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Abstract

Background: Untargeted metabolomics using ultra-high-performance liquid chromatography-mass spectrometry 
(UHPLC-MS) enables global, hypothesis-free exploration of metabolic networks, advancing systems biology 
and complex disease studies. Methodology: The high resolution, sensitivity, and separation efficiency of 
UHPLC-MS allow identification and quantification of diverse small molecules in multiple biological matrices. 
Applications extend to precision medicine, microbiome studies, agriculture, and environmental sciences. 
Results and Analysis: This approach has been instrumental in biomarker discovery, drug development, and 
understanding plant–microbe and ecosystem interactions. Challenges include data complexity, unknown compound 
identification, and multi-omics integration. Advances in machine learning and computational tools have enhanced 
interpretability and opened real-time dynamic metabolomics for flux monitoring. Conclusion: UHPLC-MS-based 
untargeted metabolomics is reshaping systems biology, enabling deconvolution of intricate biological processes 
and supporting future advances in personalized medicine, environmental sustainability, and health research.
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INTRODUCTION

Metabolomics is the analysis of small 
molecules in biological systems, that 
is, Integration of mass spectrometry 

(MS) and ultra-high-performance liquid 
chromatography (UHPLC) is one of the best-
performing metabolomic strategies. Due to 
its extreme sensitivity, high resolution, and 
immunity to the presence of complex biological 
material, this combination has significant 
appeal for applications of metabolomics 
detection and measurement. It is possible to 
use UHPLC to isolate these compounds on the 
basis of physicochemical properties, while MS 
is able to identify and quantify a multitude of 
molecules with respect to mass determination 
of metabolite-derived mass-to-charge ratios.[1] 
UHPLC is a very efficient high-performance 
liquid chromatography (HPLC) technique that 
can be carried out under elevated pressure to 
increase the efficiency of separation and reduce 
analysis times. This significantly expands 
its utility over metabolomics, in which high 

resolution and speed of metabolites of interest with the 
sample matrix complexity can be desired. UHPLC is far too 
broad to be applied to metablomic studies in environmental 
science, agriculture, pharmaceutical, and human health 
domains, due to tool’s capacity to differentiate between 
aqueous and apolar compounds over the concentration 
range,[2,3] as well as the maximum and absolute sensitivity 
and specificity that can be achieved by the combination of 
UHPLC and MS to discover and quantiate metabolites.[4] 
Low-abundance metabolite identification is one of the most 
appealing aspects. Even more so, considering the aim of 
the search for low-frequency biomarkers or to detect clear 
metabolic changes that may predict early pathologies, 
environmental stress, or disease. Simultaneous determination 
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of both high and low concentrations of analytes in a sample 
by UHPLC-MS [Figure 1]. In addition, the combination 
of UHPLC with MS makes high-throughput analysis 
achievable by clustering of a large number of samples within 
a limited time frame. Overall, this tool is highly useful for 
throughput-based analysis of ecological switches or whole-
genome screens in which metabolic changes in diseases, 
for example, diabetes disease model or cancer model, are 
identified. Further, it allows complex biological samples, 
such as tissues, blood plasma, urine, and environmental 
matrices to be characterized, which potentially contain a 
wide array of metabolites in size from small molecules to 
large and complex molecules.[5] The range of metabolites 
that can be detected is broader and reflects only one part of 
the untapped potential of UHPLC-MS. On the other hand, it 
is of very great interest to also report on the occurrence of 
particular metabolites in different biological systems. The 
metabolic changes in human diseases, such as diabetes and 
cancer, as previously enhanced by UHPLC-MS in human 
health.[6] It has also been of central importance in drug 
discovery through helping identify metabolic pathways 
and, subsequently, potential biomarkers, which can be 
leveraged to inform drug therapy. UHPLC-MS [Figure 2] 
has been applied in the agro-food sector to some extent to 
the profiling of environmental contaminants, to enhance 
crop productivity, and to the understanding of plant 
responses to stress (e.g., Its application in environmental 
science is, if anything, not less significant since it allows 
scientists to track the implications of climate change on the 
ecosystem, environmental pollution and so on.[7] Untargeted 
metabolomics is one of the main applications of UHPLC-MS 
in the area of metabolomics, where the goal is to find all 
metabolites in a given sample, before the identification of its 
components. This is especially important when the research 
is focused on discovery, in which the aim is to detect 
new biomarkers or metabolites that are unreported so far. 
Untargeted metabolomics has changed our understanding 
of drug response, host-pathogen interactions, and disease 
mechanisms by offering quantitative information on the 
metabolome landscape.[8]

WORKING PRINCIPLES OF UHPLC-MS IN 
UNTARGETED METABOLOMICS

For in-depth characterization of metabolites in an organismal 
system, untargeted metabolomics using UHPLC-MS 
requires a step-wise reconstitution, which includes sample 
preparation, metabolite separation, detection, and data 
analysis. The principle underlying UHPLC and MS (both 
of which provide extraordinary separation, sensitivity, and 
specificity in the analysis of complex biological matrices) is 
used in the present approach.[9] To stabilize the metabolites 
and reduce macromolecule interference, such as that of the 
proteins, the procedure starts with the sample pretreatment. 
Protein precipitation, liquid-liquid, and solid-phase extraction 
are methods that are used to extract biological matrices 
(tissue extracts, plasma, or urine). Removing contaminants, 
concentrating the target analytes, both of which have a higher 
sensibility response of the metabolites. The UHPLC system 
(i.e., the core device for physicochemical fractionation of 
derivatives in accordance with the polarity and hydrophobicity 
nature of the derivative) is presented in the formed sample.[10] 
In comparison with traditional HPLC, because UHPLC is 
performed at high pressure (up to 15,000 psi) and utilizes 
smaller stationary-phase particles, UHPLC could offer better 
resolution and speed increase. It is the choice of column 
chemistry that is tailored, for example, hydrophilic interaction 
liquid chromatography (HILIC) and reverse-phase, 
depending on which target metabolite classes are desired. For 
the subsequent MS analysis, which can overcome the high 
complexity of the metabolite mixture and ion suppression, 
this separation procedure is very important. MS is employed 
for the identification and quantification of metabolites 
after chromatographic fractionation. The eluted species are 
ionized and electrophoretically charged by the MS system 
and the m/Z of the species are subsequently measured with 
precision.[11] The most commonly used ionization technique 
is electrospray ionization (ESI) for the mixture analysis of 
metabolites. Higher resolution mass analyzers, powered 
by instruments with high accuracy on mass determination 
and structural presentation, such as time-of-flight (TOF), 

