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Abstract: Extracellular vesicles (EVs) can contain DNA, RNA, proteins and metabolic molecules from primary origins; they are 
coated with a phospholipid bilayer membrane and released by cells into the extracellular matrix. EVs can be obtained from various 
body liquids, including the blood, saliva, cerebrospinal fluid, and urine. As has been proved, EVs-mediated transfer of biologically 
active molecules is crucial for various physiological and pathological processes. Extensive investigations have already begun to 
explore the diagnosis and prognosis potentials for EVs. Furthermore, research has continued to recognize the critical role of nucleic 
acids and proteins in EVs. However, our understanding of the comprehensive effects of metabolites in these nanoparticles is currently 
limited and in its infancy. Therefore, we have attempted to summarize the recent research into the metabolomics of EVs in relation to 
potential clinical applications and discuss the problems and challenges that have occurred, to provide more guidance for the future 
development in this field. 
Keywords: extracellular vesicles, metabolomics, metabolites, clinical application

Introduction
Extracellular vesicles (EVs) are membrane-bound lipid nanovesicles secreted by various cells.1 While the EVs from 
different cells display similar physical characteristics, they are highly heterogeneous.2 EVs can usually be roughly 
subdivided into microvesicles (MVs), exosomes, and apoptotic bodies, and they differ from each other in size, shape, 
formation process, and biological functions.3 Originally, EVs were thought as a trash accumulator for cells, as a way to 
deal with unneeded components. Up to now, it has been gradually demonstrated that EVs also regulate physiological and 
pathological responses. Extensive studies have recognized the significance of EVs in information transfer and cell-to-cell 
communication, such as tumor development,4 immune responses,5 and cell apoptosis.6 EVs are composed of thousands 
of nucleic acids, proteins, and lipids,7 and their surfaces are composed of a sophisticated lipid bilayer which can protect 
their inner biomolecules.8 They can also pass through the blood–brain barrier, which characterizes their value in initiation 
and development of neurological diseases (Figure 1).9

The role of nucleic acids and proteins in EV-mediated communication has been widely reported.10–12 Considering the 
similarity of the cargoes in EVs and primary cells, EVs can function as biomarkers for the diagnosis of disease and 
disease stages.13 In the era of tissue biopsy as the gold standard for cancer diagnosis, EVs can be utilized as novel and 
non-invasive tools to enable early diagnosis and timely monitoring.14 Increasingly, researchers have designed EVs as 
targeted carriers to package drugs, miRNAs, and proteins, and thus facilitate the remarkable and precise treatment of 
diseases.15
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In laboratory testing, metabolomics focuses on small-molecule metabolites that are less than or equal to 1500 Da in 
biological specimens, including carbohydrates, organic acids, lipids, amino acids and aromatic hydrocarbons.16,17 

Genomics and transcriptomics have been widely used and shown great potential in various studies. Genomics reveals 
what a cell is capable of, while transcriptomics elucidates what the cells plan. Specifically, proteomics and metabolomics 
can elucidate what the cell is doing and reflect the direct physical changes.2,18 By analyzing the constituents of the 
metabolic compounds, we can identify the chemical processes that having occurred and the reactions currently existing in 
the body, and this can enhance the rapid assessment of phenotypes for different diseases. Interpretations combined with 
relevant knowledge can provide comprehensive information on the changes in the upstream molecules, including DNA, 
RNA, and proteins.1,19 While there may only be a minor difference in the upstream protein structure or composition, this 
can lead to an obvious transformation in metabolomics.20 Therefore, it is necessary to highlight that metabolomics is the 
ultimate “omics” which can identify sensitive and specific biomarkers to clarify slight pathological changes in donor 
cells.21 In turn, metabolites also have a reflected effect on gene replication, transcription, and translation, which 
ultimately influences the initiation and progression of diseases.22 As it aids in our understanding of molecular mechanism 
diversity, metabolomics can also be applied to precision medicine to improve human health, such as for metabolic and 
cardiac diseases, cancer, longevity, and nervous system diseases.23,24 Additionally, due to the interference of environ-
mental enzymes, initial genomics and transcriptomics are not completely linear with the downstream metabolites, as side 
reactions may simultaneously happen, resulting in unexpected products.25 It is thus not enough to concentrate solely on 
the genomics and transcriptomics, as the whole molecular landscape should be understood. Accordingly, the two main 
analytical techniques that have recently been applied to EV metabolomics are nuclear magnetic resonance (NMR) 
spectroscopy and high-resolution mass spectrometry (MS), of which MS has a higher sensitivity and specificity. To date, 
however, detection platforms are generally unable to detect all compounds in the sample at the same time, and this can 
only be achieved by selective extraction combined with parallel detection in each platform.26–28 We must comprehen-
sively consider sample situations and individual needs to select more suitable analytical techniques. When comparing 
their information processing abilities, both genomics and metabolomics can produce massive databases. Considering the 
costs associated with using these technologies, mass spectrometry-based metabolomics is cheaper and faster than 
genomics.29

Figure 1 The structure and content of EVs. EVs have a complex composition of nucleic acids (DNA, RNA), protein, metabolites and amino acid.7 Some proteins are on the 
surface of the particles and used as markers for EVs, such as CD9, CD63, CD81.1–3 Additionally, EVs surface also include cell adhesion proteins, cell-type-specific proteins, 
and lipid.4–9 Created with BioRender.com.
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Ultimately, the cargo within EVs depends not only on the producing cells but also on cell growth conditions.30 

A previous study compared EVs growing in conventional culturing conditions with in vitro cell models. It surprisingly 
concluded that there are few variations regarding their size distribution and surface biomarkers. However, the metabolic 
composition represents large-scale statistical diversity, revealing the inconsistency of various culture conditions.31 With 
the emergence of high EVs-output bioreactors, an increasing number of clinical trials have focused on the development 
of EVs as drug delivery vectors or therapeutic agents.32–34 Nevertheless, it is still unknown whether the current 
knowledge of EVs in vivo studies can be fully applied to bioreactor-derived vesicles, especially the effects on the 
metabolic processing of recipient cells.

