycle, which catabolizes serine in the mitochondria and synthesizes serine 
in the cytosol. The physiological significance of the cycle that catabolizes serine in the mitochondria and synthesizes 
serine in the cytosol is to allow one-carbon metabolism and NAD+ metabolism to operate normally. The process is 
thermodynamically driven by the difference in electrochemical potential between mitochondrial nicotinamide adenine 
dinucleotide (NADH; and nicotinamide adenine dinucleotide phosphate [NADPH]) and cytosolic NADPH. A high 
cytosolic NADPH/NADP+ ratio favors flux from formic acid toward serine in the cytosol.47
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Recently, studies have shown that mitochondrial dysfunction and mitochondrial DNA variation lead to changes in methionine 
metabolism, reducing s-adenosylmethionine (SAM) so that DNA methyltransferase (DNMT) fails to get enough SAM for the 
methylation of cysteine residues on DNA. Thus, nuclear DNA methylation is interrupted, and tissues show aging 
characteristics.48 Other studies have shown that the changes induced by mitochondrial respiratory chain deficiencies can activate 
genes related to serine synthesis (PHGDH, PSAT1, and PSPH) via activating transcription factor 4 (ATF4), resulting in increased 
serine levels but impairs formic acid release and remodels one-carbon metabolism. The disadvantages of this one-carbon 
remodeling may be extended to systemic metabolism.49,50 In summary, this evidence suggests that the metabolic changes of 
serine, methionine, and sarcosine may not be the cause but the result of sarcopenia.

Aspartate
Two studies enrolling elderly people living in communities in Italy with physical frailty and sarcopenia showed that high 
serum levels of aspartate and asparagine could characterize the aging and atrophy of skeletal muscle.41,51 Aspartate and 
asparagine are amino acids metabolized in resting muscles and are important substrates for nucleotide synthesis in the human 
body. Both of them provide amino and ammonia for the synthesis of glutamine and alanine, and their carbon skeleton can be 
used for the de novo synthesis of TCA cycle intermediates, a nitrogenous form of oxaloacetate, and α-ketoglutarate.52 

Through analysis of comprehensive metabolomic data of human blood in relation to sarcopenia patients living in Japan, 
Masahiro et al showed that TCA metabolites are a panel of metabolic markers of sarcopenia.53 This suggests that the 
anabolism of aspartate and asparagine is related to the pathogenesis of sarcopenia from another perspective.

Several recent studies have implicated that cells provide necessary electron receptors and carbon for the biosynthesis 
of aspartate through the mitochondrial electron transport chain (ETC) and TCA cycle. The biosynthesis of aspartate is 
believed to be the essential function of mitochondrial respiration in mammalian cells.54–56 The biological processes 
involving aspartate are closely related to the mTORC1 signaling pathway. When the intracellular TCA cycle is normal, 
and aspartate delivery is sufficient, aspartate activates the mTORC1 pathway and promotes anabolism and cell 
growth.57,58 However, when the TCA cycle is inhibited, insufficient aspartate delivery leads to apoptosis.59

In addition to this, aspartate can cause an imbalance in mitochondrial homeostasis through key mechanisms of O2 sensing 
provided by the hypoxia-inducible factors (HIF) pathway. Generally speaking, mitochondrial complex III is believed to be the 
initiator of the HIF pathway.60 During hypoxia, mitochondrial complex III generates a mass of intracellular reactive oxygen 
species (ROS) in the cytoplasm to oxidize Fe2+ to Fe3+. Thereby inactivates Fe2+ as an essential cofactor of prolyl hydroxylase 
domain enzymes (PHDs) and the factor-inhibiting HIF (FIH). After the inhibition of PHDs and FIH (the major regulatory 
subunit of HIFα, β heterodimer), the HIFα subunit is stabilized instead of being continuously degraded by the proteasome 
upon hydroxylation at proline and asparagine residues.61 Stable HIFα forms a complex with HIFβ, which serves as a master 
transcription regulator of a hypoxia-induced gene to stimulate the expression of pyruvate dehydrogenase kinase-1 (PDK1), 
then inactivates pyruvate dehydrogenase, thereby suppressing the TCA cycle and mitochondrial respiration.62 Furthermore, 
HIF can stimulate the expression of lactate dehydrogenase-A, promote pyruvate to lactic acid conversion, and inhibit 
mitochondrial metabolism.63 In general, aspartate and asparagine can have a variety of effects on mitochondrial and muscle 
function. However, there is no evidence that aspartate and asparagine supplementation can improve the symptoms of 
sarcopenia patients; therefore, further research is needed to confirm this.

Glutamate
Serum levels of glutamate were found to differ between elderly patients with sarcopenia and those without 
sarcopenia.17,41,64 Li et al observed that the serum level of glutamate was positively correlated with gait speed in elderly 
male patients with sarcopenia living in Beijing communities.17 Gait speed is an important index to measure the life span 
and physical function of the elderly.64 Stefano et al reported that serum glutamate level was significantly associated with 
muscle mass and strength in Caucasian women.65 These observations suggest the potential role of glutamate in regulating 
skeletal muscle metabolism in elderly patients.

Glutamate is an important intermediate of the muscle energy metabolism under physiological and pathological 
conditions66 as it can fuel respiration and participate as an anaplerotic substrate to maintain optimum levels of TCA 
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cycle intermediates through its conversion to α-ketoglutarate.67 Therefore, the changes in glutamate serum levels 
observed in patients with sarcopenia may suggest a disorder of muscle energy metabolism.