Figure 1: Workflow of ultra-high-performance liquid chromatography
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orbitrap, or quadrupole systems, are used at the end to 
perform the analysis of the ionized metabolites. Guaranteed 
to enhance the identification accuracy, the decomposition 
and reconstruction of the structures of metabolites are 
widely employed within the Mixture of Tandetron MS 
(MS). Data analysis and data processing are the last steps 
of the process, which is not always straightforward due to 
the enormous amount of data generated.[12] Unadjusted raw 
data is processed using computer applications and software 
programs, which involve peak detection, alignment, and 
normalization. Then, the identification of metabolites is 
suggested to compare the features of spectra (m/z, retention 
time, and fragmentations) to the database and to the libraries, 
respectively, as the references. Significant metabolic changes 
are detected and biological relevance is deduced through 
the use of advanced statistical and machine learning (ML) 
techniques.[13] The UHPLC-MS method, being a key tool 
in untargeted (i.e., whole-metabolomic) metabolomics 
for systems biology studies, is due to its high-resolution 
viewpoint of the metabolome, which is, in general, a strong 
and generally reproducible method.

COMPARISON BETWEEN UNTARGETED 
AND TARGETED METABOLOMICS

In the realm of metabolite studies, untargeted and targeted 
metabolomics are two different but synergistic methods that 
are suitable for a particular research question and a given 
method. Unscheduled metabolomics, as an ad hoc, exploratory 
methodology with the goal of profiling the full complement 
metabolome, is done without a priori knowledge of any 
metabolite in particular. This type of objective is especially 
suited for the mapping of intricate biochemical pathways, 
the discovery of new biomarkers, and the identification of 
new metabolic disturbances.[14] In untargeted approaches, as 
in UHPLC-MS, the method is a critical factor because the 
method enables to detect a wide variety of compounds at 
high sensitivity and resolution. However, the encompassing 

feature of untargeted metabolomics has its limitations, 
including difficult data analysis, the challenge of labeling new 
metabolites, and inconsistent results among platforms and 
experiments.[15] In contrast, targeted metabolomics is directed 
toward the specific and only their identification, namely, a 
predefined set of metabolites, which are explicitly known 
to be relevant to the problem of interest. In this hypothesis-
driven approach, calibrated analytical methods already in use 
with MS are employed for specificity and accuracy. Targeted 
metabolomics is well-suited for application in biomarker 
validation, analysis of aspects of certain metabolic pathways, 
and clinical diagnosis, etc. It provides higher reliability, 
repeatability, and a lower limit of detection for the target 
molecules, but it only analyzes a small number of metabolites 
rather than untargeted. Coverage of metabolites is one of the 
key differences. Therefore, untargeted metabolomics, offering 
a global picture of the metabolome, has the potential to be 
achieved by detecting hundreds (and thousands) of metabolites 
from each of numerous chemical families. Due to the 
instrument’s capabilities and the lack of a “finished” reference 
library, the work has a restricted scope, but this is inherent.[16] 
In contrast, targeted metabolomics is a more specific approach, 
usually encompassing several hundred metabolites, although 
lower sensitive, and lower quantification limits as well, with a 
higher quantification precision. The intricacy of data analysis 
is another difference. Target identification in untargeted 
metabolomics, which involves the use of sophisticated 
computational algorithms to match peaks, extract features, and 
analyze the statistical value, remains a significant challenge. 
On the other hand, recognized analytes enable data reduction 
in directed metabolomics, which can be the spared time and 
effort of data mining and annotation.[17] Both strategies have 
different uses. Of the systems biology approaches, untargeted 
metabolomics is a study where a robust, detailed mechanistic 
explanation of metabolic perturbation is a cornerstone. In 
cases where accurate quantification of certain metabolites is a 
need for clinical, biomarker validation, and hypothesis testing, 
targeted metabolomics is preferred. The scope for exploring 
the unknown metabolic landscapes lies with untargeted 
approaches, and the specificity and reproducibility of targeted 
approaches allow for high specificity shown on Table 1.[18]  
In the sense that these methodologies are complementary to 
drive metabolomics discovery and validation, discovery and 
validation can be processed in a vast number of biological 
settings.[19]

TECHNOLOGICAL ADVANCES IN 
UHPLC-MS FOR UNTARGETED 

METABOLOMICS

Untargeted metabolomics has been revolutionized by UHPLC 
coupled with MS, allowing sensitive and well-resolved analysis 
of complex biological specimens. Because of the technical 
improvements brought to the UHPLC and MS with time, the 
ability of UHPLC and MS in the identification, detection, 
and quantification of large amounts of metabolites, even 

Figure 2: Ultra-high performance liquid chromatography
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that of low concentrations has been enhanced. UHPLC-MS 
has, however, become an important reagent within modern 
metabolomics research due to the advances presented above 
that have addressed critical challenges of increasing metabolite 
resolution, data acquisition rate, and annotation accuracy.