To summarize the current research and progress related to EV metabolomics in clinical applications, we have used 
“Extracellular vesicles” and “Metabolomics” as the main search keywords. It should be noted, however, that lipids in 
organisms are classified as metabolites,35 and there is crosstalk between EV metabolomics and lipidomics,36 but the study 
of lipids in EVs has progressed more.37,38 Accordingly, we have combined the clinical progress both in EV metabolomics 
and lipidomics to enhance the content and integrity of this review.

However, despite a promising start into EV metabolomics, most studies to date have been preclinical tests. More 
clinical tests will be required in the future to provide, more extensive and verified knowledge. We intend to summarize 
the efforts made to investigate metabolites in EVs as biomarkers for purposes such as diagnosis and prognosis, to help 
promote EV metabolomics to have a more practical role in large-scale clinical environments.

In the following review, we begin by introducing the relationship between metabolites in EVs with diseases. We then 
generalize the existing programs related to EV metabolomics. The main applications addressed in this paper are as 
follows: a) diagnosis, b) therapy, c) detection of disease progression, d) prognosis and e) multi-omics research. We focus 
on understanding how the metabolomics of EVs improves clinical practice performance, to provide improved guidelines 
and reference data to improve the use of these techniques and contribute to a deeper understanding of the metabolomics 
in EVs.

How Do Extracellular Vesicles Play a Key Role in Multiple Diseases?
As carriers, EVs play vital roles in intracellular communication, especially through their encapsulated cargos, which 
includes DNA, various RNA species and proteins.39 In this part, we will focus specifically on the effects of metabolites in 
EVs on cancer, metabolic diseases, inflammation and neurological disorders (Figure 2).

How Critical are Extracellular Vesicles in Cancerous Growth?
EVs are important mediators of cargo delivery and intracellular communication, which is crucial for the progression of 
cancer. Furthermore, when normal cells converse into cancer cells, an increased number of EVs are secreted.40–42 Exosomes 
can deliver multiple signaling molecules to their targets, which leads to reprogramming of cell biological processing. More 
importantly, it also accelerates the invasion and distant metastasis of tumors.1,43 In tumor microenvironment (TME), cancer- 
associated fibroblasts (CAFs), macrophages, T cells, dendritic cells (DC), natural kill cells (NKs) and tumor cells can secret 
EVs to crosstalk with each other. Most metabolites are actually source of nutrients and redistributed through EV-mediated- 
transport protein expression to increase uptake of cancer-required nutrients, such as the upregulation of glucose and lactate 
transporter, which includes GLUT1, and MCT1&4.44 For instance, studies of prostate and pancreatic cancers have provided 
information on CAFs and how they rearrange the metabolic pathways in cancers. The results provide compelling evidence 
that CAF-derived EVs act as a supply of lactate, amino acids and lipids to disable mitochondrial oxidative processing and 
promote glycolysis in cancer, thereby maintaining normal tumor proliferation. Furthermore, as tumors are developing, their 
requirement for energy is increasing, and consequently, they can alter the metabolic patterns to meet the increasing energy 
demands. The cargos carrying in EVs from surrounding cells and tissues, even if under nutrient deprivation conditions, can 
enable cancer cells to continue growing and differentiating. This could help to improve our understanding as to why cancer 
cells maintain rapid proliferation, while the tumor environment maintains an immunosuppressive status with low glucose and 
low PH.45 Furthermore, EVs participate in the induction of angiogenesis, regulating immune responses and forming a pre- 
metastatic niche to promote cancer-targeted metastasis.46–50 The vesicles have been confirmed to carry out intrinsic 
metabolic reactions. Fonseca et al have pointed out that nanoparticles are capable of glycolysis through internal metabolic 
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enzymes to synthesize adenosine triphosphate.48 Thus, after being secreted by cancer cells, EVs can produce special 
substances that do not exist in primary cells, which may enhance tumor malignancy.

Considering EVs from the same donor cells, their inside cargos can be evidently distinct from each other under 
different conditions. Kudo et al have further found that before reaching their targets, hydrolysis function of secreted 
phospholipase A2 (sPLA2) can be used to verify the structures and functional characteristics of EVs. This novel point 
breaks the dogma that during the transfer from their parental cells to recipient destination, the particles do not exhibit any 
extracellular modifications and that they only display their functional characteristics after reaching target cells. It has 
indicated that several biological reactions are simultaneously taking place during the transfer process. The above research 
is also the first in vivo study to identify sPLA2 as a hydrolytic platform to accelerate tumor progression and has been 
investigated as a new prognostic biomarker and therapy target for diffuse large B cell lymphoma.51

In short, EVs can modulate the physical reactions of recipient cells and contribute substantially to cancer initiation, 
progression and invasion, beyond the delivery of various surface and intracellular metabolites of donor cells. EVs also 
have their own metabolic pathways to alter which they want to contain.

