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Abstract: Metabolomics is a new-generation omics technology emerging after ge-
nomics, transcriptomics, and proteomics, It focuses on all small-molecule metab-
olites with molecular weights below 1 kDa within biological systems, providing a
direct reflection of the terminal phenotypic changes in the physiological and
pathological states of organisms. With the continuous iteration of detection plat-
forms such as mass spectrometry and nuclear magnetic resonance, both untar-
geted and targeted metabolomics have been widely used to screen disease-
specific metabolic biomarkers and construct non-invasive, and precise disease di-
agnostic models. This article summarized the main technical platforms and data
analysis workflows of metabolomics, consolidated diagnostic applications of
metabolomics in the fields including malignant tumors, metabolic diseases, neu-
rological disorders, and autoimmune diseases, while discussing current bottle-
necks in sample standardization, biomarker validation, and metabolic-disease
causal analysis. Additionally, the article also explored the development prospects
of artificial intelligence combined with spatial metabolomics in clinical precision
diagnostics, it provides a reference for the translation of metabolomics from basic
research to clinical diagnosis.
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Introduction

The occurrence and progression of diseases are accom-

ate statistical analysis of biological spectra [5]. Different
from targeted detection of a single indicator, metabolomics

panied by disruptions in cellular signaling pathways, alter-
ations in enzyme activity, and reprogramming of metabolic
networks, ultimately reflected in changes in the concentra-
tion and composition of small-molecule metabolites in body
fluids and tissues [1,2,3]. The genome and transcriptome re-
veal the underlying risks of disease onset, while the
metabolome directly reflects the current functional state of
the organism, being more closely aligned with clinical phe-
notypes [2]. Traditional clinical diagnostics often rely on
imaging, pathological biopsies, and a limited number of pro-
tein biomarkers, which present limitations such as delayed
detection, high invasiveness, and low early detection rates
[4].

In 1999, Nicholson first proposed the concept of
metabolomics, which analyzed the overall metabolic re-
sponse of the body to pathological stimuli through multivari-

achieves global scanning of metabolic fingerprints, screen-
ing a set of characteristic metabolite combinations to con-
struct a diagnostic model, significantly improving identifica-
tion efficiency [6]. In recent years, technologies such as lig-
uid chromatography-mass spectrometry, gas chromatogra-
phy-mass spectrometry, and high-resolution mass spec-
trometry imaging have rapidly developed [7]. Combined
with machine learning algorithms, metabolomics has be-
come a cutting-edge direction for early disease screening,
differential diagnosis, and prognosis evaluation [8].

In recent, a great progress has been harvested in
metabolomics. With the continuous expansion of research
fields and the development of techniques, many new terms
and concepts have emerged, such as metabolite target analy-
sis, metabolic profiling analysis, metabolomics, and meta-
bolic fingerprint analysis [6]. The two mainstream fields of
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metabolomics have emerged, namely metabolomics and
metabolomics. It is generally believed that metabolomics ex-
ists within cells and is a collection of all relatively low molec-
ular weight metabolites necessary for cell growth and func-
tion, involved in cellular metabolic activities. Metabonomics
is a study of the dynamic changes in the quality and quantity
of metabolites produced by pathological and physiological
stimuli or gene modifications in living organisms [9]. The
former generally focuses on cells as the research object,
while the latter pays more attention to animal fluids and tis-
sues; Another approach is that metagenomics mainly refers
to the use of nuclear magnetic resonance to analyze the
metabolic processes of animal bodies, while the analytical
techniques of metagenomics mainly rely on GC/MS [9]. At
present, domestic metabolomics researchers have basically
reached a consensus to use the term metagenomics to refer
to "metabolomics”. Metabolomics has been widely applied
in various fields of life sciences, especially in disease diagno-
sis and treatment testing, where significant progress has
been made. The article briefly introduces the emergence, de-
velopment, and technical methods used in metabolomics,
this article provides a systematic overview of its progress in
disease diagnosis research.

Metabolomics Analysis Techniques

The classic metabolomics research process includes four
steps: sample collection, preprocessing, data collection, and
data analysis and interpretation. The research platform
mainly consists of an analysis technology platform and a
data analysis platform.

