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Abstract

The end products of many metabolic processes in cells are called metabolites. Each reaction
contributes a specific metabolite. Metabolites act as fingerprints of on-going biological processes.
Constant changes in cellular composition due to both environmental and internal factors. By
analysing the types and presence of metabolites, scientists can effectively reconstruct the inner
workings of a cell or organism. In the past, analysing metabolites was a slow and tedious process,
often limited to measuring a small number of known metabolites. As technology advances, the
development of new analytical tools has made metabolic profiling convenient by screening thousands
of metabolites simultaneously. By analysing changes in metabolite profiles, we can identify the effects
of environmental contaminants on organisms. As the downstream products of gene expression and
environmental interactions, metabolites serve as valuable biomarkers for various diseases. With their
ability to predict treatment response, diagnose diseases earlier, and improve patient outcomes,
metabolite biomarkers hold great promise to revolutionize the healthcare profession. By identifying
unique metabolic fingerprints researchers can stratify patients into subgroups with distinct disease
trajectories and treatment responses. Metabolomics is being used to develop personalized therapies
that will improve patient outcomes and reduce side effects. Advances in technology of metabolomics
paves a way for its integration into the clinical practices. This promises a future where diseases can
be prevented, diagnosed, and treated, leading to improved health and longevity. This review
highlights the metabolome s significance as a tool for understanding cellular function and disease. It
also explores the application of metabolomics in various fields of biology and medicine.

Keywords: Metabolites, metabolic profile, biomarkers, cellular function, disease, environmental
contaminants

INTRODUCTION

Metabolites, the intermediate products are produced by enzyme catalysed reactions in cells during
metabolism. Plants, animals, and microbes produce
the metabolites. Metabolites are the final product
of any biochemical reactions taking place within a
cell. Since metabolites are the product of any
cellular activity, changes in metabolic profile
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reflect in phenotypic variations. The metabolome
represents the entire collection of low-molecular-
weight substances found within a biological
system. Metabolomics is an emerging field where
analytical technologies are used to discover
metabolite profiling in a target organism. This
high-throughput method enables researchers to
analyze and understand the variances in total
metabolite profiles at once. Recently, great
progress has been made in this area. Technological
advances in mass spectroscopy (MS) and
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bioinformatics have revolutionized the analysis and interpretation of large amounts of data from
metabolomics studies [1, 2]. Figure 1 is central dogma of biology is depicted.

The basic step in any metabolomic experiment is to quantify the number of metabolites. In most
cases, a specific set of metabolites are analyzed through a targeted approach. In other cases, huge
guantities of metabolites are analyzed using a global approach. There are several approaches to
metabolomics, and the chosen approach depends on the specific goals of the research. The leading
methodologies used in metabolomics are (i) targeted analysis (ii) untargeted analysis [3, 4]. In Figure
2, workflow of metabolomics is depicted.
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Figure 1. Central dogma of biology.
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Figure 2. Workflow of metabolomics.

The targeted metabolomics focuses on a pre-defined list of well-characterized metabolites, based on
the researcher’s specific interest. As the targeted approach deals with only a specific set of
metabolites, it offers higher precision and sensitivity in quantifying the metabolites. Targeted
metabolomics has many advantages and serves as a powerful tool for researchers in pharmacokinetic
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studies by providing an in-depth investigation of drug metabolism. Low-abundance metabolites can
be detected using targeted approach. Untargeted metabolomics measures all the metabolites present in
the biological sample simultaneously. LC/MS is a powerful technique for untargeted metabolomics as
it can measure a wide range of metabolites in a small sample volume. The untargeted approach
produces a massive dataset when compared to targeted analysis. Precise quantification of the specific
metabolite is not possible, posing to a major disadvantage [5, 6].

Metabolome has evolved as a powerful tool in disease diagnosis and has shown remarkable results
in biomarker discovery. The goal of metabolomics is to comprehensively analyze all metabolites
within a biological sample in a single experiment, a challenge scientists are actively addressing [7, 8].

