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Abstract. An overview of metabolomics in cancer research, 
focusing on the identification of biomarkers, pharmaco‑
logical targets and therapeutic agents, is provided in the 
present review. The fundamentals of metabolomics, the role 
of metabolites in cancer emergence and the methods used 
in metabolomic analysis, are reviewed. The applications of 
metabolomics in cancer therapy and diagnostics, as well 
as the challenges encountered in metabolomic research, are 
discussed. Finally, the potential clinical uses of metabolomics 
in cancer research and its future possibilities are explored, 
emphasising the importance of non‑invasive diagnostic and 
monitoring techniques. The present review highlights the 
significance of metabolite‑based metabolomics as a special‑
ised tool for illuminating disease processes and identifying 
treatment potentials. The malfunctioning of metabolomic 
pathways and metabolite accumulation or depletion is caused 
by metabolomics abnormalities. Metabolite signatures close 
to a subject's phenotypic informative dimension can be used 
to monitor therapies and disease prediction diagnosis and 
prognosis. Non‑invasive diagnostic and monitoring techniques 
with high specificity and selectivity are urgently needed. 

Metabolite‑based metabolomics is a specialised metabolic 
biomarker and pathway‑analysis technique, illuminating the 
putative processes of numerous human illnesses and deter‑
mining treatment potentials. Locating biochemical pathway 
modifications that are early warning signs of pathological 
malfunction and illness is possible by identifying functional 
biomarkers linked to phenotypic variance. Scientists generated 
numerous metabolomics profiles to disclose the underlying 
processes and metabolomics networks for therapeutic target 
research in biomedicine. The metabolomic analysis of the 
potential utility of metabolites as biomarkers for clinical 
events is summarised in the present review. The significance 
of metabolite‑based metabolomics as a specialised tool for 
illuminating disease processes and identifying treatment 
potentials is highlighted.
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1. Introduction

The metabolome, a final product of the transcriptome, genome 
and proteome, contains small‑molecule metabolites correlated 
with specific metabolic phenotypes. It provides insights into 
the pathophysiology and therapeutic targets of numerous 
illnesses (1). The metabolome has previously shown consider‑
able advantages for identifying biomarkers, diagnosing and 
treating illnesses, and defining metabolic‑control mecha‑
nisms. Comprehensive metabolic fingerprints can identify 
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treatment targets and infer potential illness mechanisms. In 
the rapidly expanding science of metabolomics, tiny molecules 
in biological processes known as metabolites undergo compre‑
hensive investigation. As a potential method of identifying new 
biomarkers, pharmacological targets and therapeutic agents, 
metabolomics in cancer research has attracted considerable 
attention (2).

The results of protein translation, gene transcription, 
or structural modifications to the proteome, genome, or 
transcriptome are called metabolites. Metabolites have the 
potential to play a significant role in the interaction between 
genotype and environment and give a clearer picture of 
the final phenotype. A publicly available human metabo‑
lome primarily includes comprehensive data on 41,993 
small‑molecule metabolites  (1‑3). In addition to acting 
as cofactors, energy producers' storage units, signalling 
molecules, metabolites may also start regulatory processes. 
Compared with other omic methods, metabolomics focuses 
on metabolites and has several benefits. Although metabo‑
lomics may directly identify the biochemical reaction to a 
stimulus, genomics may not have considerable influence 
on how a protein's expression induces its function (3). The 
present review aims to cover various aspects of metabolomics 
in the context of cancer research, including fundamentals, the 
role of metabolites in cancer development, analysis methods, 
applications in cancer detection and diagnostics, comparison 
of metabolomic analysis instruments, and potential clinical 
uses in cancer and breast cancer (BC) research (4). Overall, a 
comprehensive overview of metabolomics in cancer research 
is provided, highlighting its potential as a powerful tool 
for understanding cancer biology and improving clinical 
outcomes through early detection and personalised treatment 
strategies. Finally, we discuss metabolomics' possible clinical 
uses in cancer and BC research. It is aimed to identify and 
discuss the possibility of metabolites' early detection through 
metabolomics research.