How Important are Extracellular Vesicles in Metabolic Diseases?
An increasing number of studies have declaimed the participation of EVs in metabolic syndromes. For example, flow 
cytometry has been used to show that plasma-EVs are increased in diabetes and non-alcoholic fatty liver disease 

Figure 2 Schematic representation of the impact of metabolites in EVs on the hallmarks of different diseases. Ten hallmark capabilities are as follows: accelerating cancer 
invasion and metastasis,51 supplying lactate and lipids,44 regulating immune response,45 promoting pre-metastatic niche,46–50 mediating metabolic pathway,56 boosting more 
EVs releasing,40–42 joining in EVs intrinsic metabolic reactions,48 promoting obesity and atherosclerosis,50 transferring lipids to adjacent cells and initiating cancer 
development.58 Created with BioRender.com.
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(NAFLD), especially in platelet-derived EVs.52–54 Studies have highlighted the lipid droplet protein perilipin A as 
a promising marker to identify the stress intensity in adipose tissue, which is found to be downregulated 35% in reduced 
calorie diets.55 This indicates that perilipin A may activate the “find me” signal of macrophages to promote more immune 
cell migration. Of note, metabolic diseases are often associated with various diseases. EVs may function as mediators to 
bridge the relationship. Circulating exosomes are found to concurrently facilitate multiple dependent issues. For example, 
in vitro experiments show that EVs can absorb free fatty acid (FFA) directly from serum and transmit it to cardiac cells, 
which greatly mediates the relationship between obesity and heart damage. The results were also observed in mouse 
models, which suggest the involvement of EVs in progression and crosstalk of obesity, diabetes and atherosclerosis.50

How Notable are Extracellular Vesicles in Inflammatory Disease?
As suggested, researches on the relationship between immune and inflammatory diseases and EVs have poorly focused 
on metabolomics, and the situation is similar for the next part of neurological study. Only a lipidomics analysis found that 
after applying lipopolysaccharide (LPS) to induce acute lung injury (ALI) mice, more EVs have been observed to release 
into lung interstitium. These vesicles mainly come from alveolar epithelial cells, macrophages and neutrophils. The 
characteristic change is the carrying of omega-3 and omega-6 polyunsaturated fatty acids (PUFAs). Furthermore, when 
alveolar macrophages stay in different inflammatory conditions, the content of eicosanoic acid, arachidonic acid, 
cytosolic phospholipase A2, and cyclooxygenase in EVs will change diversely.56 The results reveal that inflammation 
can mediate metabolic pathway changes in EVs. Meanwhile, molecules in EVs can also regulate cellular inflammation. 
Just take the study of COVID-19 for example, Song et al have suggested that the plasma of COVID-19 patients is 
enriched in monsialodihexosyl ganglioside (GM3)-exosomes. However, GM3 has been reported to target CD4+T cells. 
GM3-exosomes may contribute to the immunosuppressive environment. Hence, we can conclude that metabolome in 
exosomes partakes in pathological processes related to inflammation.57

How Considerable are Extracellular Vesicles in Nervous System Diseases?
As we know, it is not easy to obtain samples from brain when compared with other tissue sources, and this creates difficulties in the 
diagnosis and development of neurological diseases.14 Due to their smaller size and special surface structures, extracellular 
vesicles can smoothly transfer across the blood–brain barrier, providing a unique and non-invasive tool to obtain brain tissues.4 

Hence, they have been gradually recognized as indispensable source to tell distinct pathological changes for nervous system, as 
well as in drug delivery system.32 Metabolites from EVs are reported to produce remarkable effects on nervous system disorders. 
For instance, Scesa et al have discussed that nerve cells promote EV release to restore cellular homeostasis in order to clear 
accumulated lipids, which is consistent with the initial understanding of EVs. However, they also found that these sphingolipid- 
loaded EVs actually act as conveyor belts, to transfer lipids to unaffected cells, resulting in a pathological state of non-cell- 
autonomous defects.58 Ceramide is a rich component on the surface of EV membrane. In Alzheimer’s disease, amyloid beta 1-42 
(Ab1-42) can make astrocyte derived-EVs carry more ceramide and promote apoptosis of surrounding cells.59 To the best of our 
knowledge, most of the current understanding of neurological diseases is based on genome, transcriptome and proteome, such as 
the data for glioma,60 brain injury,61 Alzheimer’s disease,62,63 and Parkinson’s disease.64 Nevertheless, the analysis of the 
metabolome in EVs is still in its infancy. Considering evident potential for identifying multiple pathological reactions in the 
brain, EV metabolomics should be the focus of many future investigations.

How Potential of Metabolomics of Extracellular Vesicles in Clinical 
Diagnostic Applications?
There have been several preclinical researches, which are basic or proof-of-concept studies, that have focused on the clinical 
potential of EV metabolomics.27,30 Most researches on metabolomics of EVs have attempted to investigate their promising roles 
as diagnostic biomarkers because of their heterogeneous profiles, which is of great importance for the definition of multiple 
diseases and identification of the specific illness stages. The detection of EVs is a non-invasive liquid biopsy, so it has 
consequently attracted a lot of interest. Moreover, EV-harbored cargoes do not come from debris of cellular compositions 
randomly, but are sorted by a strict separating system, making EVs more informative (Figure 3).65
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Where Do the Sources of Extracellular Vesicles Often Used in Metabolomics Come 
from?
Metabolomics of EVs can be conducted on a diverse range of biomaterials, such as newly acquired or properly preserved 
clinical or experimental animal samples, and cells or cell lines cultured in vitro. Different sample sources have their 
various EV separation methods and corresponding metabolite analysis techniques, which have previously been summar-
ized in the literature.30