Although aspartate/glutamate carriers (AGCs) are widely believed to be the main transporters of glutamate entry into 
the mitochondrial matrix,68 some studies have shown that glutamate enters mitochondria through the sodium-calcium- 
exchanger (NCX) and sodium-dependent excitatory amino-acid transporters (EAATs) to stimulate calcium-dependent 
dehydrogenases activity and to drive ATP production in ischemic settings.67 It is possible that the discovery of this 
mechanism can help to improve the vascular microenvironments of aged skeletal muscles.

Glutamate is also closely related to mitochondrial NAD+ metabolism through glutamic oxaloacetic transaminase 1 
(GOT1). The function of GOT1 is to catalyze the interconversion of aspartate and α-ketoglutarate to oxaloacetic acid and 
glutamate to transfer electrons to mitochondria. The downregulation of GOT1 indicates the low efficiency of mitochon-
drial NAD+ metabolism in muscles and apoptosis.54,69

Furthermore, glutamate is the most common neurotransmitter in the mammalian nervous system and is related to the 
regulation of synaptic homeostasis at the neuromuscular junction.70,71 Recent findings have implicated the neuromuscular 
junction to be an important locus in the development and progression of sarcopenia, while it is still unclear whether 
glutamate is involved in the adaptive remodeling of the neuromuscular junction in patients with sarcopenia.72 Altogether, 
the current evidence supports that the change in glutamate metabolism level is one of the reasons for the decrease in 
muscle energy metabolism. However, whether glutamate can become a potential therapeutic product to improve the 
symptoms of sarcopenia remains a question for further research.

Taurine
Taurine is a ubiquitous non-proteinogenic sulfur-containing amino acid, whose serum level has been observed to decrease 
significantly in patients with sarcopenia and seems to be associated with gait speed.41,42,73 Nutritional supplementation 
with taurine has been observed to hinder the development and progression of sarcopenia in human subjects.74

Taurine is widely expressed in human tissues, appearing to be the most abundant free amino acid in the heart, brain, and 
skeletal muscle, accounting for approximately 0.1% of total body weight.75 About 70% of taurine is present in skeletal 
muscles. This amino acid is involved in the regulation of ion channel functions, membrane stability, mitochondrial quality 
control, and calcium homeostasis.74 It is well known that the low activity of mitochondrial complex I and mitochondrial 
complex III is the main driver of ROS damage, and the generation of ROS can cause cell death. The consumption of cellular 
taurine leads to a decrease in the activity of mitochondrial complex I and mitochondrial complex III.76 Some studies have 
shown that taurine is released from cells after oxidative stress and chronic inflammatory stimulation,77 resulting in its high 
concentrations in tissues exposed to high levels of oxidants, suggesting its role in weakening oxidative stress. The supple-
mentation of taurine can reduce the production of superoxide-free radicals in skeletal muscles to decrease lipid peroxidation 
and inflammation.78 Jong et al have proposed a new mechanism for the antioxidant effect of taurine.79 Taurine forms 
a complex with the mitochondrial tRNAs of leucine80 and lysine, which makes the efficient translation of mitochondrial- 
encoded proteins. Also, the assembly of the respiratory chain complex also depends on a sufficient supply of mitochondrial 
taurine. The reduction of mitochondrial translation and respiratory chain complex formation has been observed to increase the 
production of mitochondrial ROS.81 Therefore, the antioxidant effect of taurine appears to be mediated by taurine-driven 
mitochondrial protein translation. In addition, invitro studies have demonstrated that taurine can stimulate P13K/Akt/mTOR 
pathway and block nuclear factor kappa B (NF-κB) and Forkhead Box subfamily O transcription factors (FOXO) signaling to 
inhibit muscle-specific ubiquitin ligases Atrogin1 and MuRF1, which gets up-regulated during skeletal muscle atrophy, so as 
to prevent muscle atrophy.82 Overall, the presented evidence supports the potential benefit of taurine in sarcopenia.

Vitamin D
A study of patients with sarcopenia in Maastricht demonstrated that serum levels of 1,25-hydroxyvitamin D are 
significantly lower in such patients.83 1,25-hydroxyvitamin D, a bioactive metabolite activated by two hydroxylation 
reactions of vitamin D in the liver and kidney, is often used to assess vitamin D status.84 This indicates that the 
differential metabolism of vitamin D in patients may be one of the causes of sarcopenia.
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In fact, vitamin D plays a crucial role in maintaining muscle health, mainly through the activation of the mTOR 
signaling pathway. Both in vitro and in vivo models have shown that vitamin D can reduce the production of ROS, 
enhance antioxidant capacity, and prevent muscle damage caused by oxidative stress when it is bound to vitamin 
D receptor (VDR) in skeletal muscle through 1,25-hydroxyvitamin D.85,86 Vitamin D deficiency can increase the 
activities of superoxide dismutase (SOD) and glutathione peroxidase (GPX), which may compensate for the decrease 
in antioxidant capacity caused by vitamin D deficiency.87,88 VDR also has a physiological function in promoting protein 
synthesis and muscle cell growth. Ashcroft et al have demonstrated that activated VDR can regulate mitochondrial 
respiration in muscle cells and promote energy metabolism, while the knockout of VDR reduced the ability of 
mitochondrial oxidative phosphorylation.89