2. Discussion

BC. Malignant tumours are divided into locally malignant 
at the same organ or tissue without spreading and tumours 
spreading to other organs or parts of the body, which is called 
metastasis. Not all tumours arrive at the metastatic stage, espe‑
cially if diagnosed early. The tumour derives nutrients from 
other surrounding healthy cells. As a result, the healthy cells 
die, which allows the tumour cells to grow even faster. The 
process of spreading the cancer cells to other body parts and 
growing continuously in those locations is known as metas‑
tasis. BC is a type of cancer affecting one in every eight women 
in high‑income nations by the age of 85, and it will continue 
to be the primary source of disease burden for women (5). 
BC remains a severe health issue despite significant advance‑
ments in the field of cancer research and is now a high focus 
for biomedical research. The most frequent disease amongst 
women worldwide is BC, and its incidence and mortality rates 
are predicted to rise sharply in the coming years (6). With over 
1,700,000 new cases each year, the frequency of this aggres‑
sive illness remains disturbingly high, and these numbers 
point to decreased progress in the preventative field (7). The 
estimated number of deaths globally in 2020 according to 

Globocan 2020 (WHO) is 684,996 cases, which comprises 
15.5% of the total worldwide death percentage. Genes, the 
fundamental building blocks of inheritance, can change in 
ways that lead to cancer (8). Genetic changes that cause cancer 
can happen because of errors that occur as cells divide or DNA 
damage inflicted by harmful environmental substances (such 
as the chemicals in tobacco smoke and ultraviolet rays from 
the sun). Such changes can also be inherited from parents (9). 
In elderly people, whose bodies become less capable of elimi‑
nating damaged and old cells, the chance of developing cancer 
later increases. The genetic mutations in every individual 
cancer differ from one another. Further changes occur when 
the cancer spreads. Several cells in the same tumour may have 
distinct genetic changes (10).

Types of BC. BC is categorized into several types based 
on the characteristics of the cancer cells and their behav‑
iour (11‑14). The major types of BC are as follows: i) Ductal 
carcinoma in situ (DCIS); DCIS is a non‑invasive cancer where 
abnormal cells are found in the lining of a breast duct. While 
it is not life‑threatening, it can increase the risk of developing 
invasive BC later. ii) invasive ductal carcinoma (IDC); IDC 
is the most common type of BC, accounting for ~70‑80% of 
cases. It begins in the milk ducts and invades surrounding 
breast tissue. Symptoms may include a lump or changes in 
breast shape. iii) invasive lobular carcinoma (ILC); This type 
starts in the lobules (milk‑producing glands) and accounts for 
~10‑20% of invasive BCs. ILC may present as a thickening or 
swelling rather than a distinct lump, making it harder to detect 
via mammograms. iv) human epidermal growth factor receptor 
2 (HER2)‑positive BC; HER2‑positive BC tests positive for 
excess HER2 proteins, which promote cell proliferation. This 
type tends to be more aggressive but responds well to targeted 
therapies that inhibit HER2. A total of ~15‑20% of BCs are 
HER2‑positive. v) triple‑negative BC (TNBC); TNBC lacks 
three common receptors: Estrogen, progesterone and HER2. 
This type is more prevalent among younger women and tends 
to be more aggressive with fewer treatment options available 
compared with other types.

Metabolites. The metabolism or metabolic reaction can be 
defined as the sum of all biochemical reactions carried out 
by an organism. Metabolites have various roles, including 
those related to energy, structure, signalling, catalysis, defence 
and interactions with other organisms. Plants, humans and 
microbes, all produce metabolites. Metabolites can be divided 
into two different types, namely, primary metabolites and 
secondary metabolites. Metabolites are the intermediates 
or final products of metabolic reactions, which are typically 
limited to small molecules and are catalysed by several 
enzymes that naturally exist within cells  (15,16). The cell 
produces primary metabolites and typically participates in 
respiration and photosynthesis, the two main metabolic activi‑
ties. Primary metabolites can keep the body's physiological 
processes running smoothly. Considering this function, it 
is often referred to as the central metabolite. Amino acids, 
alcohols, polyols, organic acids, vitamins (B2 and B12), 
inosine‑5'‑monophosphate, and guanosine‑5'‑monophosphate 
are notable examples of primary metabolites. Ethanol, citric 
acid, lactic acid and acetic acid are primary metabolites 
necessary for healthy development, growth and reproduction. 
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Cells utilise primary metabolites, intermediate by‑products of 
anabolic metabolism, to create necessary macromolecules (17).

Secondary metabolites are substances an organism 
produces that are not necessary for primary metabolic activi‑
ties but may serve crucial ecological and other purposes. 
Secondary metabolites are not involved in cell proliferation 
and development and are synthesised at or near the end of 
the stationary growth phase  (18). Given that secondary 
metabolites are produced by the same metabolic pathways 
that primary metabolites use, secondary metabolites are 
known as the final products of primary metabolites. Primary 
metabolites are present in every living cell with the ability to 
divide. Secondary metabolites are present merely incidentally 
and are not crucial to an organism's survival (16). However, 
secondary metabolites are produced from primary metabo‑
lites, which do not constitute the organism's fundamental 
molecular structure. Primary metabolites' absence does not 
immediately shorten an organism's lifespan; instead, survival 
is compromised to a greater extent. Within a phylogenetic 
group, its existence and synthesis are found in ecologically 
disadvantageous species (19). Drugs, flavours, scents, dyes, 
pigments, insecticides and food additives are examples of 
secondary metabolites used in pharmaceuticals, industries 
and agriculture (20).