As for the clinical specimens, blood should be specifically divided into plasma, serum and blood sources. As plasma is often 
collected in clinical researches, most detected EVs come from plasma when compared with serum and whole blood. In 2016, 
Altadill et al have detected the metabolites in EVs from plasma. According to the study, they have been the first group to come 
up with a critical protocol that can be generally used in EV metabolomics through high-resolution mass spectrometry.66 Plasma- 
derived EVs have also been detected to enable quantitative metabolic profiling for the diagnosis of acute pancreatitis and 
differentiate EV subtypes by proteomics and metabolomics.67,68 In addition, for patients with ST short elevation myocardial 
infarction components, plasma EVs were assessed to identify biomarkers and signal transduction mechanisms related to 
myocardial ischemia.69 Meanwhile, Zhao et al focused on pregnant women and implemented lipidomics to plasma EVs in 
order to build a preterm birth prediction model.70 Likewise, mouse plasma EVs can also be detected after exposure to ionizing 
radiation in the brain for metabolomics.71 Recently, an effective EV capture system using Titanium Dioxide microparticles has 
been designed to facilitate plasma-based liquid biopsies to understand the metabolic signatures of diabetic retinopathy.72

Figure 3 Application of EV metabolomics. The analysis of EVs metabolomics usually requires for several steps, including isolation of EVs, mass spectrometry analysis of inner 
metabolites and analysis of the metabolic maps. Metabolite analysis mainly depends on the distribution of species and the relative intensity of their content.26–28 After these 
steps, EVs metabolomics can apply to diagnosis,89–98 drug efficacy screening,99–104 disease progression monitoring,51,105–108 identifying prognostic biomarkers43,47,109,110 and 
cooperating with other omics.83,111,112 Created with BioRender.com.
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Serum-derived EVs are essential not only for bipolar disorder research,73 they also provide anti-inflammatory 
substances and antibiotics to COVID-19 patients,74 as well as in Alzheimer’s disease.50,75 Due to the complexity of 
whole blood substances, blood-derived EVs are rarely used. There is just one study performed on the identification, 
diagnosis, and prognosis of breast cancer.47

Urine-derived EVs have primarily been studied in relation to the kidney and prostate.76,77 For example, after applying 
antioxidant Tempol to mice with salt-sensitive hypertension, EVs were used to clarify lipid changes in urine,78 and they 
were also used intensively as a diagnostic biomarker for prostate cancer (PCa).79 As for the changes in prostate cancer 
patients before and after prostatectomy, Puhka et al have compared and profiled urinary EVs from the patients and 
healthy controls.80 Urine-derived EVs have also been applied to investigate the variation in cardiovascular disease, which 
identifies novel cardiovascular risk signatures.81

For respiratory diseases, EVs from bronchoalveolar lavage fluid are widely used for purposes, such as comparing 
lipid between asthmatic patients and healthy people.49 Brain tissue-derived EVs include samples collected in chromo-
chromic leukodystrophy (MLD) and control mice.82 Cohn et al isolated microglia CD11b-positive small EVs from 
cryopreserved human brain tissue.83 Hypoxic injury to placental trophoblasts has also been assessed by measuring the 
membrane viscosity of trophoblast microvesicles.84 A study has used T cell surface-specific CD3 to isolate T cell 
derived-EVs. Through proteomics and lipidomics analysis, the study has verified some known characteristics of 
lymphocytes and revealed possible markers indicating the activation of plasma T cells.85 Some researches also highlight 
the use of EVs from auditory cells (Figure 4).86

It is not difficult to conclude that samples come from a wide-range system. Blood-derived EVs are the most widely 
used. Special sources of EVs, such as urine and bronchoalveolar lavage fluid, are mainly utilized in their specific 
systems. Of note, for patients with neurological disease and pregnant women, invasive tissue biopsies are not suitable for 
them, which provide a new function and expand broad prospects for EVs.

Figure 4 Schematic of the diverse sources involved in the research of metabolomics of EVs and the associated diseases. The source types include brain tissue, blood, 
bronchoalveolar lavage fluid, pleural effusion, urine and trophoblast. Brain tissue has been researched on chromochromic leukodystrophy (MLD).82 Blood can be specifically 
divided into plasma, serum and blood. Plasma has been applied to acute pancreatitis,67,68 ST short elevation myocardial infarction,69 preterm birth.70 For serum-derived EVs 
are notable in bipolar disorder,73 COVID-19,74 Alzheimer’s disease,50,75 The whole blood has been displayed on breast cancer.47 Urine tissue are always applied to research 
on kidney and prostate, such as salt-sensitive hypertension,78 and prostate cancer (PCa).79 Auditory cell-derived EVs has been utilized in drug- and noise-related hearing 
loss.86 For respiratory system, bronchoalveolar lavage fluid-derived EVs are conducted on asthmatic.49 In addition, lung cancer can be studied based on pleural effusions- 
derived EVs.90 Moreover, trophoblast-derived EVs can be used to evaluate hypoxic injury to placental trophoblast.84 Created with BioRender.com.
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How Metabolomics of Extracellular Vesicles Used in Diagnosis of Metabolic and 
Cardiovascular Diseases?
It has been strongly suggested that the EVs released by cardiac cells and tissues contribute to angiogenesis, cellular 
proliferation, and maturation. Different pathological states of the cardiac cells result in various nanoparticle compositions. 
Take adipose cells, for example, Shalaby et al elucidated C16:0 ceramide and their derivative lipids in vesicles were the most 
secreted metabolites from adipose tissue, suggesting that this molecule displays a major role in cardiovascular redox status in 
obese patients. At the same time, C16:0 ceramide is directly related to the late myocardial necrosis of atherosclerotic 
individuals,87 which suggests novel drug targets and new insights into the pathogenesis. Except for the implementation of 
metabolomics in chronic diseases mentioned above, it reportedly benefits the diagnosis and treatment of other acute ones, 
such as acute pancreatitis (AP). The recent research has compared metabolic profiling of plasma EVs from patients with 
different severities of AP, including healthy controls, people with severe AP and those with mild AP. Consequently, four 
potential biomarkers have been determined to serve as candidates for early diagnosis and severity differentiation of AP, 
including eicosatrienoic acid (C20:3), thiamine triphosphate, 2-Acetylfuran, and cis-Citral. Furthermore, it has given new 
thought into the possible treatment ideas for AP.68 Furthermore, Weingrill et al found that plasma EVs could also be used to 
provide an initial assessment of placental function and to develop diagnosis, treatment, and prognosis of gestational 
hypertension.88 Notably, for ST elevation myocardial infarction, evidence has demonstrated that plasma EVs in patients 
contain more lipid molecules, revealing possible biomarkers and signal transduction mechanisms.69