TECHNOLOGICAL ADVANCEMENTS IN METABOLOMICS

Currently, no technology is available to analyze all the metabolites simultaneously as these
metabolites vary greatly. So, it is needed to limit down the number of metabolite targets to obtain the
metabolome data using a single or combination of instruments. Metabolomic techniques offer high-
sensitivity analysis of biological specimens [9, 10]. Important methods for the analysis and
characterisation of metabolites include nuclear magnetic resonance (NMR), gas chromatography-mass
spectrometry (GC-MS), and liquid chromatography-mass spectrometry (LC-MS). Each technique
provides different advantages, including specificity, sensitivity, and characterisation. MS is the higher
standard for metabolite identification, providing exceptional sensitivity and specificity, enabling the
detection of trace metabolites in biological fluids, and facilitating the characterisation and
guantification of unknown compounds in conjunction with bioinformatics. Additionally, MS is
integrated with NMR to provide efficient results using various software [11].

The following metabolomic tools are commonly employed in the analysis of samples.

NMR

NMR spectroscopy has emerged as the predominant analytical method in metabolomics research
within the last 10 years. According to this method, metabolites are subjected to magnetic fields where
specific resonance absorption rates of the metabolites are detected. NMR is based on rotations of
atomic nuclei. The two key advantages of NMR that make it a valuable analytical measurement tool
are non-invasiveness and there is no need for separation. In the next step, samples will be analyzed by
LC-MS and GC-MS [12]. Sample preparation in NMR s relatively simple and easy when compared
to other techniques. NMR is used to analyze biofluids and solids/ semi-solid samples. The greatest
advantage of NMR is its ability to identify the structure of novel unknown samples. NMR
spectroscopy, being a powerful tool for metabolomics, has a major drawback of being low sensitivity.
It requires a relatively large amount of sample compared to other techniques to achieve accurate
identification of metabolites [13-15].

GC/MS

GC utilizes the variance in physical and chemical characteristics to separate the components of a
mixture. Through mass-to-charge (m/z) ratio analysis, MS enables the identification of specific
molecules. This combination led to the evolution of the GC/MS technique. The key advantages that
make GC/MS a popular and powerful tool in metabolomics are high peak capacity, retention time, and
readily available compound libraries. Derivatisation is a crucial step in GC/MS analysis for non-
volatile compounds. Only volatile samples can be analyzed in GC/MS. This is a challenge for non-
volatile compounds that don’t readily get converted to the gas phase at high temperatures used in GC.
This can be overcome by derivatisation. Derivatisation is a process of chemically modifying samples
to make them into volatile and thermally stable compounds. Each compound generates a unique mass
spectrum in GC/MS due to the fragmentation patterns created by electron ionisation (El). This
fingerprint serves as a unique identifier for the compound. El is a consistent method of producing
reproducible fragmentation patterns for a given compound. The National Institute of Standards and
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Technology (NIST) maintains a massive library of mass spectra for a vast number of known
compounds. By comparing the mass spectrum of an unknown compound with the NIST library,
researchers can identify the compound. The more advanced version of GC/MS, the two-dimensional
GC/MS that provides more upgraded results on peak values, sensitivity, and resolution [16-18].

LC/MS

LC utilizes the differences in chemical properties to separate the components of a mixture. MS
identifies and characterizes the individual components separated by LC. LC/MS has higher
sensitivity, it can detect a wide range of metabolites, even if present in low quantities, which is crucial
for metabolite profiling. Electrospray lonisation (ESI) is a critical component in LC/MS, especially
for analysanalysing large and fragile metabolites [19]. The major advantage of the ESI technique is its
soft ionisation principle. It doesn’t cause any breakage in the fragile metabolite molecules during the
ionisation process. This is crucial for accurately determining their molecular weight and structure.
Ultra-High-Performance Liquid Chromatography (UHPLC) utilizes smaller particles in the column,
allowing for higher pressure and faster separation times compared to traditional High-Performance
Liquid Chromatography (HPLC). Also, there is no need for derivatisation in HPLC analysis [20, 21].

SUPERCRITICAL FLUID CHROMATOGRAPHY/MS

Recent studies have shown that SFC/MS is a better alternative for metabolomic analysis. Unlike
traditional LC analysis, SFC uses supercritical fluid as a mobile phase. SFC has characteristics of both
GC and HPLC and was developed especially to analyze lipid metabolites [22]. SFC surpasses HPLC
in separation efficiency due to the superior diffusion rate of supercritical fluids. Carbon dioxide is
most widely used supercritical fluid, making SFC an effective method to analyze hydrophobic
metabolites. SFC is predominantly used for non-polar metabolite analysis because of carbon dioxide’s
non-polar nature. By adding a polar solvent to the CO, mobile phase, SFC can be altered to analyze
polar metabolites. Some key advantages of SFC due to the supercritical fluid used in the mobile phase
are high-solvating power, high-flow rates with consistent resolution, and coupling of columns. GC
and HPLC may have some limitations, SFC is considered advantageous over these traditional
techniques. Thus, SFC is used for metabolites that are thermally degradable and those having high-
boiling points. SFC’s combination of high resolution and high throughput make it an ideal technique
for comprehensive metabolite profiling [23, 24].