Numerous intermediates in primary metabolism overlap 
with the intermediates of secondary metabolites, thus distin‑
guishing between primary and secondary metabolites is not 
easy. Amino acids, considered primary metabolites, are also 
unquestionably secondary metabolites  (16), in contrast to 
the claim that sterols are secondary metabolites essential to 
numerous cellular structural frameworks. The mosaic struc‑
ture of an intermediate suggests that primary and secondary 
metabolism share the same metabolic pathway. Adding extra 
nitrogen and carbon can be directed into the secondary metab‑
olites, which operate as a buffer zone to produce an inactive 
primary metabolism. When needed, the metabolic disintegra‑
tion of secondary metabolites can convert the stored carbon 
and nitrogen back into primary metabolites. The primary and 
secondary metabolisms are dynamic and in a delicate balance 
with the growth, tissue differentiation, and development of the 
cell or organism, as well as external influences, all impacting. 
Secondary metabolites, also known as natural products or 
heterogeneous groups of natural metabolic products, are 
considered to play adaptive roles in ecological interactions, 
symbiosis, metal transport, competition and other processes 
even though they are not required for the vegetative growth 
of the producing organisms (21). For instance, they may act as 
defence compounds or signalling molecules.

According to Jones et al (23), a comprehensive analysis 
reveals that a typical human body contains ~2,500 metabo‑
lites. Arachidonic acid is a metabolite of prostaglandin, and 
the two compounds share numerous of the same functional 
groups, physical characteristics and formulae. Additionally, a 
specific sequence of enzyme‑catalysed reactions that follow a 
rational path of chemical change connects both chemicals (24). 
Tyrosine is an amino acid that produces catecholamines, 
whereas cholesterol creates steroid hormones. By making only 
minor modifications to the cholesterol ring's superstructure, 
steroid hormones that differ biochemically from the choles‑
terol source molecule can be produced (2). Tyrosine is the 

starting point for an irreversible route that leads to catechol‑
amines, such as norepinephrine or dopamine. Moreover, all 
precursors of catecholamine must pass through a tyrosine 
intermediate owing to biochemical principles (3). According 
to the free‑energy exchange theory, inosine‑5'‑monophosphate 
is a metabolite that develops from the one‑way condensation 
of two or more intermediates, specifically glutamine and phos‑
phoribosyl‑pyrophosphate (4). Small molecules are complex to 
define precisely because they quickly diverge from their parent 
structure. A metabolite may also be a component of a larger 
structure or a degraded product that needs to be disposed. A 
freely available electronic database including comprehensive 
data on metabolites discovered in the human body is known as 
the Human Metabolome Database (3‑5).

BC metabolomics. In attempts to discover potential biomarkers 
that can be used to detect cancer cells in their earliest stages, 
numerous studies have been performed on the biological 
samples of patients with BC. Samples from patients such as 
tissues, blood and urine have been collected and examined 
to obtain the best results that can benefit individuals. Tumour 
DNA is the element that has been most thoroughly evaluated, 
including DNA concentrations, integrity, mutations and meth‑
ylation status. The main aim is to gauge its potential clinical 
relevance (24,25). Cancer cells also have the exact needs and 
capacities for energy as regular cells. It has been demonstrated 
that most cancer cells produce energy through cytoplasm 
glycolysis. Energy generation is typically utilised by several 
contemporary technologies to detect malignancy. The rate of 
protein turnover and lipolysis, which is the breakdown of fat 
stored in fat cells, increases in cancer cells (26).

Cancer cells undergo significant metabolic changes 
compared with normal cells. These changes are critical to 
cancer cells' survival and proliferation, providing a unique 
opportunity to differentiate cancer cells from normal cells. 
Metabolomics can be used to identify these metabolic changes 
and thus help diagnose and treat cancer. It can also help in 
the discovery of new biomarkers and therapeutic targets. Some 
researchers have focused on potential indicators found in urine 
samples of patients with BC. The metabolomics approach is 
used for the test and research, which involves running tests 
on technologies such as nuclear magnetic resonance (NMR), 
high‑performance liquid chromatography (HPLC), gas chro‑
matography (GC)‑mass spectrometry (MS), or other suitable 
analytical tools to obtain the most accurate results. In total, 44 
pair‑wise rates of RNA metabolites exist for BC urinary tests. 
Numerous different indicators or biomarkers can be found 
in the urine samples of patients with BC. Based on a study 
by Nam et al (27), homovanillate, 4‑hydroxyphenylacetate, 
5‑hydroxyindoleacetate and urea are all found in the urine 
samples of patients with BC.