How Metabolomics of Extracellular Vesicles Used in Diagnosis of Cancers?
How Metabolomics of Extracellular Vesicles Used in Diagnosis of Lung Cancer?
Up to now, in the world ranking of cancer-related deaths, lung cancer still remains first. Implementing more sensitive 
screening programs to improve the diagnosis of lung cancer is one of the major steps to reduce mortality.89 Despite the 
use of bacteriological and histopathological methods, the delayed or missed diagnosis cannot yet be completely avoided, 
especially in patients loaded with lower dose of M. tuberculosis and fewer tumor cells. Thus, more sensitive approaches 
need to be developed. Our previous study has attempted to use large and small EVs from pleural effusions of patients 
diagnosed with tuberculosis or lung cancer to clarify the metabolic profiling and reprogrammed reactions in these two 
diseases, with a total of 579 metabolites analyzed. We have discovered that the metabolite profiling of vesicles and 
pleural effusions shows extremely distinct distribution. Through comprehensive detection and validation workflow, 
phenylalanine, leucine, phosphatidylcholine 35:0 and sphingomyelin 44:3 have been determined as novel marker 
candidates for distinguishing tuberculosis from lung cancer.90 We have provided a new metabolic perspective to 
discriminate lung cancer from benign nodules. In another similar study which gathered serum EVs from patients with 
lung cancer and pulmonary nodules, a high degree of heterogeneity in lipid profiles was explored. The study focused on 
hundreds of patients including patients free of nodules or diagnosed with benign nodules and those with lung cancer. 
Then, a targeted mass spectrometry was then utilized to detect 352 lipids. Ceramides have exhibited up-regulated 
expression in cancer cell vesicles, with a concomitant decrease in phosphatidylcholine and polyunsaturated acyl chains. 
Significant differences in EVs and serum lipid profiles were also observed.91 Accordingly, these researches have 
demonstrated the sensitivity of metabolic markers to clarify malignant cancer, especially for highly heterogeneous 
nodules when using low-dose computed tomography (CT). However, more information and tests are needed to promote 
the availability of the technology.92 It seems a common problem that these studies both lack large populations to 
externally validate the results. This is a limitation for EV metabolomics to apply for clinical testing program.

How Metabolomics of Extracellular Vesicles Used in Diagnosis of Prostate Cancer?
As is well known, testing for prostate-specific antigen (PSA) in blood is often conducted as a preliminary screening 
experiment for potential PCa patients.93 Nowadays, a growing number of urine specimens have been investigated to 
determine new markers for their availability to obtain.94 However, due to the dilution of renal tubules, not all the 
biomarkers can be detected by current technologies. Thus, it requires more concentrated samples. Given the generative 
process of EVs and presentation in all body fluids, EVs can provide more concentrated molecules to improve the 
detection of PCa biomarkers.95 For example, Skotland et al compared the urinary EVs from healthy individuals with 
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those from PCa samples. They found nine distinctly expressed lipids that could be potential markers for PCa.79 Likewise, 
a recent study has analyzed the metabolite difference between PCa and benign prostate hyperplasia (BPH) patients. 
Seventy-six of the detected metabolites exhibited significant differential abundance, supporting the use of urinary EVs as 
a method to clarify the metabolic profile of PCa.31

Some studies also compared EVs from lymphoma and colorectal cancer cell lines. They found that cancer-derived 
EVs have higher levels of amino acids and B vitamins, which can be called “metabolic fingerprints”. In the future, how to 
deeply understand the role of “metabolic fingerprints” and pursue more applications of EV metabolomics in cancer 
deserves further research.96

How Metabolomics of Extracellular Vesicles Used in Diagnosis of Nervous System 
Diseases?
Increasing studies have focused on how the metabolites in EVs perform in nervous system disorders. In a related study, 
Du et al conducted a large multicenter project to identify 15 exosome-derived substances in schizophrenia. These 
markers were determined to have excellent performance in differentiating bipolar disorder (BD), major depressive 
disorder and schizophrenia. In early stages, the symptoms of these diseases are mild and similar to each other, resulting 
in difficulty in classification. To deal with this problem, EVs can be developed as possible diagnostic biomarkers. Several 
bioreactions have been revealed to exhibit great importance during the pathogenesis, including galactose biochemical 
processing, amino sugar and nucleotide sugar reactions, and the mutual interconversion between pentose and glucuronic 
acid.73 This is consistent with a previous study of multi-pathway alterations in BD plasma metabolomics.97 This has 
strongly suggested that the dysfunction of glucose metabolism is closely related to the occurrence and deterioration 
of BD.

In another study, untargeted lipidomic analysis has been utilized to identify EVs in brain tissue of MLD mice. This 
work specifically noted that when compared with control mice, EVs’ size and protein concentration were not significantly 
different in MLD mice. However, the sulfides of short fatty acyl chains were significantly increased.82 Therefore, we can 
identify that lipidomics may present unique advantages in diagnosing neurological diseases and following pathological 
change. However, human samples are still required to verify and supplement this assumption. In 2016, Moyano et al 
identified EV changes in plasma of patients with multiple sclerosis, characterizing the increase of C16:0 sulfatide in 
small vesicles.98

Overall, these studies have fully indicated that implementing metabolomics of EVs to neurological disorders is 
a feasible approach to improve early diagnosis and treatment for these diseases.