2.1 Analysis techniques include compound separation
techniques, detection and identification techniques. It is
usually divided into chromography (LC), capillary elec-
trophoresis (CE), etc. Detection and identification tech-
niques typically include mass spectrometry (general mass
spectrometry, time-of-flight mass spectrometry), spec-
troscopy (infrared, ultraviolet, fluorescence), nuclear mag-
netic resonance, and electrochemistry [10]. The different
combinations of separation technology and detection and
identification technology constitute various metabolomics
analysis techniques. Metabolomics analysis techniques can
also be divided into three categories based on main detec-
tion methods, namely, spectrum based, mass spectrometry
based, and Nuclear magnetic resonance (NMR) based
metabolomics analysis. The characteristics of mass spec-
trometry are universality, high sensitivity, and specificity.
NMR technology, especially 1H-NMR, has become the most
important analytical tool due to its universality for hydrogen
containing metabolites [11]. Liquid chromatography-mass
spectrometry and gas chromatography-mass spectrometry
can analyze a wide range of metabolic components and have
become important tools in metabolomics research and anal-
ysis.

2.2 Data analysis techniques are unsupervised methods,
supervised methods, and system identification based on the-

ory. Unsupervised methods include cluster analysis (CA),
principal component analysis (PCA), and self-organizing
maps (SOMs); Supervision methods include Discriminant
Function Analysis (DFA), Nonlinear Regression, Feedfor-
ward Neural Networks, Genetic Algorithms, Support Vector
Machines, Genetic Programming, and Functional Analysis by
Co Responses in Yeast (FANCY); System identification meth-
ods include chemical kinetics, metabolic control analysis,
and nonlinear dynamics. Among them, the simplest and
most commonly used effective pattern recognition method
is principal component analysis (PCA). The characteristic of
PCA is to concentrate information scattered on a set of vari-
ables onto a few comprehensive indicators, namely principal
components (PC), and use these principal components to
describe the internal structure of the dataset, which actually
plays a role in data dimensionality reduction [12]

Technical Platforms and Research
Strategies of Metabolomics

The process of metabolomics includes sample collection
and preprocessing, instrument detection, spectrum prepro-
cessing, qualitative and quantitative analysis of metabolites,
multivariate statistical analysis, differential metabolite
screening, pathway enrichment, and biomarker validation
[13]. According to research strategies, it can be divided into
two categories: untargeted metabolomics and targeted
metabolomics.

Mass spectrometry detection platform

Liquid chromatography-high-resolution mass spectrom-
etry (LC-HR-MS) is currently the most mainstream platform,
suitable for polar and moderately polar metabolites such as
amino acids, organic acids, lipids, and bile acids [14]. Gas
chromatography-mass spectrometry (GC-MS) is suitable for
volatile, thermally stable small molecules, sugars, short
chain fatty acids, etc [15]. Mass spectrometry has the advan-
tages of high sensitivity and wide coverage of metabolites.
Matrix assisted laser desorption ionization mass spectrome-
try imaging (MALDI-MSI, spatial metabolomics) can pre-
serve tissue spatial location information, in situ depict the
distribution of metabolites in the lesion area, distinguish tu-
mor infiltration boundaries from surrounding normal tis-
sues, and demonstrate great potential in surgical pathologi-
cal diagnosis [16].

Nuclear Magnetic Resonance (NMR)

1H-NMR does not require complex sample preprocessing
and can non destructively detect samples with excellent re-
producibility of results; The disadvantage is that it has low
sensitivity and is suitable for screening high abundance me-
tabolites [11]. It is mostly used for initial screening of meta-
bolic fingerprints and batch detection of large-scale queue
samples.
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Data analysis methods

After peak alignment, denoising, and normalization of
the raw mass spectrometry data, unsupervised principal
component analysis (PCA) is used to observe the overall sep-
aration trend between groups [17]. Supervised orthogonal
partial least squares discriminant analysis (OPLS-DA) is
used to identify the differentially-expressed metabolites
with the greatest contribution [18]. Univariate statistics was
combined to screen metabolites with P<0.05 and significant
difference multiples, conducting KEGG pathway enrichment
analysis to explore perturbed metabolic pathways. Machine
learning algorithms such as random forest and LASSO re-
gression are used to screen the optimal combination of
biomarkers, construct diagnostic models, and evaluate the
diagnostic performance of the model based on the AUC value
of the ROC curve [19].