Enhanced resolution columns and pressure tolerance

It is one of the fundamental advances within UHPLC-MS 
that is an area currently focused on developing columns 

with increased pressure tolerance that enable sub-2-micron 
particle columns to be used. This high resolution columns 
offer a larger separation efficiency, resulting in the enhanced 
peak resolution and also improved capacity for metabolomic 
identification of structurally similar metabolites.[24] The higher 
pressure stability has led to more efficient chromatographic 
separations, which have been realized with shorter sample 
analysis times without having to sacrifice accuracy. 
Therefore, peak overlap has been even reduced further, which 
is of particular importance for metabolomics studies because 
the number of compounds with structural relationships is 

Table 1: Comparison between targeted and untargeted metabolomics[20‑23]

S. No. Aspect Targeted metabolomics Untargeted metabolomics
1 Definition Focuses on quantifying a predefined set of 

known metabolites
Aims to detect and analyze all possible 
metabolites in a sample without prior 
selection

2 Objective Measures specific biomarkers or metabolic 
pathways for hypothesis‑driven research

Provides a global, unbiased metabolite 
profile for exploratory research

3 Coverage Limited to selected metabolites, providing high 
specificity and accuracy

Broad coverage, detecting thousands of 
known and unknown metabolites

4 Sensitivity and 
quantification

Highly sensitive and enables absolute 
quantification using internal standards

Semi‑quantitative due to data complexity, 
requiring extensive statistical analysis

5 UHPLC workflow Utilizes optimized chromatographic conditions 
tailored for selected metabolites

Requires broad‑spectrum chromatographic 
methods to capture diverse metabolite 
classes

6 UHPLC columns Uses specific stationary phases (e.g., C18, 
HILIC) to enhance the separation of known 
metabolites

Employs versatile columns to maximize 
coverage across a wide range of polarities

7 Mass 
spectrometry 
analysis

Typically employs triple quadrupole MS (QQQ) 
for targeted detection and quantification

Utilizes high‑resolution mass 
spectrometers (e.g., Orbitrap, TOF) for 
accurate mass identification.

8 Data acquisition Operates in multiple reaction monitoring or 
selected reaction monitoring mode

Uses data‑dependent or data‑independent 
acquisition modes for broad metabolite 
detection

9 Data processing Straightforward; targeted compounds are 
identified using predefined mass transitions

Complex; requires peak alignment, 
normalization, and statistical modeling to 
interpret results.

10 Annotation and 
identification

Well‑characterized metabolites with known 
retention times and fragmentation patterns

Many unknowns requiring spectral libraries, 
databases, and computational tools for 
identification

11 Reproducibility 
and 
standardization

High reproducibility due to controlled 
experimental conditions and reference standards

Lower reproducibility due to sample 
variability, instrument drift, and large data 
volume

12 Biological 
insights

Provides quantitative data on known pathways, 
helping validate mechanistic hypotheses

Offers novel insights, discovering new 
biomarkers and metabolic pathways

13 Application in 
disease research

Used for clinical diagnostics, monitoring 
metabolic changes, and validating biomarkers

Ideal for exploratory studies, biomarker 
discovery, and understanding disease 
mechanisms

14 Use in drug 
development

Assesses drug metabolism, pharmacokinetics, 
and toxicological profiling of known metabolites

Identifies unexpected metabolic effects, 
potential off‑target effects, and novel drug 
interactions

15 Challenges Limited scope, requires prior knowledge, and 
may miss unexpected metabolic changes

Complex data interpretation, high 
computational demand, and challenges in 
metabolite annotation

UHPLC: Ultra‑high‑performance liquid chromatography, HILIC: Hydrophilic interaction liquid chromatography, TOF: Time‑of‑flight
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relatively large. In addition, metabolite quantification can be 
made more accurate in very complex biological matrices by 
using higher resolution peaks, thanks to the high complexity 
of metabolite quantification.[25]

Advanced column chemistries for improved 
coverage of metabolite

The increase in the number of metabolites that could be 
detected has been increasingly critical through the invention 
of high-sensitivity stationary phases. In parallel, due to the 
increased detection sensitivity coming from the new column 
chemistries (e.g., HILIC, pH-HILIC) to polar metabolites, the 
old liquid chromatography (RP-LC) is still a usual technique 
for non-polar and semi-polar metabolites.[26] One of the major 
problems for metabolomics has been low retention of the polar 
molecule, but HILIC columns solved the problem by offering 
polar metabolite separation efficiency, which translates to 
an improved resolution. Research on amino acids, sugars, 
and some small organic acids, previously intractable to 
quantitation by RP-LC, has been advanced considerably by 
this development. Columns with mixed-mode (i.e., multiple 
retention mode) retention are also under study with a view to 
improving metabolite retention strength.[27]

High-throughput features in large-scale 
experiments

Due to the exponential growth of throughput from automation 
of UHPLC-MS workflows, samples with high throughput 
can now be analyzed efficiently. In particular, improvements 
in rapid gradient elution, multiplexing, and multi-injection 
protocols have made it possible to compensate for data loss, 
and simultaneously increase the sample processing rate.[28] 
When hundreds of samples need to be screened rapidly for 
clinical biomarker discovery, environmental monitoring, and 
population-based studies, high-throughput metabolomics 
is a workhorse. Other than the introduction of automation, 
human error has been reduced and therefore, the results have 

been much more accurate and reproducible. Specifically, 
software-driven gradient optimization and the development 
of improved auto-sampler technology have all enabled 
retention time repeatability, thereby increasing confidence in 
high-throughput metabolomics.[29]

Mass analyzers with high resolution for enhanced 
sensitivity and specificity

Metabolite detection and categorization have been 
significantly improved by the introduction of high-resolution 
mass spectrometers, such as orbitrap and TOF analyzers. Since 
then, it is, but it is dependent on the instrument’s high mass 
accuracy, defining the advantage of an isomeric compound 
versus isotopic compound.[30] Specifically, orbitrap MS, and 
in particular, has modified metabolism and the latter is capable 
of publishing high-resolution mass spectra with sub-ppm 
resolution that allows accurate metabolite identification. To 
the contrary, the acquisition rates of TOF mass spectrometers 
are incredibly high, making them ideal for high-throughput 
experiments [Figure 3]. The capacity of these devices to make 
extremely small mass changes has provided the foundation of 
a solution to structural inconsistencies and precise properties 
characterization of biological material at a complex scale.[31]