How Potential of Metabolomics of Extracellular Vesicles for Disease 
Treatment?
As has been suggested, many endogenous small molecules can directly participate in various forms of metabolism. To 
a certain extent, their levels can reflect the function and state of the biochemical metabolism in the body, thus helping to 
discover new drug targets. For example, the data of auditory cells suggest that large and small vesicles contain diverse 
concentrations of eicosanoids. PUFAs are more efficiently loaded into small vesicles. PUFAs promote the production of 
pro-inflammatory agents in vesicles, alter the content composition, and influence the effect of drugs.86 EV metabolomics 
has also been applied to study human pharmacokinetics. After taking resveratrol, healthy subjects have been found to 
secrete more EVs in plasma. Furthermore, the metabolites encapsulated in EVs are concentrated and consist of only nine 
resveratrol derivatives, not all the seventeen kinds of resveratrol metabolites. Moreover, the metabolites from the 
intestinal microbiota derived EVs were higher than those of the plasma, suggesting a higher intestinal entrapment rate 
for resveratrol. This provides a new direction and pathway to clarify the internal transport of drugs.99 Many studies have 
been devoted to the use of EVs for the encapsulation of drugs.100 However, it is not yet clear whether the metabolites 
primarily in EVs will affect the drug encapsulation and therapy efficacy. With the increasing number of tumor 
metabolism inhibitors and drugs for metabolic diseases receiving a larger amount of attention and applying to clinical 
trials,101,102 here comes more demand for real-time monitoring of drug efficacy to acquire large-scale metabolomic 
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characterization. Exosomes are widely used for drug delivery because of their excellent loading capacity and natural 
targeting potential. However, their targeting effect is not as satisfactory as previously predicted. To optimize targeting 
advantages, metabolomics analysis was applied to know the specific lipid components on the surface of EVs. According 
to the structure, proteins can also be attached to lipid molecules on EVs to increase cell uptake and drug delivery 
efficiency (Table 1).103

Accordingly, a comprehensive understanding of the composition of EVs would be indispensable, as it would help to 
carefully specify the type and quantity of encapsulated drugs and to ensure they can successfully exert their desired 
therapeutic effects.104 The role of EV metabolomics in reflecting the efficacy of novel metabolic treatments deserves 
further attention.

What is the Potential of Metabolomics of Extracellular Vesicles in 
Monitoring Disease Progression?
Although there is overwhelming evidence indicating the subtype and arrangement of EVs’ molecules and structuresto 
date, only a few metabolites related biomarkers have been studied to monitor disease progression.

For instance, metabolomic testing has been performed to screen for biomarkers in rectal cancer patients, aiming to 
assess the neoadjuvant chemotherapy response.105 What is more, this research also compared the sensitivity of proteins 
and lipids as biomarkers. At present, there are numerous clinical studies screening differential markers, while only a few 
studies have been conducted to compare the effectiveness between a single omics and a combination of multiple omics. It 
is hoped that future research will focus on this problem to help promote the clinical translation of EVs as a pathway for 
disease diagnosis. As for abdominal aortic aneurysm (AAA), Dang et al have demonstrated that activated T cell derived- 
EVs may deliver more PUFA phospholipids to macrophages. PUFAs can provide more substrate for redox imbalance and 
migration of macrophages, thus accelerating the progression of AAA. This result has revealed how T cells interact with 
macrophages and suggested a potential targeted therapeutic strategy for AAA.106 In addition, anti-inflammatory mole-
cules (LysoPS, 7-α, 25-dihydroxycholesterol and 15-d-PGJ2) and coagulation (thromboxane and ellagic acid) related 
metabolites in EVs may play critical roles in reducing inflammation of COVID-19.74 EVs metabolomic analysis was also 
applied to monitor glioblastoma.107 Surprisingly, the technique has been practiced to measure the surface lipid 

Table 1 Clinical Use of Metabolomics of EVs in Diagnosis and Therapy

Scheme Diseases Source of EVs Metabolites Studied Ref.

Diagnosis Late myocardial necrosis of 

atherosclerotic

Adipose tissue C16:0 ceramide and their derivatives [87]

Acute pancreatitis Plasma Eicosatrienoic acid (C20:3), thiamine triphosphate. 
2-Acetylfuran, cis-Citral

[68]

Gestational hypertension Plasma SM, acetyl CoA, methionine, phenylalanine, 

tryptophan, carotenoids, tyrosine, arginine, leucine

[88]

ST elevation myocardial infarction Plasma Ceramides, dihydroceramides, and sphingomyelins [69]

Lung cancer Pleural effusions Phenylalanine, leucine, PC 35:0 and SM 44:3 [91]

Serum Ceramides, PC and polyunsaturated acyl chains [92]
Prostate cancer Urinary PS 18:1/18:1 and lactosylceramide (d18:1/16:0) [93]

Benign prostate hyperplasia Urinary PC, PE, SM [31]

Bipolar disorder Serum lysoPE 18: 0, lysoPE 14: 0, lysoPC 18: 0, and  
lysoPC 20: 1

[73]
Schizophrenia

Depressive disorder

Chromochromic leukogystrophy Brain tissue sulfides of short fatty acyl chains [82]
Multiple sclerosis Plasma C16:0 sulfatide [98]

Therapy Drug- and noise-related hearing loss Auditory cells Eicosanoids [104]

Advanced Alzheimer’s disease Microglia Cholesterol, docosahexaenoic acid (DHA) [83]