CAPILLARY ELECTROPHORESIS/MS

CE/MS was developed to detect amino acids without the need for derivatization. CE utilizes a
narrow capillary filled with a buffer solution. This separation process differentiates analytes
(metabolites) based on their size, charge, and how they respond to the buffer environment. After
separation in the capillary, the metabolites are efficiently transferred to the MS for sensitive detection
and identification based on their mass-to-charge ratio. Metabolites carrying a negative charge are
called anionic metabolites and those carrying a positive charge are called cationic metabolites [25,
26]. In CE, Electroosmotic flow (EOF) is a bulk flow of the solvent that moves from the positive
electrode (anode) towards the negative electrode (cathode) due to the interaction between the charged
capillary wall and the mobile phase. EOF can be manipulated by controlling the buffer pH and
capillary wall properties. This controlled EOF is crucial for efficiently analysing charged metabolites,
including anions (negatively charged) that would otherwise migrate against the flow. Based on
separation capacity, CE/MS is considered mighty over HPLC/MS. Due to the smaller volume of
sample in the capillary tube, the sensitivity of this technique is very low. Sample preparation in
CEMS is comparatively more complex [27].

The past decade has seen a rapid rise in metabolomics research, through advancements in analytical
tools. These tools allow scientists to measure a vast array of metabolites in biological samples, by
providing a deeper understanding of the connection between biochemical processes and changes in
the observable traits.
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METABOLITES AS BIOMARKERS

Biomarkers are molecules in biological fluids that can be analyzed and measured to detect disease.
These molecules are used to indicate how the body’s metabolism changes during treatment. Studying
the metabolic profiles of diseased cells or tissues can help to identify biomarkers for diagnosis and
track treatment response. However, existing biomarkers may not be effective for diagnosing diseases
due to their lack of specificity and sensitivity. This can be attributed to the complexity of biological
systems, individual differences, and environmental factors. This has paved the way for the search for
new biomarkers with high specificity and multi-omics integration, such as metabolites. These
metabolites include amino acids, carbohydrates, and nucleotides, and they serve as promising
biomarkers for the early detection of various complex diseases. These small molecules have garnered
more attention than any other approaches, such as genomics, proteomics, and transcriptomics because
metabolomics represents an interconnection of these omics’ approaches [28, 29].

Metabolites can be categorized as primary metabolites (endogenous), directly linked to growth and
development, and secondary metabolites, which do not contribute to growth and development. The
latter, also referred to as exogenous metabolites or exposomes. Endogenous metabolites, which are
highly conserved and present in all vertebrates from low-grade species to high-grade organisms
(including humans), are important biomarkers [30]. Despite their similarity across species, differences
exist in physiological characteristics (metabolic rate and organ function) and specific concentrations
in cells. There is a hidden relationship between genes and metabolites that leads to various metabolic
changes. A single base change in a gene results in a 10,000-fold change in endogenous metabolites.
This confirms that metabolites are the important and final downstream molecules of genetic change.
This process is followed by transcriptome generation, which leads to the production of proteins and
enzymes. These changes produce unique metabolites at different stages of differentiation [31, 32]. In
Figure 3, systemic illustration of how genes, proteins, and metabolites are interlinked with each other

is depicted.
Single Base
Change

D

Genes

Protein

o
o gy O
A s v M
Pyruvate NG Ao 3 ¢
c . »d .
o L

Metabolites

[ 10,000 * Variations in Metabolites J

Figure 3. Systemic illustration of how genes, proteins, and metabolites are interlinked with each
other.

It is crucial to analytically identify metabolites for their chemical nature and biological activity, as
this knowledge can be used for accurate diagnosis and treatment. Small metabolites have unique
features for treating specific conditions and are mostly found in blood and urine. Ongoing research
aims to better understand the mechanism of each metabolite for application in various health areas
[33]. In Figure 4, workflow of Metabolomics Experiment is depicted.
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Figure 4. Workflow of metabolomics experiment.