Khalid et al demonstrated that the ultrastructure of mitochondria in mice is seriously degraded when fed a high-fat 
diet deficient in vitamin D. They used various animal models to study the effects of vitamin D treatment on changes in 
skeletal muscle under different diet conditions, indicating that vitamin D also plays a key role in maintaining mitochon-
drial morphological stability.90 Glerup et al discovered that vitamin D supplementation can improve muscle mass in 
people with vitamin D deficiency,91 and Bauer et al discovered that combining vitamin D and leucine-rich whey protein 
oral liquid can improve muscle quality in patients with sarcopenia.92 Altogether, this evidence suggests that vitamin 
D may play a role in the treatment of sarcopenia; however, it is not clear whether vitamin D supplementation alone can 
be beneficial. Currently, there is a lack of relevant, high-quality research evidence.

The Effect of Lipids, Adipokines, and Intestinal Microbiota on the 
Mitochondria in Skeletal Muscles
Lipid metabolism interacts with the intestinal microbiota and has a far-reaching impact on skeletal muscle mitochondrial 
energy metabolism of skeletal muscle, which is regulated primarily by fatty acid metabolism, phospholipid metabolism, 
and adipokines (adiponectin and leptin).

Fatty Acid Metabolism System
Fatty acids are produced by the microbiota, absorbed by the intestine, and enter the circulatory and muscular system through 
portal veins or lymphatic vessels. There are multiple mechanisms involved in the regulation of fatty acid metabolism in 
muscles. The coordinated control of fatty acid uptake, β-oxidation, and mitochondrial oxidative phosphorylation is very 
sensitive to the efficient generation of adenosine triphosphate. Fatty acids transported to muscles are not only used as 
substrates for energy production but also used in the synthesis of triglycerides and cell membrane phospholipids.

Fatty acid oxidation and muscle metabolic disorders are interrelated and play an important role in causing muscle 
loss,93 mainly due to the accumulation of intramyocellular lipid in skeletal muscles, which is a common feature of 
skeletal muscle aging. Studies have shown that the size and density of intramyocellular lipid increase significantly in 
aging muscles than in young muscles, although the number dose not increase much.10 Most of these lipids are 
biochemical fatty acids with toxic effects on cells and their respective L-carnitine derivatives. These toxic effects are 
partly due to the inhibition of respiratory chain complexes that causes an increase in ROS formation and imbalance of 
calcium homeostasis and finally result in swelling and rupturing of the mitochondria. In addition, these toxic effects 
activate signaling pathways that lead to apoptosis or necrosis and exacerbate the patient’s energy deficiency. The existing 
results from metabolomic research have shown that the disorder of fatty acid metabolism plays an important role in the 
pathogenesis of sarcopenia.

The carnitine system is an important part of the mitochondrial fatty acid metabolism system. All endogenous 
carnitines are categorized as L-carnitine if non-acylated; however, if acylated, then these are further categorized as 
short, medium, and long-chain acylcarnitine based on the length of the bound fatty acid chain, which provides indirect 
evidence of mitochondrial metabolic changes. L-carnitine is a naturally occurring compound found in the human body. 
Its most important biological function is to transport fatty acids from cytosol to mitochondria for follow-up β-oxidation 
and thereby regulates the ratio of free coenzyme A to acyl-coenzyme A in cells and mitochondria in the process of 
transporting short-chain and medium-chain acyl groups.94 Acylcarnitine can build up in cells with low mitochondrial 
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activity and enter the bloodstream. As a result, elevated circulating acyl carnitine levels can be used as a marker of 
impaired mitochondrial energy metabolism.95 These processes are accelerated during aging, which impairs carnitine flux 
through the mitochondrial pathway and reflects mitochondrial dysfunction.96

Medium and Long-Chain Fatty Acids, and Medium and Long-Chain Acylcarnitine
Studies have shown that serum levels of medium and long-chain fatty acid (LCFA), as well as medium and long-chain 
acylcarnitine (derivatives of fatty acid metabolism), vary significantly in the geriatric population with sarcopenia and 
those without sarcopenia. The higher the serum concentration of these metabolites, the worse the physical function of 
patients with sarcopenia.17,97

The toxic effects of fatty acids and their acylcarnitine derivatives mainly depend on the saturation and chain length of 
fatty acids, and thus, saturated long-chain fatty acids are the most lipotoxic. LCFA comprise all fatty acids with more 
than 12 carbon atoms in the chain, of which palmitic acid and stearic acid and their acylcarnitine derivatives are the most 
harmful to muscle function. One of the reasons behind their harmful effects is their influence on mitochondrial energy 
metabolism. Through animal studies, Tonsgard et al demonstrated that the increase of palmitic acid and stearic acid in 
serum is associated with a decrease in mitochondrial ATP production.98 Additionally, Hirabara et al demonstrated that 
increased plasma lipid levels, mainly those of palmitic acid and stearic acid, can alter insulin-stimulated glucose 
metabolism (including a reduction in glycogen synthesis, glucose oxidation, and lactate production) in skeletal muscle 
cells leading to mitochondrial dysfunction.99