Figure 3: Time of flight mass spectrometry

Figure 4: Sequential window acquisition of all theoretical 
mass spectra
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Employing state-of-the-art ionization methods

A broader set of metabolites can be measured by increasing 
the analysis range in UHPLC-MS, since with a broader 
range of metabolites available to the analysis, it provides 
a complete analysis from polar to semi-polar metabolites, 
and thus, the most widely used ionization method in 
metabolomics is ESI.[32] Nevertheless, the sensitivity and 
degree of ionization of UHPLC-MS are also recently 
enhanced by the new applications of air pressure chemical 
ionization and matrix-assisted laser desorption ionization 
(MALDI). These methods are particularly useful for non-
polar metabolites- a class of metabolites that are rather 
hard to ionize by ESI (electrospray ionization). Thanks to 
the pooling of ionization interfaces (e.g., co-MALDI and 
nano-ESI merged), one may now obtain a broader range of 
metabolites in a single chromatographic separation (i.e., the 
chromatographic run).[33] This advance has been particularly 
meaningful in steroid metabolomics and lipidomics, both 
fields in which low-abundance metabolites are identified at 
very high concentration.

Using tandem MS (MS) to clarify structures

The structural characterization of metabolites has been 
improved with recent advancements in tandem MS 
(MS/MS).[34] Due to their high fragmentation specificity, 
advanced fragmentation strategies, such as electron transfer 
dissociation and higher-energy collision dissociation have 
also further enhanced the metabolite identification accuracy. 
These methods are able to specifically target metabolite 
structure detection in complex biological matrices. By 
enabling extensive MS/MS analysis over a large mass range, 
the employment of data-independent acquisition, for example, 
sequential window acquisition of all theoretical mass spectra 
has thus exacted [Figure 4] even more metabolite coverage.[35] 
Hence, undetectable metabolites by conventional methods 
have been found to be a consequence.

Dynamic and real-time metabolomics for time-
dependent study

In a time correlated manner, the temporal resolution of metabolic 
flux changes in an intact system can be available to researchers 
thanks to recent technologies facilitated research efforts (real-
time and dynamic metabolomics). For the 1st time, real-time 
monitoring of metabolic fluxes has been available – as a result 
of direct-infusion MS and fast scan detection – throughout 
longitudinal metabolomic studies.[36] These advances are of 
considerable significance for our understanding of dynamic 
biological processes, such as circadian rhythm control, stress 
response, and disease progression. Furthermore, real-time 
metabolomics-based analysis has been employed in toxicology 
and pharmacokinetics for uncovering drug metabolism and 
effects of xenobiotics on a metabolic network.[37]

Integrated computational strategies to support 
data interpretation

By accelerating data analysis as well as metabolome 
identification, UHPLC-MS with advanced computer workflows 
has revolutionized untargeted metabolomics. Data from 
metabolomics has been deconvolved to understanding through 
the development of massively-scale reference libraries, open-
source software, and cloud-based tools.[38] To extract valuable 
biological insights from massive datasets, ML techniques 
have been utilized more and more for peak alignment, feature 
selection, and route analysis. In addition, network-based 
methods have been used to metabolomics data combined 
with the other omics layers and they have allowed a more 
convincing characterization of the metabolic interactions.[39] 
These computational advances have significantly improved 
the quality of metabolite identification, and the robustness of 
metabolomics studies.

Portability and miniaturization for on-site 
metabolomics

On-site metabolomics is now possible for point-of-care 
diagnostics and environmental monitoring because of 
recent developments in the miniaturization of UHPLC-MS 
equipment. Portable UHPLC-MS systems have been set up 
for “on-the-go” analysis of biological and environmental 
specimens outside the lab at an accelerated rate.[40] Real-time 
metabolic profiling is supported by such portable devices 
and holds potential utility for bedside medical diagnosis, 
food safety applications, and environmental fieldwork. The 
analytical power and mobility of such devices have allowed 
untargeted metabolomics to be available to a wider range of 
clinical and scientific uses.[41]