Application of Metabolomics in Disease

Diagnosis

Metabolomics has developed rapidly in applications. It
has been widely applied in the research fields including
botany, toxicology, clinical diagnosis, drug development, and
nutritional science [20,21].

Metabolic disorders

Type 2 diabetes, nonalcoholic fatty liver, and metabolic
syndrome have abnormal branched chain amino acids, acyl
carnitine, and trimethylamine N-oxide (TMAO). Elevated
levels of plasma valine, leucine, and isoleucine are closely re-
lated to insulin resistance [22]. Metabonomics can not only
distinguish healthy people from people with diabetes, but
also identify people with pre diabetes, so as to realize risk
early warning [22]. At the same time, distinguishing be-
tween simple fatty liver and fatty hepatitis can compensate
for the weakness of imaging in determining liver tissue in-
flammation and damage [20].

Diabetes is a typical metabolic disorder. Traditional diag-
nostic tests include blood glucose measurement, urine glu-
cose measurement, and oral glucose tolerance test. But due
to individual differences and other factors, the false positive
rate of glucose tests is relatively high. Fatty acids are consid-
ered to be an important sign of abnormal lipid metabolism
in diabetes patients. Jun Yang et al. [23] used capillary gas
chromatography combined with data model analysis to ana-
lyze the serum fatty acids of the patients with type II dia-
betes and healthy people in the control group. The serum
lipid metabolism spectrum of patients with type II diabetes
was obtained, this lipid metabolism spectrum made the dif-
ferent from the patients and the control group clear, and it
improved the sensitivity and specificity of the test. Chang
Wang et al. [24] used the LC/MS method in combination
with multivariate statistical analysis to detect phospholipids
in plasma samples of type II diabetes and healthy people, ob-
tained phospholipid metabolic profiles for identifying type I
diabetes patients, and searched for biomarkers of type II di-

abetes. The analysis method of high-performance liquid
chromatography combined with mass spectrometry had im-
proved the selectivity and sensitivity of detection.

Michael et al. [25] believed that horses generally have hy-
perinsulinemia and a higher probability of developing dis-
eases related to insulin resistance. In this study, horses was
used as animal models to conduct oral glucose tolerance
tests, colorimetric analysis was applied to detect glucose lev-
els in blood, ELISA was used to detect insulin levels in blood,
and 1H-NMR based metabolomics was applied to analyze
normal or abnormal metabolic changes caused by glucose
stimulation in plasma samples [A10]. The results showed
that compared with traditional detection methods, the
metabolomics method based on 1H-NMR can accurately re-
flect changes in metabolic processes. Combined with statis-
tical analysis tools, disease-related metabolic markers were
identified, and this method has high sensitivity and accuracy
[26,11].

Diabetes can lead to multi system damage, such as
chronic progressive diseases of kidney, cardiovascular sys-
tem, nervous system, and eventually lead to dysfunction and
even failure. Diabetes nephropathy is the most serious com-
plication of type I diabetes. The clinical diagnosis of diabetes
nephropathy is mainly based on 24-hour urinary albumin
excretion rate, and the results are often not ideal. Pasi Soni-
nen et al. [27] used 1H-NMR metabonomics method in com-
bination with statistical model to analyze lipoprotein lipids
and low molecular weight metabolites in the serum of type I
diabetes patients. The results showed that the sensitivity,
specificity, positive predictive value and negative predictive
value were higher than the results of routine clinical bio-
chemical analysis. They believed that 1H-NMR metabo-
nomics analysis results can clearly describe the metabolic
characteristics of type I diabetes and provide a new detec-
tion method for the diagnosis of diabetes nephropathy.