However, recent studies have shown that the LCFA is necessary for the human body. LCFA plays an important role in 
promoting fatty acid oxidation and mitochondrial dynamics. Gao et al have shown that the lack of serine affects the level 
of acylcarnitine in cells and thereby disrupts mitochondrial energy metabolism, changes mitochondrial dynamics and 
causes an increase in mitochondrial fragmentation, whereas supplementation of palmitate could partially restore the 
mitochondrial fragmentation caused by serine deprivation.100 Through an observational study, Denzi et al demonstrated 
that dietary supplementation of stearic acid can quickly and effectively promote mitochondrial fusion in the human body, 
enhance fatty acid oxidation in vivo and reduce the level of acylcarnitine in blood circulation suggesting its benefits to 
the human body.101 In addition, in vitro studies have confirmed that stearic acid and human transferrin receptor 1 (TRF1) 
play an important role in the regulation of mitochondrial dynamics. Stearic acid inhibits the activation of c-Jun 
N-terminal kinase signaling through the stearoylation of TRF1 and reduces mitofusin ubiquitination through HECT 
domain-containing ubiquitin E3 ligase, which finally promotes mitochondrial fusion and function.102

Lysophosphatidylcholine
Observational studies have shown a significant downward trend in the serum levels of lysophosphatidylcholine (LPC) in 
patients with sarcopenia, indicating that LPC is one of the characteristic metabolites distinguishing elderly people with 
and without sarcopenia.17,97,103 The serum levels of LPCs contributing significantly to this discrimination between 
elderly people with and without sarcopenia are LPC 16:0, LPC 18:0, and LPC 18:2, which are also the most abundant 
LPC present in human plasma.

The LPC is the main glycerophospholipid found in human blood and has both positive and negative effects on 
mitochondria under specific conditions. The role of LPC in oxidative stress and inflammation is quite complex. On the one 
hand, LPC can induce NADPH oxidase 5 (NOX5)-dependent ROS production leading to inflammation and cell injury.104 On 
the other hand, LPC can reduce ROS production by either inhibiting the formation of 5-lipoxygenation products intended to 
downregulate pro-inflammatory lipid mediators or by activating peroxisome proliferator receptors δ (PPARδ) mediated 
regulation of mitochondrial metabolism and reduction of human skeletal muscle inflammation.105,106

LPC also plays a role in the synthesis of cardiolipin, which is a unique phosphatidylglycerol lipid exclusively found in 
the mitochondrial membrane and is essential for mitochondrial homeostasis. The products of LPC acylation, such as 
lysophosphatidic acid and phosphatidic acid, act as the precursors for the synthesis of cardiolipin.107 In terms of 
mitochondrial energy metabolism, cardiolipin plays an important role in oxidative phosphorylation by stabilizing the 
structure of the mitochondrial complex I–V108 and shaping the curvature of the mitochondrial ridge, thus ensuring the 
assembly and correct functioning of the electron transport chain complex. These processes affect ATP and ROS 
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production by mitochondria.109 Cardiolipin can also regulate mitochondrial dynamics bidirectionally to meet the needs of 
cell metabolism. Cardiolipin not only stimulates dynamin-related protein 1 (DRP1) activity to promote membrane 
remodeling and mitochondrial division but also interacts with optic atrophy 1 (OPA1) to promote mitochondrial 
fusion.110,111 Additionally, cardiolipin can also regulate mitochondrial autophagy. Cardiolipin mediates autophagosome 
formation and fusion with lysosomes to eliminate dysfunctional mitochondria by recruiting microtubule-associated 
protein 1A/1B light chain 3 and other proteins associated with mitochondrial autophagy.112,113

Adiponectin and Leptin
Adiponectin and leptin are adipokines that regulate glucose and lipid metabolism, inflammation, muscle metabolism, and 
insulin sensitivity. Relevant metabolomic studies have shown that these adipokines are a group of metabolites that characterize 
decreased muscle strength and, therefore, can potentially be used in the diagnosis of sarcopenia.15 Several studies have 
reported a correlation between adiponectin, leptin, and muscle strength in the elderly. Bucci et al reported that circulating 
adiponectin is negatively correlated with quadriceps femoris torque and grip strength in the elderly, and the leptin/adiponectin 
ratio is positively correlated with quadriceps femoris torque and grip strength in the elderly.114 Lu et al reported that 
adiponectin is associated with decreased muscle function, whereas leptin has a protective effect on muscle mass.15

Although adiponectin appears to promote muscle aging and atrophy, adiponectin and leptin coordinate with each other 
to promote muscle function physiologically. Adiponectin and leptin have been observed to activate the AMP-activated 
protein kinase (AMPK) signaling pathway and promote mitochondrial biosynthesis. In animal models of obesity and type 2 
diabetes mellitus (T2DM), increasing adiponectin activated the branched chain by stimulating the activity of mitochond-
rially localized 2C-type Ser/Thr protein phosphatase (PP2Cm) and by increasing the expression of branched-chain α-keto 
acid dehydrogenase (a key regulatory point of branched chain amino acid catabolism)115 to activate the AMPK-mediated 
catabolism of BCAAs, so as to decrease insulin resistance in vivo.116 Other studies have shown that adiponectin induces 
extracellular Ca2+ influx and activates Ca2+/calmodulin-dependent protein kinase (CaMKKβ), AMPK and SIRT1 through 
adiponectin receptor 1 (AdipoR1), which is widely expressed in muscle and myotube β. This process increases PGC-1α 
expression, decreases acetylation, and increases the mitochondria in muscle cells.117