ML AND COMPUTATIONAL ANALYTICS 
OF UNTARGETED METABOLOMICS DATA

Untargeted metabolomics production of large contiguous 
data sets presents a challenge that requires the use of cutting-
edge computational processing and ML techniques to obtain 
timely data analysis. To extract biologically meaningful 
representations from raw data, such technologies are critical 
for the preprocessing and feature extraction, statistical analysis, 
metabolite identification, and biological interpretation.[41] 
Data pre-processing involving denoising, peak identification, 
retention time alignment, and normalization achieved in 
the context of the absence of a reference (or cross-sample 
comparability), by keeping in view the data quality. Since 
these tools provide automated workflows for the complexity 
of UHPLC-MS data, such as XCMS, MZmine, and OpenMS, 
the tools are generally used for these tasks.[42] Interestingly, 
the discrete metabolic peaks are disambiguated by means 
of feature extraction and, although there are technological 
discrepancies, synchronization ensures reproducibility of the 
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data. Metabolite annotation is a critical, but laborious task, in 
untargeted metabolomics. By use of masses-to-charge ratios as 
well as fragmentation patterns, computational systems, such as 
METLIN, HMDB, and GNPS, provide spectrum libraries for 
metabolite-matches-identification. However, due to the limited 
database, it is still very challenging to annotate uncharacterized 
compounds.[43] As an effort to enhance the detection sensitivity 
of novel metabolites, recent in silico strategies (SIRIUS and 
MS-DIAL) are largely based on fragmentation models and 
prediction algorithms. Statistics and ML have transformed 
the interpretation of untargeted metabolomics. Part-whole 
methods involving multivariable pattern recognition (principal 
component partial least squares discriminant analysis) have 
been applied for discriminating groups. Identification of 
biomarkers/metabolic signature is optimized by employing ML 
methods through which classification, clustering, and prediction 
can be achieved.[44] For example, such algorithms include 
random forests, support vector machines, and neural networks. 
These approaches are particularly of value for the analysis of 
high-dimensional, high-resolution, high-throughput data, as 
well as for the discovery of low-level metabolic alterations. 
Network-based analysis of the metabolomics-based data and 
other omics data layers give a systems-level description of 
the biological process. Incorporating metabolites are into 
biochemical pathways and functional networks, applications 
(e.g., Cytoscape and MetaboAnalyst) are available that are 
able to visualize and, for analysis, to rule the pathway. Whole-
genome, whole-transcriptome, and whole-metabolomic multi-
omics analyses are increasingly being made and accessible, due 
to ML integrated with metabolomics, and with proteomics and 
transcriptomics, and genomics. Artificial intelligence (AI) and 
deep learning are two emerging computational tools rapidly 
transforming untargeted metabolomics.[45,46] These approaches 
are highly applicable to complex data structures, to automated 
feature extraction and annotation, and for the prediction of 
metabolites. At last, the metabolomics community can unite 
to make data and software available for sharing through the 
provision of computing power by the advent and popularization 

of cloud-based infrastructure and open-source software. 
Conclusions ML and computational approaches have been 
indispensable contributions to untargeted metabolomics by 
overcoming the data analysis and interpretation challenges and 
leading to metabolomics becoming a valuable tool in precision 
medicine, systems biology, and other areas.[47]

UNTARGETED METABOLOMICS 
APPLICATION FOR HUMAN HEALTH, 
DISEASE, AND ENVIRONMENT USING 

UHPLC-MS

Untargeted metabolomics applied to environmental, health, 
and disease sciences. The resolution of extremely complex 
small molecule profiling (i.e., “drug-discovery landscapes” in 
biological and environmental systems has been revolutionized 
by UHPLC-MS. Of all the domains in which agriculture, 
environmental sciences, disease, and human health are 
concerned; this particularly effective methodology is capable 
of contributing to all of them extensively. Due to the potential 
that untargeted metabolomics might use to identify a whole 
spectrum of metabolites, a priori knowledge is not required; 
it can serve as a powerful probe to identify new biomarkers, 
unravel the disease mechanisms, as well as facilitate the 
toxicological screening and drug discovery.[48] Further, in 
the field of agriculture and ecology, UHPLC-MS supports a 
more accurate understanding of ecosystem functions, stress 
reactions, and plant-microbe interactions.

USES IN HUMAN ILLNESS AND HEALTH

Identification of biomarkers, or measurement (assessment) 
indicators for physiological or pathological conditions, is called 
biomarker and metabolomics is responsible for finding new 
biomarkers for a huge number of diseases.[49] Metabolomics 

Figure 5: Untargeted metabolomics for discovery of disease biomarkers
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offers an unobvious representation of metabolic changes, 
which are related to disease course, in contrast to genomics 
and proteomics, which mainly target genetic and protein level 
changes, respectively. Metabolomics, based on UHPLC-MS, 
allows objective identification of metabolic changes in biofluids 
(e.g., blood, urine, saliva, or cerebrospinal fluid [CSF]) and has 
been utilized to show pancreatic abnormalities.[50] Untargeted 
metabolomics has been used by cancer investigators to make 
novel discoveries regarding associated biochemical patterns 
with tumorigenesis and metastasis. Energy metabolism, lipid 
metabolism, and amino acid metabolism are also known to 
be dysregulated in tumors, such as breast, lung, and colorectal 
cancers (CRC), etc. Particularly in the neurodegenerative 
disease, both Parkinson’s and Alzheimer’s disease, in which 
metabolic impairment of neurotransmitter systems has been 
shown, metabolomics-based biomarker discovery has played an 
indispensable role.[51] Metabolic alterations related to oxidative 
stress markers, energy metabolism, and lipids have been 
unraveled through metabolomics in cardiovascular diseases 
(CVD). The identification of CVD related metabolites, for 
example, trimethylamine-N-oxide, has provided novel treatment 
and prevention possibilities. In particular, metabolomic profiling 
using UHPLC-MS has become an irreplaceable method to 
detect metabolic perturbations in the initial phase of primary 
metabolic disorders, such as diabetes, and early diagnosis and 
personalized therapy are made possible.[52]

CLARIFICATION OF THE DISEASE 
MECHANISM

Untargeted metabolomics is of significant value for the 
elucidation of the pathology at the molecular level and not 
of potential value for biomarker discovery. Researchers can 
determine metabolic pathways that are abnormal in pathological 
states, by studying the metabolome in different disease states. 
For example, the Warburg effect is a phenomenon in which 
cancer cells select for glycolysis over oxidative phosphorylation 
even when oxygen is present.[53] Untargeted metabolomics 
has shed light on this phenomenon. Alterations of glucose, 
lactate, and amino acid metabolism have been shown to be 
associated with this metabolic adaptation, and these alterations 
directly influence the survival and proliferation capabilities of 
the tumor. Across UHPLC-MS, metabolic vulnerabilities in 
cancer cells have been found, which contributed to the design 
of personalized therapeutics disrupting the essential metabolic 
pathways.[54] Across an investigation of metabolic alterations 
during infection, metabolomics has led to the identification of 
host-pathogen interactions in infectious diseases. For example, 
modifications in lipid metabolism have been reported in 
tuberculosis, which can result in altered immunological response 
and disease outcome. Across the recognition of metabolic 
alterations related to inflammation and immune activations, 
metabolomics has also been applied to describe viral infections, 
for example, COVID-19. Untargeted metabolomics has also 
been widely used in neurological diseases, such as schizophrenia 
and Alzheimer’s disease.[55] Dysregulation of lipid metabolism, 