METABOLITES IN PERSONALIZED MEDICINE

Personalized medication offers tailored healthcare support to patients by considering their genetic
variations, disease severity, and related metabolism. This approach involves analyzing genetic,
lifestyle, and environmental factors to provide individualized treatment. One important method is the
use of biomarkers for predicting and treating diseases, offering benefits such as early disease
detection, selecting therapies based on specific metabolic pathways and factors, ensuring accurate
diagnosis, and mitigating risks associated with the condition [34, 35].

Through metabolomics, researchers have detected changes in intrinsic metabolites attributed to
genetic and environmental influences. High-throughput analytical technology allows for the study of
metabolites in various areas such as biomarker discovery, disease and drug activity research,
metabolic variations, and drug toxicity [36]. Pharmaco-metabolomics is an emerging field that
involves the study of a specific drug at a specific dosage for specific conditions and the metabolic
response to the drug [37]. Based on the metabolic profile of the illness, a specific drug can be
administered to target a particular downstream molecule for a specific metabolic response.

Based on a study by Nishiumi et al. 2012, a new screening method was investigated for the
detection of colorectal cancer using GC/MS analysis. The study evaluated three groups: individuals
with colorectal cancer, a prediction model with high AUC and sensitivity, and a validation set with
high sensitivity for early detection. Metabolic variances were analyzed in intra-day (serum collected
at different times of the day) and inter-day (serum collected continuously over three days at once)
settings. The research proved that age and daily activity significantly influenced the levels of
metabolites in the serum. For instance, tryptophan levels tended to increase in colorectal cancer,
showing more significant variance than other metabolites. Additionally, its levels decreased at
different times of the day, possibly due to diet or daily activity [38]. Therefore, it is important to
thoroughly test all factors that may elucidate small variances in individuals to provide accurate
medication and improve the efficiency of diagnosis and prognosis. However, there are still some
drawbacks, such as peaks in analytical methods being the same for more than one metabolite, which
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requires further tests to identify potential metabolites [39]. In Figure 5, precision medicine approach
with metabolites is depicted.
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Figure 5. Precision medicine approach with metabolites.

Validation of metabolites for personalized medicine is challenging due to biological variability
across populations and a lack of standardized protocols. Metabolomics alone is insufficient for
producing metabolites — an integration of all omics studies is required to ensure stability and efficacy.
To overcome these challenges, various standardized protocols for sample collection, preparation,
storage, and processing must be implemented to improve productivity. Additionally, more sensitive
and specific analytical methods need to be employed by combining two analytical strategies to
enhance the detection and quantification of metabolites. Implementing these strategies can contribute
to the advancement of personalized medicine by providing individualized treatment in healthcare
[40, 41].

ENVIRONMENTAL AND LIFESTYLE INFLUENCES ON METABOLOME

Environmental metabolomics aims to understand how an organism’s metabolome changes in
response to different environmental factors. Humans are exposed to a variety of environmental
contaminants on a regular basis. Frequent exposure to these contaminants may alter the human
metabolome. Pollutants, chemicals, and heavy metals can disrupt metabolic pathways by interfering
with enzyme function or cellular processes. Also, the type and amount of food we consume
significantly influence metabolic pathways. Disrupted sleep can negatively impact hormones that
regulate metabolism (1) The research observed disruptions in pathways related to cholesterol, steroid
metabolism, and bile acid biosynthesis. This is significant because these pathways are all influenced
by the Aryl Hydrocarbon Receptor (AhR) [42]. Most metabolomic studies on persistent oxygen
pollutants (POPs) have focused on dioxins and organochlorine pesticides like DDE, HCB, and HCH.
This is likely because these POPs are widespread environmental contaminants with well-established
health concerns [43].

Plasma metabolome gives us a detailed understanding of the metabolic activities of our body. By
analysing the levels of different metabolites in the blood plasma, doctors may be able to identify
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disruptions in metabolic pathways that point toward specific diseases. The plasma metabolome is
quite sensitive to various lifestyle and environmental factors and may vary accordingly. Temporal
changes in metabolite levels can be indicative of developing health issues [44, 45].