Tumors

The occurrence and development of tumors inevitably
cause changes in the body's metabolism, and nucleosides. A
class of metabolites have great potential to become
biomarkers of tumors [28,29]. At present, a large amount of
research is devoted to using metabolomics methods to
search for meaningful tumor specific marker metabolites or
metabolic profiles, and to establish diagnostic models for
different tumors [30,31]. Jun Yang et al. [32] analyzed 15 nu-
cleosides in urine samples of liver cancer patients using
HPLC based metabolomics technology. Significant differ-
ences were found in the concentrations of 15 nucleosides in
the urine of liver cancer patients and healthy individuals.
Compared with AFP detection results, metabolomics has a
higher positive rate, avoiding the possibility of false posi-
tives of AFP in patients with cirrhosis and chronic hepatitis,
and effectively distinguishing liver cancer patients from pa-
tients with hepatitis and cirrhosis. Metabolomics analysis of
nucleosides in urine has good specificity and sensitivity for
the diagnosis of liver cancer.
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Xu GW et al. [33] used capillary electrophoresis (CE) and
PCA to process data, and conducted a classification study on
68 cancer patients and 54 healthy individuals. They ob-
tained a recognition rate of 72%. By using artificial neural
network software to process data, the recognition rate of tu-
mor patients can reach 83%.

Shen P et al. [34] used a metabolomic pattern feature
method based on optimal feature combination and BP neu-
ral network to screen a group of metabolites that can reflect
the metabolic characteristics of breast cancer from urine
HPLC analysis data. They identified metabolomic structure
using LC/MS/MS technology. The results showed that there
were significantly different metabolites in the urine of
breast cancer patients, namely, nucleoside whey, adenosine
1-formylate, S-adenosyl-L-methionine and N-formylated
guanosine. Taking metabolomic pattern as the characteris-
tic variable of diagnosis mode, the accuracy rate of diagnosis
of breast cancer is more than 90%.

Cervical cancer is the most common malignant tumor in
gynecology, and the conventional diagnostic methods are CT,
magnetic resonance imaging, and positron emission tomog-
raphy. 75% of patients are diagnosed in the advanced stage,
and the 5-year survival rate is only 15% -20% [35]. There-
fore, early diagnosis and prediction of recurrence have im-
portant clinical significance. Odunsi et al. [36] used 1H-NMR
metabolomics to analyze the serum of cervical cancer pa-
tients, and they obtained that the detection rate of cervical
cancer reached 97.4%. 1H-NMR metabolomics provides a
new method for early diagnosis of cervical cancer.

In early diagnosis of malignant tumors, tumor cells un-
dergo the Wallerian effect, with abnormal activation of gly-
colysis, reprogramming of glutamine metabolism, upregula-
tion of lipid synthesis, and characteristic shifts in blood and
urine metabolic profiles. Multiple serum metabolomics
studies have confirmed that combined metabolic markers
can significantly improve the detection rate of early gastric
cancer, colorectal cancer, and lung cancer compared to tradi-
tional single tumor markers (CEA, AFP).

Patients with IDH mutations in acute myeloid leukemia
have significantly elevated serum levels of 2-
hydroxyglutarate (2-HG), which can serve as a diagnostic
biomarker for classification. Using plasma metabolism fin-
gerprints to construct a machine learning diagnostic model,
the AUC of some queues can reach 0.90 or above.
Metabolome liquid biopsy based on body fluids has non-
invasive advantages and is expected to be used for large-
scale early screening of high-risk populations [1]. However,
most biomarkers still lack multi center large sample valida-
tion [37].

Cardiovascular diseases

Brindle et al. [38] established a rapid and non-invasive
method for diagnosing coronary artery disease using a 1H-
NMR based metabolomics approach. In this study,
metabolomics analysis was conducted on the serum and
plasma of patients with different types of coronary artery
disease, combined with pattern recognition techniques such

as PCA, SIMCA, PLS-DA, OSC-PLS, etc., to establish a large-
scale NMR database. They achieved discrimination of car-
diovascular disease and its severity with a sensitivity and
specificity of 90%.

Kazuki et al. [39] used a metabolomics method based on
1H-NMR to analyze the metabolites in the urine of mice with
hereditary hypertension, in this study the mice with heredi-
tary hypertension served as a experimental model and the
mice with normal blood pressure as a health control group.
The results showed that the levels of taurine and creatine in
the urine of the experimental group mice were higher than
those in the control group, but the levels of some unknown
metabolites were lower than those in the control group. This
provides an ideal model for further studying the pathophysi-
ological processes of primary hypertension.