neurotransmitter metabolism, and oxidant markers has been 
useful in understanding disease pathophysiology. Provided with 
an understanding of these metabolic changes, the development 
of new treatment strategies focusing on metabolic pathways to 
slow disease progression has been facilitated. Unsupervised 
metabolomics also has been widely used for investigations of 
neurological diseases, such as schizophrenia and Alzheimer’s 
disease. Changes in lipid, neurotransmitter, and oxidative stress 
indicators have yielded important clues about the pathogenesis 
of disease.[56] The development of new treatment approaches 
involving targeted manipulation of metabolic pathways 
toward slowing disease progression has been facilitated by the 
understanding of such metabolic derangements [Figure 5].

DEVELOPMENT OF DRUGS AND 
TOXICOLOGY

Untargeted metabolomics that offers a global view of drug 
metabolism, efficacy, and potential toxicity has played important 
roles in toxicology and drug discovery. The development 
of new or existing medicinal drug pharmacokinetics and 
pharmacodynamics can be enhanced by researchers’ analysis 
of drug-induced metabolic alterations by UHPLC-MS. In the 
early drug development process, metabolomics is used to find 
good candidates of drugs with desirable metabolic properties.[57] 
From the point of view of scientists, the efficient transformation 
of a compound into toxic metabolites can be determined by 
tracking cell lines, animal models, or human subjects’ cell 
biological pathways toward the candidate pharmaceutics. With 
regard to cancer, this method has proven to be of high value as 
treatment regimens are countered by observations of metabolic 
response to anticancer agents. Untargeted metabolomics is also 
very beneficial for toxicology research. Although metabolomics 
provides an objective identification of metabolic aberrations 
induced by xenobiotics, conventional toxicological approaches 
are based on defined biomarkers. For instance, UHPLC-MS 
is able to identify metabolic shifts due to industrial chemicals, 
drugs, and environmental pollutants.[58] It has been used in 
research of adverse effects of air pollutants, heavy metals, and 
pesticides. Metabolism is also being used more and more in 
personalized medicine to adapt drug regimens in each patient 
in a personalized fashion. Clinicians can diagnose therapeutic 
response and toxicity based on a patient’s metabolic response 
to drug treatment, in turn enabling the development of more 
efficient therapeutic strategies.[59]

APPLICATIONS IN AGRICULTURE AND 
THE ENVIRONMENT

New understandings of plant-microbe interactions—which 
are essential for plant growth, health, and stress tolerance—
have been made possible by untargeted metabolomics. Several 
metabolites produced by plants have an impact on the microbial 
communities of the rhizosphere, the root-associated microbial 
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community. Identification of compounds involved in signaling 
between plants and beneficial microorganisms, including 
mycorrhizal fungi and nitrogen-fixing bacteria, is made possible 
using UHPLC-MS.[60] For example, it has been demonstrated 
that the flavonoids released by leguminous plants function as 
signaling chemicals that promote symbiotic relationships with 
bacteria that fix nitrogen. Researchers have discovered a new 
bioactive molecule regulating microbial activity and uptake 
of nutrient through using UHPLC-MS to detect root exudates. 
Development of biofertilizers and environmentally benign 
agricultural practices, which decrease chemical fertilizer use, 
depends on this knowledge.[61] Moreover, plant-pathogen 
interactions have been studied in untargeted metabolomics, 
which has unveiled plant defense pathways. In response to 
microbial infection, plants synthesize secondary metabolites 
(terpenoids, phenolics, and alkaloids), etc. Disease-immune 
crop species have been genetically engineered by the discovery 
of these defense metabolites, which is facilitated through 
UHPLC-MS of plant metabolism. Plant metabolism is also 
heavily regulated by environmental stresses (contaminant, 
salinity, and drought). Researchers’ use of UHPLC-MS-
based metabolomics to better elucidate and thereby detailed 
characterization of the dynamic nature of onset and convergence 
of metabolic responses to abiotic stress may now become 
more significant.[62] For example, metabolomics has revealed 
alterations in hormone signaling, antioxidant metabolism, and 
osmolyte production in plants exposed to drought stress. Higher 
stress tolerance has been associated with the accumulation of 
metabolites, such as proline, polyamine, and flavonoid. Thus, 
the understanding of such information for breeding crops with 
stress tolerance for their survival under extreme conditions is of 
great significance.[63] Metabolomics is also applied in ecosystem 
monitoring and environmental health assessments beyond plant 
studies. Soil and water metabolomics have been used to assess 
pollution levels, microbial diversity, and ecosystem resilience. 
Except for pollutants that modify microbial metabolism and 
disrupt ecological balance, for example, pesticides and heavy 
metals, which end-members can be covered by UHPLC-MS, 
metabolomics has also been applied to climate change research 
in an attempt to understand the responses of terrestrial and marine 
animal metabolisms to changing environmental conditions and 
warming temperatures.[64] Methods in this approach provide 
important insights into the effect of global change impacts on 
ecosystem functioning and biodiversity.