Plants have evolved sophisticated mechanisms to respond to different environmental challenges.
The ability of plants to handle stress varies greatly, and this directly impacts the metabolic changes
they undergo. When a particular stress occurs, the plant activates specific pathways to produce helpful
secondary metabolites for that situation. Long days with more sunshine can trigger plants to produce
more protective compounds like flavonoids and phenolic acids, helping them shield themselves from
the increased light exposure. While long days may increase overall secondary metabolite production,
the effect on total polyphenols with varying light intensity is very minimal. High light intensity might
only lead to a slight increase compared to medium light. As temperatures rise, some plants may
reduce their production of certain secondary metabolites. Plants under water scarcity might increase
production of osmoprotectants, secondary metabolites that help them retain water and maintain cell
structure. When being eaten, plants might produce more defensive secondary metabolites like tannins,
which make leaves less palatable to insects [46, 47].

MICROBIOME AND METABOLOME INTERACTION

Trillions of microorganisms in the gut form a complex ecosystem that significantly influences
nutrient uptake, metabolism, and immune function. An unhealthy gut microbiome, known as
dysbiosis, can hinder the body’s ability to process and absorb nutrients. Dyshiosis leads to impaired
metabolism and potential health problems. Gut microbes also produce various metabolites that
influence host metabolism. Dysbiosis can alter this metabolite production, impacting energy balance
and causing conditions like obesity and metabolic syndrome [48]. The gut microbiome plays a
significant role in regulating host metabolism. Microbial metabolites can modulate the host’s immune
system. Microbial metabolites can influence insulin sensitivity, energy expenditure, and bile acid
metabolism, all of which contribute to maintaining a healthy metabolic state. The mammalian immune
system has microbial sensors called pattern recognition receptors that recognize the presence and
activity of gut microbes. Scientists have recently found specific molecules produced by gut bacteria,
and how these molecules affect the immune system. This new knowledge has helped us understand
how these bacteria establish themselves in the gut and how they communicate with immune cells to
create a healthy balance [49].

The gut microbiome is a diverse group of microbes that break down complex food substances into
simple molecules. During this process, microbes produce a variety of metabolites, like the Short-
Chain Fatty Acids (SCFAS) like acetate, propionate, and butyrate. The types of metabolites generated
are determined by the specific makeup of the gut microbiome. These microbial metabolites act as
signalling molecules and bind to receptors in the gut and triggers various responses in the host
organism. The host also has a pivotal role in modulating the gut microbiota. The type of food the host
consumes also impacts the composition of the gut microbes. Metabolites can have a selective effect
on which microbes thrive. Some metabolites might favor the growth of beneficial bacteria while
inhibiting harmful ones, thereby maintaining a healthy and balanced gut microbiome [50-52].

This interdependence between the microbiome and metabolites is crucial for maintaining good
health. A balanced microbiome produces beneficial metabolites that promote gut health, regulate
metabolism, and influence the immune system. On the other hand, an imbalanced microbiome might
generate metabolites that contribute to inflammation, digestive issues, and even chronic diseases.

DISEASE DIAGNOSIS AND TREATMENT

Metabolomics is extensively used as a potential tool for understanding disease mechanisms,
diagnosing diseases using various analytical instruments, and monitoring diseases. Metabolites, as
biomarkers, are key not only in predicting diseases but also in understanding the pathophysiology of
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the condition, which in turn helps in providing specific targeted therapies for the active molecules in
the disease condition [53, 54]. This can be achieved by comparing two groups of studies: one with
healthy individuals as a control group and the other comprising targeted diseased persons as the test
group. Biomarkers are selected based on early understanding of their metabolic pathways. By
comparing the same marker in both groups, observed variations can serve as potential findings in
treating the disease and understanding the severity of the condition [55, 56].

Cancer is a significant contributor to global mortality rates. The mortality rates continue to rise due
to factors such as genetic mutations, environmental impact, and lifestyle influences. This concerning
situation has prompted scientists to search for cancer biomarkers to target the metabolic mechanism.
Metabolomics provides insight into all the metabolites involved in the physiological and pathological
state of organisms, making it a powerful tool for identifying biomarkers and understanding cancer
metabolism [57, 58]. Cancer is characterized by significant disruptions in cellular metabolism. The
metabolic reprogramming of cancer cells leads to uncontrolled growth by altering the metabolites.
These altered metabolites are called aberrant metabolites and they play a key role in targeting the
tumour microenvironment. The identification of oncometabolites is a key finding in cancer
pathophysiology by metabolomics. Oncometabolites are endogenous metabolites that help in the
survival and proliferation of tumours. Another important finding includes the cell-based metabolism
and the Warburg effect (aerobic glycolysis) [59, 60].