Abbreviations: PE, phosphatidylethanolamine; PI, phosphatidylinositol; PC, phosphatidylcholine; PS, phosphatidylserine; PA, phosphatidic acid; SM, sphingomyelins.
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composition and viscosity of the nanoparticles, and evaluate intrauterine hypoxic injury of placental trophoblasts. In 
short, the results suggest a potential strategy to characterize the health of fetal membranes during pregnancy, as well as to 
achieve real-time monitoring.84 In addition, five lipid markers can construct a predictive model to assess how high the 
risk of premature delivery is for pregnant women in the second trimester (12–24 weeks), facilitating early clinical 
intervention.70

As is known, ionizing radiation exposure induces structural and functional changes in the brain, associated 
with spinal density, inflammation, and cognitive decline. However, many of these pathological changes cannot be 
observed in the early stage of irradiation. Using metabolomic analysis of plasma EVs from short-term radiation- 
exposed mice can help identify minimally invasive biomarkers of ionizing radiation injury in the central nervous 
system. Together, all these results have stated the utility of EVs in the blood for early disease progression after 
ionizing radiation.71

In addition, EVs from paroxysmal nocturnal hemoglobinuria patients have been observed to contain pro- 
inflammatory metabolic substances such as prostaglandin F2-α (PGF2α). The molecules were found to increase 
thrombotic events in patients.108 In a recently published study on B lymphomas, Kudo et al showed that 
lymphoma-derived EVs were driven by sPLA2 to enhance lipid metabolism. sPLA2 hydrolyzed the membranes 
of EVs phospholipid bilayers, increasing the output of fatty acids, lysophospholipids and their derivatives in the 
blood. sPLA allows vesicles to change structural and functional properties before reaching target cells. These 
findings provide new avenues for cancer invasion and metastasis. Furthermore, lipids are more concentrated in 
EVs when compared with the parent origins.51 This has aroused the speculation that in future studies we can not 
only focus on changes in vesicle components but also compare differences between the primary cells and EVs, as 
this could help elucidate new mechanisms (Table 2).

Table 2 Clinical Use of Metabolomics of EVs in Progression Monitor, Prognosis and Multi-Omics

Scheme Diseases Source of EVs Metabolites Studied Ref.

Progression 

monitor

Rectal cancer Serum 129 metabolites [86]

Abdominal aortic aneurysm Activated T cell PUFAs phospholipids [106]
COVID-19 Serum Anti-inflammatory molecules (LysoPS, 7-α,  

25-dihydroxycholesterol and 15-d-PGJ2) and 

coagulation (thromboxane and ellagic acid)

[74]

Glioblastoma Glioblastoma Cell Glycerol, tryptophan, carnitine and oxidized 

glutathione

[107]

Intrauterine hypoxic injury of 
placental trophoblasts

Trophoblast PE, PI, PC, PS, PA [84]

Preterm birth Plasma PS (34:0) [70]

Radiation injury in the central 
system

Plasma Triglycerides, platelet activating factor, carnitine 
and C-16 sphinganine

[71]

Paroxysmal nocturnal 

hemoglobinuria

Plasma Prostaglandin F2-α (PGF2α) [108]

B lymphomas Lymphoma cell Secreted phospholipase A2 [51]

Prognosis Breast cancer Plasma (lyso)-PCs and SM [43,47]

Pancreatic cancer Serum LysoPC 22:0, PC (P-14:0/22:2) and PE  
(16:0/18:1)

[109]

Non-small cell lung cancer Neural stem/ 
progenitor cell

SM [110]

Multi-omics Neoadjuvant radiotherapy in 

patients

Serum 129 metabolites [105]

Advanced Alzheimer’s disease Microglia Cholesterol, docosahexaenoic acid (DHA) [83]

Abbreviations: PE, phosphatidylethanolamine; PI, phosphatidylinositol; PC, phosphatidylcholine; PS, phosphatidylserine; PA, phosphatidic acid; SM, sphingomyelins.
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What is the Potential of Metabolomics of Extracellular Vesicles in 
Prognostic Evaluation?
The application of extracellular metabolomics for prognosis assessment is in its initial stage of development. There are 
only a few studies focusing on cancer prognosis and drug resistance. Rather than soluble plasma compounds, vesicles 
have been shown to mediate breast cancer invasiveness. The lipid molecules not only differentiate breast cancer patients 
from controls but also evaluate the future prognosis.43,47 Pancreatic cancer is a highly malignant tumor with poor 
prognosis due to the difficulties in achieving early diagnosis. EVs monitoring 61 clinical serum samples by LC-MS 
untargeted metabolomics have identified Lyso phosphatidylcholine (PC) 22:0, PC (P-14:0/22:2) and phosphatidyletha-
nolamine (PE) (16:0/18:1). These bioactive molecules correlated with tumor stage, CA199, CA242 and tumor diameter. 
Furthermore, overall survival was significantly associated with the PE levels in vesicles (16:0/18:1).109

As for drug resistance, take non-small-cell lung cancers (NSCLCs), for example. EVs phospholipid composition was 
found to be significantly different in gefitinib-resistant cells and gefitinib-sensitive cells. The transition to an acquired 
resistance phenotype is accompanied by alterations in phospholipids that may be associated with gefitinib resistance. 
Accordingly, lipid profiles in EVs may associate with clinicopathological features of breast cancers, which can provide 
new ideas for predicting drug resistance to gefitinib in breast cancers (Table 2).110