In the same way, adiponectin can also inhibit NF-κB expression and thereby reducing inflammatory factors (TNF-α, 
IFN-Y) and increasing anti-inflammatory factors (IL-10, IL-1Ra), leading to reduced oxidative stress and inflammation in 
skeletal muscles.118 Adiponectin also regulates several transcription factors promoting muscle regeneration, such as 
Myf5 and MyoD. Leptin exerts its function through leptin receptors (LePR) comprising six subtypes, of which LepRb is 
the most important because it regulates most of the functions of leptin.119 The binding of Leptin to this receptor activates 
tyrosine kinase Janus kinase 2 (JAK2), which in turn participates in AMPK and ERK pathways to mediate energy 
homeostasis.120 Leptin is also involved in the induction of adiponectin protein expression, so its effect on the AMPK 
pathway may be partly mediated by adiponectin.121

In summary, from the perspective of the mechanism of action of adiponectin and leptin, high plasma levels of 
adiponectin and leptin are related to a better metabolic phenotype. However, in the actual analysis of blood metabolites in 
patients with sarcopenia, it was found that the level of adiponectin increases paradoxically. This indicates that the 
pathogenesis of sarcopenia triggers the compensatory increase of adiponectin; however, the increased adiponectin cannot 
successfully reduce the pathogenesis of sarcopenia. The increase of leptin caused by the stacking of fat in the process of 
aging may lead to leptin resistance. The reduction in the expression of leptin-sensitive receptors in muscles and the 
reduction of fatty acid oxidation in muscles lead to fat deposition in other organs, such as the liver, heart, and muscle, 
further reducing muscle quality in obese patients.119 Similarly, an adiponectin resistance mechanism may also exist in the 
human body, which possibly affects the normal function of adiponectin.

Physical activity is the golden intervention to improve the metabolism of adiponectin and leptin. The reason is that 
physical activity increases the sensitivity of muscle tissues to these metabolites. Kim et al showed that the combined 
intervention of physical activity and diet could improve the gait speed and leptin level of patients with sarcopenia.122 

Christina et al reported that 16 weeks of aerobic exercise and resistance exercise could significantly improve adiponectin 
and leptin levels in patients with sarcopenia compared with routine care.123 These studies suggest in part the biological 
mechanism of exercise in the treatment of sarcopenia.
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Intestinal Microbiota
Intestinal microbiota and the metabolites produced by these play a key role in maintaining the physiological and 
metabolic homeostasis of the host.124 Intestinal microbiota has been considered as a hidden metabolic organ of human 
beings.125 With aging, the microbiome composition and function of intestinal microbiota undergo significant changes 
called intestinal microbiota imbalance, which is mainly characterized by high inter-individual variability, reduced 
biodiversity, and pathogen colonization.126

Although the pathological relationship between intestinal flora and human diseases has not been thoroughly 
investigated, an increasing body of evidence suggests a link between changes in intestinal flora, age-related inflammatory 
response, and energy anabolic resistance in muscle atrophy. The interaction between intestinal microbiota and skeletal 
muscle is called the gut-muscle axis. Metabolomic studies have revealed great differences in the intestinal microbiota 
among elderly people with and without sarcopenia.51

The imbalance in intestinal flora composition promotes the reduction of Bacteroides and excessive growth of phylum 
Firmicutes, enhances the permeability of intestinal mucosa, promotes the metabolic disorder of systemic inflammation, 
subclinical immune activation, and insulin resistance, and finally leads to the injury of mitochondria and muscle.127

Conversely, the gut-muscle axis is not only a pathway that connects pathogenic factors and skeletal muscle degeneration but 
also provides a channel for the treatment of skeletal muscle aging. Studies have demonstrated that the intake of probiotics or fecal 
microbial transplantation can regulate mitochondria energy metabolism and skeletal muscle functions.128–130 Munukka et al 
reported that probiotic supplementation in mice fed on a high-fat diet can regulate intestinal microbial composition, reduce 
systemic inflammation and oxidative stress, and increase muscle mass.131 Chen et al showed that the Lactobacillus casei 
supplementation in elderly mice could produce anti-ROS and anti-inflammatory effects as well as maintain muscle and 
mitochondrial functions.132 The mechanism of intestinal microbiota on mitochondria is shown in Figure 1. Although the 
underlying mechanism needs to be studied further, the existing research evidence shows that the metabolites of intestinal 
microbiota, especially short-chain fatty acids (SCFA), are key intermediates affecting the gut-muscle axis.133

SCFA
In the upper gastrointestinal tract, carbohydrates escape host digestion and are fermented to produce functional 
oligosaccharides. Microorganisms in the cecum and proximal colon centrally metabolize these functional oligosacchar-
ides, producing SCFA as the end product.134 SCFA comprises organic fatty acids with 1–6 carbon atoms in the chain. 