MS and NMR-based imaging are employed to detect and identify oncometabolites. These
oncometabolites include 2-hydroxyglutarate, fumarate, succinate, and sarcosine, which originate from
specific cancers due to somatic mutations in respective genes. Tumours are involved in almost all
metabolic pathways, including glucose metabolism, lipid metabolism, amino acid metabolism, and
nucleotide metabolism [59].

In glucose metabolism, pyruvate, as an intermediate junction between oxidative phosphorylation
and the glycolysis pathway, has been identified as a potential target because it enhances glycolysis,
thereby promoting tumourigenesis. Further studies have also characterized lactic acid as being
involved in fostering tumor metastasis by altering gene expression. Lipids are responsible for signal
transduction, maintaining membrane integrity, and ATP metabolism. Excessive levels of cancer can
be predominantly linked to numerous cancer types, which is called ‘lipotoxicity’ [61, 62]. Both
saturated and unsaturated free fatty acids have been discovered to have the potential to be used as
biomarkers for the clinical diagnosis of tumours due to their involvement in the AKT pathway.
Markers include arachidonic acids, linoleic acids, and oxylipins. The main hallmark of cancer cells is
their capability to proliferate at high rates, which is achieved by the synthesis of biological
macromolecule nucleotides [63]. Thus, it also acts as an important biomarker, as in the process of
tumour formation, an imbalance is created in purine metabolism, and the enzymes related to it are
overexpressed, providing adequate energy to the cells for growth, tumour formation, and expansion.

Cancer is not just one area where metabolites show potential. They can also be used to diagnose
and treat inherited metabolic disorders by analysing specific metabolites and their regulation. By
analysing metabolic profiles, it is possible to identify early signs of neurodegenerative conditions like
Alzheimer’s and Parkinson’s. Metabolites can also play a crucial role in treating cardiovascular
diseases, diabetes, and various infectious diseases.

CHALLENGES AND FUTURE SCOPE

There is a growing trend towards integrating various analytical methods. This will allow
researchers to strengthen the fundamentals of each technique for untargeted and targeted analysis. By
combining data from multiple platforms, researchers can resolve a wider range of metabolites, leading
to a more detailed picture of the metabolic profile. Improvements in CE-MS interface optimisation
could enhance the efficiency of coupling these techniques and improve data quality. Advancements in
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GC require a reduction in the steps involved in the derivatisation process. Improvements in metabolite
databases, would provide researchers with a more comprehensive and accurate reference for
metabolite identification [64, 65].

With so many potential biomarkers, it becomes difficult to analyze and interpret the data
effectively. Statistical techniques and advanced computational tools are needed to identify the most
significant metabolites and create robust biomarker panels. Also, these broader categories of
metabolites make it difficult to identify the potential biomarkers. Various factors like diet, lifestyle,
environmental exposure, and medications can cause changes in the (2-6)metabolic profile. This
makes it challenging to distinguish disease-specific metabolite changes from these background effects
[66, 67].

Researchers are exploring the diverse and multifaceted group of chemicals produced by gut
bacteria. By identifying and characterising these metabolites, we can gain a deeper understanding of
their specific roles in host physiology. This helps in developing novel therapeutic strategies to treat
various diseases associated with gut dysbiosis. The crosstalk between the host and its microbiome
mediated by metabolites is a rapidly evolving area of research with immense potential for improving
human health.

CONCLUSION

By identifying characteristic changes in metabolite levels associated with specific diseases,
metabolomics can offer more precise diagnoses compared to traditional methods. Tracking changes in
the metabolome profile can provide deeper view into disease progression and help determine the
effectiveness of treatment strategies. Metabolomics can help medical practitioners predict how a
patient might react to a particular treatment, allowing for personalized medicine approaches.

Factors such as diet, lifestyle, and medication use can alter metabolite concentrations.
Understanding this microbiome-metabolite interaction helps us develop more advanced medications
in the future.

Metabolomics is a relatively new field with significant growth potential in healthcare. To fully
understand the role of metabolites in complex diseases, researchers are continually advancing research
and technology. While challenges persist in this field, the integration of high-throughput analytical
technologies holds the potential to unlock a comprehensive understanding of the biomarker—disease
metabolism relationship.
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