CASE STUDIES OF UNTARGETED 
METABOLOMICS IN SYSTEMS 

BIOLOGY EMPLOYING ULTRA-HIGH-
PERFORMANCE LCD-MS

Case study 1: Type 2 diabetes (T2D) biomarker 
discovery

Finding biomarkers for long-term conditions, such as T2D is 
a noteworthy use of untargeted metabolomics. Researchers 

profiled plasma samples from healthy controls and T2D 
patients using UHPLC-MS. The study identified specific 
metabolic markers linked to T2Ds, such as changed levels of 
bile acids, lipid metabolites, and branched-chain amino acids. 
These indicators offered fresh perspectives on the underlying 
processes of the illness, including inflammation and abnormal 
energy metabolism. Furthermore, new metabolites that had not 
previously been connected to T2D might be identified thanks 
to UHPLC-MS. This finding illustrated how the technique 
might reveal unforeseen metabolic alterations in addition to 
targeted techniques. The results have potential for creating 
individualized treatment plans and diagnostic instruments.[65]

Case study 2: Cancer progression metabolomic 
profiling

Understanding the metabolism and growth of tumors is 
one area of cancer research where UHPLC-MS has proven 
invaluable. Untargeted metabolomics was used in a study 
on CRC to compare tumor tissues with nearby non-tumor 
tissues. The Warburg effect, a defining feature of cancer 
metabolism, was supported by UHPLC-MS analysis, which 
showed increased levels of metabolites involved in glycolysis, 
such as lactate and pyruvate. The study found alterations 
in nucleotide biosynthesis and amino acid metabolism in 
addition to well-known metabolic pathways, underscoring 
the function of metabolic reprogramming in promoting fast 
tumor development. These discoveries revealed possible 
metabolic targets for therapeutic intervention and offered a 
clearer knowledge of the course of CRC.[66]

Case study 3: Plants’ reaction to environmental S 
stress

Untargeted metabolomics has been used in agricultural systems 
to investigate how plants react to environmental stresses, such 
as salt and drought. A research that examined the metabolic 
alterations in rice plants under salt stress using UHPLC-MS. 
Significant changes were seen in secondary metabolites, such 
as flavonoids and phenolic acids, as well as osmoprotective 
metabolites, such as proline and glycine betaine. These 
results indicated possible targets for creating crop types 
that are resistant to stress, in addition to offering insights 
into the metabolic processes underpinning stress tolerance. 
Researchers were able to investigate intricate plant-microbe 
interactions and pinpoint important metabolic pathways 
involved in stress adaptation by utilizing UHPLC-MS.[67]

Case study 4: Interactions between the 
microbiome and metabolome

The research of microbiome-metabolome interactions has 
been made easier by UHPLC-MS, which has illuminated the 
function of gut microorganisms in both health and illness. 
Fecal samples from mice given various diets were analyzed 
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using untargeted metabolomics in a research examining the 
effects of nutrition on the gut flora and its metabolic output. 
The findings showed that certain microbial taxa had an impact 
on the synthesis of metabolites, including derivatives of bile 
acids and short-chain fatty acids. These metabolites were 
connected to immunological response and host metabolic 
control. Novel microbial-derived chemicals that contribute to 
host health were identified thanks to UHPLC-MS, opening 
up new treatment options for inflammatory and metabolic 
disorders.[68]

Case study 5: Understanding neurodegenerative 
diseases via metabolomic analysis

Investigating the metabolic underpinnings of 
neurodegenerative illnesses, such as Parkinson’s and 
Alzheimer’s has been made possible in large part by 
UHPLC-MS. Untargeted metabolomics was used in a study 
to find metabolic alterations unique to Alzheimer’s disease, 
utilizing CSF samples from people with the condition. 
Sphingolipids and phospholipids, which are essential for 
signaling and the integrity of neuronal membranes, were 
found to have changed amounts. In addition, the study 
found disruption in oxidative stress and energy metabolism 
pathways, which may serve as indicators for early diagnosis 
and treatment targets. The identification of these minute but 
crucial metabolic changes was made possible by the excellent 
resolution and sensitivity of UHPLC-MS.[69]

Case study 6: Toxicology and drug metabolism

Drug development has used untargeted metabolomics to 
investigate drug metabolism and possible toxicological 
consequences. In one example study, metabolites in 
preclinical animals were profiled using UHPLC-MS for 
a potential anticancer drug. Drug metabolites were found 
through the research, along with off-target effects linked 
to adverse responses, such as changes in the metabolism 
of lipids and amino acids. This method gave researchers a 
thorough understanding of the drug’s metabolic effects, 
allowing them to maximize both its efficacy and safety. In 
addition, UHPLC-MS revealed novel metabolic pathways 
that the medication impacted, which improved our knowledge 
of how it works.[70,71]

CHALLENGES AND FUTURE DIRECTIONS 
IN UHPLC-MS FOR METABOLOMICS

Untargeted metabolomics by UHPLC-MS is known to 
be associated with a plethora of challenges due to the 
biological nature of samples, technical and interpretation 
of data are difficult. Extraction, isolation, and identification 
of tens of thousands of metabolites, present in biological 
specimens (i.e., blood, urine, and tissues) are difficult due 
to the extremely diverse chemical properties and different 

concentrations of metabolites.[72] Certain component classes 
(e.g., very polar or hydrophobic metabolites) are commonly 
under-represented in the standard UHPLC-MS analysis and 
the metabolite chemical diversity is often time-consuming 
and requires dedicated methods. Furthermore, the extreme 
feature dimensionality of untargeted datasets, the limited 
scope of the current spectrum library/reference database, 
as well as the narrow width of spectrum libraries/reference 
databases, still create significant challenges for quality 
metabolite annotation and identification.[73] The complexity 
of this approach is also augmented by the inclusion of 
uncharacterized compounds, structural mimics, and collision 
adducts, resulting in in vitro (biologically) interpretation and a 
higher number of unannotated features. A subsceptible aspect 
is the analytical reproducibility, that is, the reproducibility 
from test to test that is inconsistent as a result of differences 
in sample preparation, instrument performance, and data 
processing.[74] Furthermore, the low-level compounds may 
be hidden and then desensitize the sensitivity through 
the phenomenon of ion suppression due to the co-eluting 
metabolites or matrix-associated compounds. Computational 
hurdles are also due to the enormous amount of data produced 
by untargeted metabolomics and, as such, due to the demand 
for sophisticated statistical and computational tools to perform 
data normalization, peak alignment, and feature selection.[75] 
Computational frameworks that are at least robust to multi-
omics-analyses and combine metabolomics data with the 
other omics layers (i.e., the proteomics and the genome), and 
ideally even with a higher complexity level are required. The 
most crucial operational expense and technical capability for 
UHPLC-MS operation are characterized by IVs (e.g., lack 
of access to high-resolution mass spectrometry and accurate 
calibration). Although work is underway on a few of these 
challenges with the introduction of spectrum repositories, 
ML, and ion mobility spectrometry, the community continues 
to struggle with the need for prioritized standard protocols that 
will enable data sharing and reproducibility. Challenges must 
be overcome to fulfill the vast potential of UHPLC-MS-based 
off-target untargeted metabolomics, as well as overcome the 
wide potential of UHPLC-MS-based off-target untargeted 
metabolomics for systems biology, medicine, and ecology.[76]