Post transplant monitoring

The success of transplantation surgery is related to many
factors, including surgical complications, postoperative in-
fections, acute rejection, and so on. Therefore, the success of
transplantation surgery is closely related to postoperative
monitoring and timely changes in treatment plans. The ex-
isting postoperative observation indicators for kidney trans-
plantation include serum creatinine levels, total urine out-
put, body temperature, blood pressure, and blood glucose,
but these indicators often lack specificity, sensitivity, and ac-
curacy and cannot provide accurate and timely evidence for
clinical intervention. Serkova et al. [40] used mice as a model
to study renal ischemia-reperfusion injury and found that
the levels of citrate, lactate, and acetate in the urine of mice
were elevated, as well as the levels of uracil and TMAO in the
blood. There are also studies on the toxicity of immunosup-
pressive drugs, evaluation of organ function, and determina-
tion of organ damage, which have applied metabolomics
analysis methods [41].

Natalie et al. [42] used 1H-NMR metabolomics and PCA
methods to continuously monitor metabolites in the blood
of the same patient who underwent two consecutive liver
transplant surgeries (the first surgery failed and the second
surgery was successful). A total of 48 metabolites were de-
tected, of which 6 were correlated with transplant failure
and appeared within 2 hours after surgery. Due to the cur-
rent lack of laboratory evidence that can provide early warn-
ing of transplant failure, this experiment has great potential
for diagnosing early liver transplant failure.

Other diseases

Bacterial meningitis is an acute attack that requires accu-
rate and timely differential diagnosis from viral meningitis
and other causes of acute meningitis [43]. In clinical prac-
tice, the conventional detection method is cerebrospinal
fluid culture, but this method is very time-consuming. Rapid
screening methods such as cerebrospinal fluid white blood
cell count, protein detection, glucose detection, and Gram
staining are not ideal due to lack of specificity or sensitivity.
Muireann Coen et al. [44] used 1H-NMR metabolomics com-
bined with PCA to analyze cerebrospinal fluid samples from
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patients with bacterial, fungal, and viral meningitis and a
normal control group. This method can distinguish bacterial
meningitis from viral meningitis and from the control group,
and can also be applied to monitor treatment efficacy.

Inflammatory bowel disease (IBD), including Crohn's dis-
ease (CD) and ulcerative colitis (UC), is currently diagnosed
based on clinical phenotypes observed through imaging, en-
doscopy, and histopathological techniques, which can be
harmful [45]. Julian et al. [46] used 1H-NMR metabolomics
combined with multi parameter pattern confirmation tech-
nology to analyze the components of fecal extracts from pa-
tients with CD and UC. Compared with the control group, the
levels of acetate, methylamine, and trimethylamine in the fe-
cal extracts of both groups of patients decreased, while the
content of certain amino acids increased. However, there
were significant differences in metabolites between the CD
group and the control group, indicating that the inflamma-
tory response caused by CD is more widespread and severe
when compared to UC, possibly involving the entire intes-
tine.

In neurological disorders, Alzheimer's disease [47],
stroke [48], and depression [49] have peripheral blood
metabolic disorders. Changes in plasma sphingolipids and
tryptophan metabolism pathways are significantly associ-
ated with cognitive decline. Metabolomics can assist in dis-
tinguishing vascular dementia from Alzheimer's disease.
Metabolomics can construct a serum metabolic profile for
refractory depression [50], providing a basis for objective bi-
ological classification of mental disorders and breaking the
current situation where mental disorders mainly rely on
scales for diagnosis [49].

In autoimmunity and kidney disease, there are specific
differential metabolites in the extracellular vesicles of lupus
nephritis patients' urine [51,52], which can achieve non-
invasive differentiation between simple systemic lupus ery-
thematosus and lupus kidney injury. The serum lipid metab-
olism profile of rheumatoid arthritis patients is significantly
altered, which is used to distinguish early arthritis from joint
pain and achieve early intervention [53]. Metabolomics is
also used to evaluate the progression of chronic kidney dis-
ease and search for metabolic markers that can warn of re-
nal function deterioration [54].