Figure 1 Under normal circumstances, the intestinal microbiota, such as Faecalibacterium prausnitzii and Lactobacillus casei, promotes the physiology of mitochondria to 
protect skeletal muscle by maintaining antioxidant and anti-inflammatory capacity. However, dysregulated intestinal flora, the reduction of Bacteroides and excessive growth 
of phylum Firmicutes, leads to the release of inflammatory factors. These inflammatory factors spread from the intestine and damage mitochondria and skeletal muscle.
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Under the synergistic effect of the intestinal microbiota, the derived SCFA mainly includes acetate, propionate, and 
butyrate (the proportion is approximately 60:20:20, respectively) that account for more than 95% of total SCFA.135,136

SCFA plays a crucial role in the regulation of systemic inflammation. Recent studies have shown that the main 
receptors of SCFA are free fatty acid receptors 2/3 (FFAR2/3) and G protein-coupled receptors 41/43 (GPR41/43).130,137 

FFAR2 and FFAR3 are differentially expressed in cells and are involved in the regulation of a variety of cell functions. 
FFAR2 plays a major role in inflammation and immune response. It is mainly expressed in immune cells, such as 
neutrophils, eosinophils, dendritic cells, and monocytes.138 FFAR3 is mainly expressed in adipose tissue and is related to 
obesity and other metabolic diseases.132 GPR41 and GPR43, the main receptors of acetate, are expressed in almost all 
metabolically active tissues of the human body. Therefore, acetate may be one of the most important metabolites of the 
interaction between intestinal microbiota and host metabolites. This was confirmed by a study, which reported that 
systemic inflammation tends to decrease after the delivery of acetate to the distal colon, while butyrate is mainly 
absorbed by colonic cells, with no significant change in systemic inflammation observed.139 SCFA regulates mitochon-
drial metabolism and oxidative stress in the skeletal muscles through the AMPK signaling pathway. Studies have shown 
that SCFA can induce AMPK phosphorylation in myotubes and skeletal muscles, which is manifested by an increase in 
the AMP/ATP ratio in tissues.140,141 This leads to increased energy consumption, increased glucose uptake, and sugar 
production, and the transformation of lipid synthesis into fat oxidation. This process also activates p38 mitogen-activated 
protein kinases (p38 MAPKs) and PGC1-α, which improves mitochondrial content and function to promote energy 
metabolism and antioxidant capacity in skeletal muscles.142

The Effect of Vascular Microenvironment on Muscle Function
As mentioned above, a stable vascular microenvironment can result in sufficient muscle fiber perfusion, which is vital 
for maintaining skeletal muscle survival and function. The skeletal muscle is a highly vascularized tissue, and the 
normal physiological activity of the skeletal muscle is dependent on the material exchange between muscle cells and 
capillaries.

Vascular endothelial cells (EC), located in the inner walls of vessels, are involved in the regulation of the exchange of 
substances in the skeletal muscles, which largely determines the homeostasis of the vascular microenvironment. 
Therefore, the changes in EC biological function are related to muscle quality. Wang et al reported that apoptosis of 
EC accounts for more than 75% of muscle cell apoptosis in elderly mice.143 Studies have shown that the decrease in 
microvascular oxygenation and the linear density of perfusion capillaries caused by aging aggravates the dyshomeostasis 
of the vascular microenvironment.9 This leads to an increase in hypoxic areas in the muscle, inhibition of skeletal muscle 
regeneration, and obstruction of skeletal muscle anabolism.144

The destruction process of the vascular microenvironment is mediated mainly by vascular endothelial growth factor 
(VEGF), which is responsible for angiogenesis in skeletal muscles. Studies have shown that the delivery of VEGF can 
determine the size of the damaged area of the skeletal muscle and the time required for its complete regeneration.145 

Hypoxia-inducible factor-1α (HIF-1α) is significantly up-regulated in aged or damaged blood vessels, inhibiting VEGF 
expression. An imbalance in the NAD+ metabolome can decrease EC sensitivity to VEGF and angiogenesis.146,147 

Furthermore, VEGF can regulate changes in SC and their microenvironment, as well as promote muscle growth. There is 
no doubt about the importance of SC in muscle hypertrophy and regeneration. It has been confirmed that the spatial 
association between EC and SC affects the activity of SCs.148 Some studies have reported that ECs are closer to activated 
and differentiated SCs than static SCs.149

The harmful effect of oxidative stress on the vascular microenvironment has been widely studied. Oxidative stress can 
lead to EC apoptosis, imbalance in monocyte dynamics, and nitric oxide (NO) inactivation, leading to inflammation and 
endothelial-dependent vasodilation.150 Oxidative stress also results hyperphosphatemia through p65 nuclear translocation, 
leading to vascular calcification.151 Vascular calcification can significantly affect muscle fiber perfusion, accelerate muscle 
loss, and cause functional decline. The activation of mitochondrial autophagy in EC responds to skeletal muscle regenera-
tion by reducing the effect of inhibition of oxidative stress on angiogenesis. Wu et al demonstrated that the phosphatase and 
tensin homolog-induced putative kinase 1 (PINK1) along with Parkin signaling is the keyway for EC to protect mitochon-
drial structure and function and promote the regulation of mitochondrial autophagy under metabolic stress. Activation of 
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this pathway can prevent mitochondrial dysfunction, ROS production, and apoptosis.152 Other studies suggest that TFEB, 
as a key regulator of lysosomal biogenesis and autophagy, is up-regulated in ischemic skeletal muscles, activates AMPK 
signaling pathway, and promotes autophagy, which may be a key factor mediating autophagy of ECs.153

Insulin resistance is also an important factor that destroys the vascular microenvironment.154 Under normal circum-
stances, EC can increase NO bioavailability by phosphorylating NO synthase, while insulin resistance can reduce NO 
bioavailability, leading to oxidative stress, inflammation, glycotoxicity, and EC dysfunction.155