How Does Metabolomics of Extracellular Vesicles Cooperate with Other 
Omics?
Recently, a considerable amount of literature has developed around the theme of multi-omics studies. Take combination of 
proteomics and metabolomics, for example, they have been applied to evaluate the effect of neoadjuvant radiotherapy in patients 
with advanced rectal cancer. Several proteins and metabolites relevant to the unexpected results have consequently been 
revealed, as well as the involved signaling pathway, such as immune response, complement activation cascade, and platelet 
functions.105 Studies based on radiation therapy have been described to alter exosome content, thus affecting unirradiated cells 
and mediating radiation tolerance.111 At the same time, through fecal microbial EVs, genomics and metabolomics were used to 
construct a colorectal cancer diagnostic model.112 As expected, a multicomponent approach has demonstrated that using 
different types of exosome production may potentially improve the specificity and sensitivity of exosome-based diagnostics.1 

Likewise, Cohn et al used a combination of proteomics, targeted lipidomics, and NanoString nCounter technology to detect 
microglial EVs from advanced AD patients and normal/low pathology cases. The results have revealed 1000 proteins, 594 
lipids, and 105 miRNAs, suggesting that new AD biomarkers may be derived from the above biomolecules.83

Of note, there exists a multi-omics research conducted on COVID-19, which concentrated on proteomics and 
lipidomics to clarify the differences among various stages of COVID-19. Their important results provide a deeper 
understanding and insights into metabolic dysregulation of COVID-19 patients.113 The encouraging results also indicate 
the promising role of EV metabolomics in clinical applications.

In the future, how to make metabolomics directly promote precise treatment is a problem worthy to be further discussed. 
Take cancer, for example, except for identifying risk factors, metabolomics of EVs can also realize screening, diagnosis and 
monitoring of cancers. At the same time, to regulate abnormal proliferation environment and interfere with the metabolism of 
cancer cells, several inhibitors have been used to target metabolic molecules or pathways. To date, there have only been a few 
clinical trials of metabolic enzyme inhibitors. In addition, metabolomics is expected to be used with other omics. We believe 
that, as more standardized schemes, relevant instruments and user-friendly analysis platforms develop and become more 
easily accessible, EV-based metabolomics will also develop and result in beneficial clinical applications.

What are the Problems and Challenges in Metabolomics of Extracellular 
Vesicles?
However, there still exist some limitations in our attempts to fully harness the potential of EV metabolomics. First, the 
lack of global consensus on standard protocols to extract and analyze EVs consistently remains an obstacle to comparing 
different results based on similar researches and data reproducibility. Although the International Society for Extracellular 
Vesicles (ISEV) in 2018 has described the protocols of EV isolation and characterization, there still lacks a consensus on 
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how to choose appropriate isolation and characterization methods for various sources of EVs.2,18 Normalization methods 
obviously vary from different institutions. In addition, low recovery efficiency and EV contraction indicate that the 
isolation and detection methods require further development.114 Hence, we urgently need to build a unified and effective 
method to guarantee the reliability and efficiency of these studies.

In addition, the complexity of inner components impacts on the ability to identify reliable EV-metabolite biomarkers. 
Some studies found that regardless of the source of samples, the extraction and storage conditions of metabolites are pre- 
variables that will significantly affect the results.115–117 It also appeals for more details and standards on associated 
factors of metabolites treatment. More importantly, metabolites are highly diverse in chemical structure and composition. 
For instance, the main lipids on the membrane include glycerophosphingolipids, sphingolipids, and sterols (mainly 
cholesterol), which indicates great variation.118

Moreover, the identification and quantitative methods for metabolites are very limited. MS has become one of the 
most effective methods to study EV metabolomics,30 while there also exist some challenges for MS. The most 
challenging limitation of MS-based metabolomics is the lack of standardized analyzing protocols and consensus on 
spectrogram database, which can be utilized to compare differential metabolites.119 Specifically, the ability of MS to 
distinguish isomers has not yet reached a high level of accuracy, resulting in a low resolution of metabolites.120 In 
addition, due to the limitations of ion utilization and transmission efficiency, the detection sensitivity of MS is not 
sufficient to achieve a larger scale of metabolic profiling.121 Consequently, more effective methods need to be further 
developed to facilitate the application of EV metabolomics.

We should have to acknowledge that research on the metabolic profiling of vesicles is in the earliest stage of 
development. Much less information is available in clinic. With regard to the metabolites of EVs reported in studies, they 
are still in infancy. Although there is currently a prospective exosome-focused translational research for afatinib with 
NSCLC patients (EXTRA study), that aims to identify predictive biomarkers of these treatment efficacy.122 That may not 
be enough. More clinical tests with large independent cohorts of patients need to be explored in the future, giving more 
extended and validated knowledge to this field, and to fully ascertain their sensitivity, specificity and accuracy.

The Future Prospectives
In summary, this review provides a comprehensive view of our current knowledge of metabolomics in EVs. We have 
focused on the relationship between diseases and metabolites via the nanovesicles, especially the various clinical practice 
of EV metabolomics. The main clinical applications include diagnosis, therapy, disease progression detection, prognosis, 
and multi-omics research. Understanding the throughout practice of metabolomics and previously established research 
will help us realize the current landscape and existing limitations of this technique. Although EV metabolomics appears 
to be promising for the future of disease diagnosis, therapy, and prognosis, to enable further clinical utilization, 
considerable effort will be required to address the challenges and problems that have occurred so far. Due to the vast 
heterogeneity and complexity of EVs, more standardized isolation and analytical guidelines should be constructed to 
guarantee the reliability of EVs-based research. As for metabolomics analysis, more sensitive and high-resolution 
methods should be provided to bring larger perspectives to decipher the inner metabolites of EVs. However, it is 
accompanied by the extreme lack of the clinical research. Hence, more clinical tests should be explored to provide 
meaningful and multidimensional information, to help cover the numerous limitations of EV-metabolomics research.

We believe that after properly addressing the current limitations and deficiency, EV metabolomics will achieve more 
breakthroughs for human health and disease management, as well as embrace more possibilities to acquire clinical 
transformation.
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