Integrative metabolomics-based analysis, including multi-
omics platforms (e.g., transcriptomics, proteomics, or 
genomes), is an iterative core process of continuous progress. 
By linking metabolic reprogramming to genetic and proteomic 
regulation, this integrative strategy will give a unifying 
insight into biological function and ultimately lead to a more 
precise understanding of disease etiologies and adaptation to 
the environment.[77] Real-time and dynamic metabolomics 
continues to be one of the fastest growing areas of research 
in which therapeutic UHPLC-MS can enable in situ 
quantification of metabolic fluxes and in time-dependent 
alterations in living organisms. Single-cell metabolomics, 
in vivo metabolic discovery, exploration of metabolic responses 
at resolutions that have never previously been within reach of 
this technology, will provide a trajecto-dynamic picture of 
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biological function.[78] New computational tools are urgently 
required to cope with the complexity of metabolomics data, 
and with the advent of ML and AI, new applications for 
metabolomics may arise. Powerful databases and spectrum 
libraries will boost methanol identification, although this will 
be accomplished by technologies that will automate a number 
of data processing steps (peak identification, metabolite 
annotation, and pathway identification).[79] Predictive models 
based on AI will also facilitate the discovery of novel 
biomarkers and the characterization of metabolites not yet 
known. Besides, the domain is also poised to increase its scope 
toward precision medicine in developing patient-specific 
treatment scheme for diverse diseases, including cancer, 
neurology, and metabolic disorders, which are intimately linked 
to the patient’s individual metabolic profile.[80] Metabonomic-
driven pharmacological therapies will further evolve in terms 
of their usefulness, thanks to improvements in high-resolution 
technology and data mining tools. At last, the UHPLC-MS will 
be expanded to the new field in agricultural and environmental 
systems to deal with the question of crops resistance, the 
situation of the ecosystems, and the climate adaptation. In situ 
analysis of metabolomics will become feasible with improved 
instrumentation, namely, desk-top, miniaturized UHPLC-MS, 
and overall will play an important role in the acceptance of 
metabolomic research.[81] The fact that all these advances 
give UHPLC-MS-based untargeted metabolomics the power 
potential to further insights into the biological complexity and 
set the agenda for its current relevance in agriculture, health, 
and the environment has provided us with the opportunity to 
develop and present the one here.

CONCLUSION

Due to the development of UHPLC-MS, untargeted 
metabolomics has become an extremely powerful method for 
comprehensive discovery of metabolites in biological systems. 
That it can also be used for screening of a pannopticon of 
chemical entities a priori, that is, without prior knowledge 
has allowed data for the investigation of complex metabolic 
networks, the identification of novel biomarkers, and the 
discovery of physiological and pathophysiological processes 
in a broad array of contexts, that is, systems biologist, 
environmentalist, precision physician. Nevertheless, this 
overall range is also tied to some restrictions requiring a 
perpetual methodological/technical development. Metablom 
detection, isolation, and measurement are challenging but 
have been substantially improved with the advent of UHPLC 
coupled with high-resolution MS. Advances in technology, 
for example, including ion mobility spectrometry, even 
more sophisticated ionization methods, and miniaturization, 
have enabled a tenfold expansion of the scope of untargeted 
metabolomics. The current computational tools and ML 
methods used to streamline the data pre-processing process, to 
extract features, as well as to label metabolites, are summarized 
with these developments, and are discussed at the interpretive 
stage of untargeted experiments. However, there remain 

important problems despite these advances, such as accurate 
identification of novel compounds, reproducibility among 
measurements, and attribution of metabolomics observations 
to the other layers of omics. Standardized methodologies, 
further cataloguing of the spectrum library and ML for data 
interpretation are the pillars for next-generation untargeted 
metabolomics. Due to the high efficiency of computational 
pipelines, multi-omics integration could provide a systems-
level insight for understanding the underlying mechanisms of 
biological processes and, subsequently, could be used to monitor 
the environment appropriately and optimize the treatment 
rendering. In addition, the measurement of in vivo temporal 
metabolic alteration by the use of dynamic flux analysis and 
dynamic real-time metabolomics has now become possible 
because of these emerging fields that have the potential to 
revolutionize the field in the near future. Conclusion -Broadly, 
untargeted metabolomics using UHPLC-MS is an evolving 
concept with great potential to change the way biology and 
medicine are understood. While there are still some obstacles, 
research has continued toward the aim of making it increasingly 
accurate, robust, and useful, while advances in computation and 
technology progress. Untargeted metabolomics represents an 
attractive strategy for understanding biological systems because 
of its strengths in addressing metabolite discovery limitations, 
metabolome integration, and metabolome normalization. All 
of the following have the potential to make a contribution 
toward ecological sustainability, health, and agriculture. As a 
result of its interdisciplinary nature and potential to provide a 
new biochemical perspective, the importance laid in tackling 
global challenges and scientific breakthroughs is discussed in 
this paper.
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