Vitamin D is essential for the EC function as its deficiency can lead to impaired endothelium-dependent vasodilation, 
and vascular calcification, while its supplementation can reverse these by regulating matrix Gla protein (MGP).156

The disorder of lipid metabolism inhibited the function of EC to a great extent. For example, high levels of palmitic 
acid can inhibit the expression and activity of cathepsin and induce EC apoptosis.157 It can also inhibit angiogenesis by 
inducing mitochondrial damage and dysfunction of the Hippo-Yap pathway.158 LPC can induce EC calcium influx, drive 
NOX5-dependent oxidative stress, and then lead to EC dysfunction.104 LPC can also induce apoptosis and inflammatory 
injury through GPR4-activated NLRP3 inflammasome.159 Adiponectin and leptin can also promote angiogenesis. 
Adiponectin promotes angiogenesis by inducing cross-talk between AMPK and Akt signaling.160 Leptin can up- 
regulate mitochondrial autophagy by increasing the expression of VEGF and activating the SIRT1-PINK1 pathway to 
induce angiogenesis in tissues.161 SCFA can prevent vascular dysfunction and vascular endothelial inflammation, and 
lead to vasodilation by activating GPR41/43 and inhibiting histone deacetylase.162

Discussion
Upon reviewing the metabolomic research related to sarcopenia in recent years, many characteristic metabolites related to 
the pathogenesis of sarcopenia have been identified in this paper, including amino acids, vitamins, fatty acids, carnitine, 
choline, adipokines, and so on. We described how they participate in the pathological process of sarcopenia and focused 
on how they cause the aging and atrophy of skeletal muscles and contribute to sarcopenia by affecting mitochondria. We 
also discussed the role of the homeostasis of the vascular microenvironment in sarcopenia. To the best of our knowledge, 
this is the first review to systematically discuss the relationship between metabolomic characteristics and mitochondrial 
function in sarcopenia.

It is worth highlighting that an increasing number of studies have reported that the cross-talk between characteristic 
metabolites and mitochondria plays a key role in the pathogenesis of sarcopenia. This is mainly determined on the basis 
of the following aspects. Firstly, amino acids (mainly BCAA, tryptophan, taurine, and aspartate) and LCFA (mainly 
palmitic acid and stearic acid) regulate the biogenesis, function, and dynamics of mitochondria through the mTOR 
signaling pathway. Amino acids are the positive regulatory drivers of the mTORC1. mTORC1 activates mitochondrial 
respiration and ATP production by stimulating the translation of nuclear-encoded mitochondrial related mRNA to meet 
the high-energy demands of muscle cells. mTORC1 is also involved in selective mitochondrial autophagy, which is 
a quality control mechanism that can ensure the recovery and removal of damaged mitochondria.163 LCFA has a negative 
regulatory effect on mTORC1. They can cause insulin resistance, prevent the binding of insulin to its surface receptor, 
and inhibit the activity of mTORC1 through IGF-1 signaling. Secondly, amino acids (mainly tryptophan, glutamate, 
serine, and sarcosine) are also necessary for NAD+ metabolism. Tryptophan is synthesized outside the mitochondria as 
the raw material for NAD+ synthesis and then transported into the mitochondria to participate in metabolism. Glutamate, 
serine, and sarcosine keep NAD + metabolism running normally via their respective metabolic pathways. NAD+ 
metabolism serves as a link between various metabolic pathways such as fatty acid oxidation, the TCA cycle, and 
mitochondrial respiration. The disorder of NAD+ will seriously affect mitochondrial energy metabolism. In addition, 
SCFA, adiponectin, and leptin can comprehensively regulate mitochondrial homeostasis by activating the AMPK 
signaling pathway. AMPK has many downstream effectors, and no single substrate has been found to mediate most of 
its effects. But in simpler terms, AMPK can participate in mitochondrial biosynthesis and increase energy output through 
PGC-1α and PPARγ. It can also regulate mitochondrial fission through DRP1 and control mitochondrial autophagy by 
activating autophagy kinase 1 to maintain mitochondrial function. Interestingly, AMPK and mTOR can regulate 
mitochondrial functions in not only parallel but also in cross-talk with each other.163 Additionally, there is a need to 
mention the regulatory effect of characteristic metabolites on ROS. Abnormal levels of ROS destroy the redox 
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environment in muscles, interrupt cell signal transduction, alter mitochondrial biogenesis and remodeling, increase 
apoptosis, and lead to skeletal muscle aging and atrophy. Aspartate, taurine, and vitamin D all help to stabilize the 
level of ROS in the mitochondria, reduce oxidative stress and inflammation, and promote mitochondrial metabolism. 
LCFA and its carnitine derivatives can inhibit the activity of mitochondrial complexes and generate ROS. LPC can 
regulate the production of ROS bidirectionally. LPC can up-regulate the production of ROS through NOX5 or down-
regulate it through PPARδ. It is worth emphasizing that a moderate amount of ROS actually plays a beneficial role in 
maintaining mitochondrial homeostasis. For example, lower ROS levels can activate multiple pathways to protect 
mitochondria from stress, delay aging, and inhibit cell death.164 It can also maintain the balance between cell quiescent 
differentiation and self-renewal.165 The mechanism of characteristic metabolites on mitochondria of skeletal muscle is 
shown in Figure 2.