Clinical Application Challenges

Despite the fruitful achievements in basic researches,
metabolomics currently faces great challenges in clinical
translation, and there are still multiple obstacles to conven-
tional clinical testing [55,56]. (1) Lack of standardization in
sample and testing processes: Fasting state of blood collec-
tion, storage temperature, freeze-thaw cycles, and types of
anticoagulants can all alter metabolite concentrations. Dif-
ferent laboratory instrument models, chromatographic con-
ditions, and pre-treatment schemes result in poor repro-
ducibility of biomarkers obtained from screening the same
disease. At present, there is no unified standard for clinical
metabolomics testing. (2) Insufficient biomarker validation:

The vast majority of diagnostic models are based on single
center small sample queues, lacking independent external
validation from multiple centers. The differential metabo-
lites obtained from partial screening are only secondary
metabolic changes of the disease, not disease-specific
biomarkers. (3) Difficulties in analyzing the causal relation-
ship between metabolites and diseases: Metabolic distur-
bances can be both the cause and the result of pathological
changes, making it difficult to distinguish between driving
factors and accompanying biomarkers. (4) High detection
cost and high threshold for data analysis: High resolution
mass spectrometry equipment is expensive, and data analy-
sis relies on bioinformatics professionals, making it difficult
to popularize in primary hospitals. (5) Individual confound-
ing factors such as age, gender, diet, gut microbiota, and
drug intervention can all reshape the human metabolic pro-
file and interfere with the accuracy of diagnostic models.

Conclusion

Metabolomics can capture the global changes of small
molecule metabolites in human body under disease condi-
tions, breaking through the limitations of traditional single
indicator diagnosis. Metabolomics has a great early diagnos-
tic potential in the fields including tumors, metabolic dis-
eases, and neurological disorders. There are still challenges
in this field such as lack of standardization and insufficient
verification of biomarkers. With the standardization of de-
tection technology, the advancement of multi center clinical
validation, and the iteration of artificial intelligence algo-
rithms, metabolomics is expected to become a new genera-
tion of non-invasive and accurate diagnostic tools, promot-
ing the clinical diagnosis and treatment mode from late
stage treatment to early warning and intervention, and as-
sisting the implementation of precision medicine.

Prospect

Metabolomics analyzes the composition of body fluids
and uses quantitative methods to compare and analyze dis-
ease groups and normal groups, obtaining special metabolic
products induced by diseases, biomarkers, which helps to
understand the metabolic mechanism of human body during
pathological process and assists in clinical diagnosis and
treatment [56]. Compared with traditional disease diagnosis
methods in clinical practice, metabolomics embodies many
advantages: small sample size, non-invasive, fast, strong
specificity, high sensitivity, and the potential to find biologi-
cal indicators specific to disease diagnosis. The future direc-
tion should include: 1) establishing standardized proce-
dures, building a multi center large-scale population
metabolome reference database, establishing metabolic
baselines for different age groups in healthy populations,
and correcting confounding variables such as diet and mi-
crobiota; 2) Multi omics integration, combining
metabolomics with genome, transcriptome, and microbiome
analysis, to decipher the complete pathway of disease from
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gene variation to metabolic disturbance, and screen for
biomarkers with both specificity and causal significance;
3) Space metabolomics and single-cell metabolomics con-
tinue to develop, analyzing metabolic heterogeneity within
tissue microenvironments, delving into local metabolic
changes in lesions from macroscopic metabolic characteris-
tics of body fluids, and assisting in precise pathological diag-
nosis; 4) Artificial intelligence deeply empowers the
metabolome, develops automated spectrum recognition and
biomarker screening algorithms, and constructs dynami-
cally updated disease intelligent diagnostic models; Develop
low-cost targeted metabolic marker kits to promote the shift
from scientific mass spectrometry platforms to clinical rou-
tine testing.

With the continuous improvement of research methods
and the further advancement of software and hardware
technology in analysis systems, it is developing towards in-
tegration, automation, and high-throughput. This systematic
disease diagnosis technology will further highlight its im-
portant significance.
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