Further, the importance of intestinal microbiota and vascular microenvironment in the pathology of sarcopenia should 
be reiterated. Several pieces of research evidence showed that the imbalance of the intestinal microbiota is highly 
correlated with the degree of human muscle aging, suggesting the role of the intestinal microbiota in reducing the risk of 
sarcopenia. The intestinal microbiota can enhance the development of sarcopenia by changing the immune response, 
inducing low-grade inflammation, and disrupting host mitochondrial energy metabolism. Supplementation with specific 
probiotics can enhance amino acid availability and reduce inflammation which is largely achieved by increasing the 
production of SCFA. This interaction between intestinal microbiota and skeletal muscle is called the gut-muscle axis. 
Understanding the pathophysiology of the gut-muscle axis is the key to carrying out transformation research. The 
vascular microenvironment strongly affects the nutritional supply to the skeletal muscles. Vascular endothelial dysfunc-
tion limits the muscle fiber perfusion, weakens substrate transport, interferes with mitochondrial autophagy, and leads to 
the atrophy and loss of function of skeletal muscles. Active maintenance of vascular microenvironment homeostasis and 
the development of interventions to weaken vascular functions are of great significance in improving skeletal muscle 
status and treat sarcopenia.

There are also some limitations to this review. The metabolomic studies reviewed in this paper often have the 
following defects. Firstly, most of these are cross-sectional studies. Due to the lack of complete baseline and long-term 
follow-up data, it is difficult to accurately analyze the relationship between sarcopenia and these characteristic metabo-
lites. Due to the particularity of elderly patients, an individual often suffers from a variety of diseases, such as diabetes, 
hypertension, and osteoporosis, which are common diseases, and sarcopenia is closely related to insulin resistance, 
inflammatory diseases, obesity, and weakness. These factors can disturb the results of the metabolomic analysis. 
Secondly, although the age gap of the research population in the referenced studies is small, there are great differences 
in the number, gender, nationality, and country. Due to the differences in social culture and living customs, the research 
results may not apply to all populations. Thirdly, most of the studies do not deal with the batch effect. Although it must 
be recognized that minimizing the batch effect is a very challenging task from the perspective of experiment and data 
processing, neglecting or ignoring the batch effect can mislead the research results and even make it impossible to 
reproduce. Finally, it should be noted that the metabolomics research on sarcopenia is still in its infancy. Repeated small 
sample size and low-quality research is a waste of public resources. To understand the metabolic mechanism of 
sarcopenia, prospective and large-sample metabolomics research is highly warranted.

The treatment for sarcopenia is also a topic worthy of discussion. Due to the complex pathology and treatment of 
sarcopenia, many experts recommend and emphasize the role of physical activity in preventing sarcopenia.166 Physical 
activity is considered the preferred strategy for the treatment of sarcopenia, which improves the physical performance 
and muscle strength in patients with sarcopenia and reduces the risks of falls and related injuries.167 It is well-known that 
mitochondria are the powerhouse to drive human movement and physical activity regulates mitochondrial function. For 
example, physical activity can improve mitochondrial electron transport in skeletal muscle to improve oxidative 
phosphorylation, reversing the reduction in autophagy level, and improving muscle antioxidant capacity.168 Contrary 
to the grand occasion of physical activity therapy, there is no drug approved by FDA for the treatment of sarcopenia. 
Previous studies tried to treat sarcopenia through DHEA, HGH, testosterone, and clenbuterol, but all failed because either 
the effect was not ideal or the side effects were obvious.169 Currently, most of the clinical trials on the treatment of 
sarcopenia registered in the US National Library of Medicine are interventional therapies and only a few studies have 
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Figure 2 The effect of amino acid and lipid metabolism on mitochondrial function of skeletal muscle. (A) The process of BCAA and taurine degraded to Acetyl-CoA in 
mitochondrial energy metabolism is explained. Tryptophan and aspartate act as the core components of NAD+ metabolism. BCAA, taurine, tryptophan and aspartate can 
activate mTORC1 signaling and promote mitochondrial function. Glutamate participates in NAD+ metabolism through GOT1. Serine, methionine and sarcosine are involved 
in mitochondria related single carbon metabolism. (B) LCFA, MCFA and SCFA can promote β-oxidation to increase ATP production, but LCFA and MCFA can also inhibit 
mTORC1 and reduce mitochondrial function. LPC leads to the production of ROS in mitochondria through NOX5. Cardiolipin produced by LCFA, MCFA and LPC can 
promote mitochondrial division and fusion. SCFA, LPC, adiponectin and leptin can improve mitochondrial energy metabolism through AMPK.
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tried using drugs for its treatment, such as Rooks et al using bimalumab and Regeneron Pharmaceuticals using 
troglozumab. The rise of metabolomics research is an opportunity to identify the operating mechanism of metabolites 
of sarcopenia in the human body. In the future, these characteristic metabolites may be used as unique targets to help us 
in developing drugs for the treatment of sarcopenia. According to the current situation, the regulation of the mitochon-
drial function using metabolites is a field with considerable potential.

In conclusion, there has been a lot of research on sarcopenia and metabolomics, but the results of this research are only at 
a preliminary stage. It is hoped that more research can combine clinical and animal experiments, giving full play to the 
unique advantages of metabolomics and helping us better understand the correlation between characteristic metabolites and 
skeletal muscle aging, which will be helpful in developing new diagnostic methods and treatment strategies.
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Sarcopenia in Older People; EAA, essential amino acids.
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