The main contributing compounds in the urinary metabo‑
lomics for BC include formate, succinate and nucleoside 
uracil. Succinate, a metabolite of the tricarboxylic acid 
(TCA) cycle and a marker for the Warburg effect, is also 
highlighted by another MS investigation (28). With reason‑
able specificity and sensitivity, the panel of succinic acid and 
dimethyl‑heptanoyl‑carnitine is used to distinguish between 
BC and healthy controls. According to research looking 
at nucleosides in urine, 5‑hydroxymethyl‑2'‑deoxyuridine, 
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8‑hydroxy‑2‑deoxyguanosine and succinyl adenosine are all 
shown to be more common in patients with BC (29‑31).

Patients with BC have higher amounts of glucose, creati‑
nine, glutamine, glutamate, arginine, lysine and valine than 
healthy controls. These metabolisms are closely linked to a 
higher risk of BC. Moreover, it has been found that those with 
greater levels of 5‑amino valeric acid, tryptophan, phenyl‑
alanine, y‑glutamyl threonine, valine, or iso‑glutamine are 
more likely to be diagnosed with BC (23,33). A recent study 
predicted that 2‑o‑methylcytidine and 5‑methylthioadenosine 
levels in patients with BC will rise (34). Based on the same 
research, hierarchical analysis reveals 71 out of 168 differen‑
tially expressed metabolites.

Analysing urine metabolomics biomarkers often uses 
analytical techniques such as NMR and MS (35). By iden‑
tifying the distinctive electrochemical environment of each 
constituent proton, the urine NMR readings of molecules can 
be identified using NMR. Low levels of several metabolites 
including succinate have been found in the urine of patients 
with epithelial ovarian cancer and BC according to research 
on urinary‑metabolite modifications (36,37). A total of nine 
metabolites significantly differ in a study comparing the 
urinary proton NMR metabolomic profiles of BC (n=48) and 
ovarian cancer (n=50) based on Wilcoxon's rank‑sum test. The 
metabolites involved are acetone, allantoin, carnitine, urea, 
1‑methyl nicotinamide and levoglucosan. Slupsky et al (39) 
discovered that the amount of several high‑level metabolites 
including glucose and creatine, which are high in cancer tissue, 
decreases in the urine of patients with BC (38).

Moreover, patients with BC have lower urine succinate 
levels compared with healthy controls (39). The urine samples 
of patients with BC have decreased glutamine level, which 
is typically high in breast tissue. This discovery is also 
validated by additional research that produces comparable 
outcomes (38). Urine of patients with BC has lower threonine 
levels than controls as well  (40). Changes can further be 
observed in metabolites such as choline and 2‑hydroxybu‑
tyrate. These two metabolites have higher levels in BC samples 
than in healthy control samples (41,42). Valine and lysine also 
rise (43). Furthermore, patients with BC have lower amounts of 
melatonin and indole‑3‑acetate in their urine tests.

A study on BC indicators in urine examines metabolic differ‑
ences between patients with BC and healthy volunteers. The 
investigation identified12 metabolites including amino acids, 
organic acids and nucleosides as possible biomarkers (30). In 
a separate study, (27) used a LC‑ion trap MS to analyse urine 
samples from 85 patients with BC and corresponding controls. 
A total of 44 pairwise ratios of metabolite characteristics were 
effectively examined by computational analysis, with a sensi‑
tivity and specificity of 83.5 and 90.6%, respectively, for the 
best BC prediction. S‑Adenosylhomocysteine and a few other 
methylated nucleosides significantly dominate the classifica‑
tion performance. In another study, a capillary electrophoresis 
(CE) MS was used to examine urine samples from 21 patients 
with advanced BC before and after receiving chemotherapy, 
as well as samples from the general population  (44). The 
aforementioned study found that metabolite levels decrease 
by 30% in chemotherapy‑sensitive patients compared with 
the control group. Specifically, glycine, cysteine, histidine, 
cysteine, and tryptophan levels are affected. Those who are 

resistant to treatment have 9% changes in metabolite levels. 
Meanwhile, the amounts of succinate increases and the levels 
of chromium considerably drop, whereas most amino and 
organic acids do not show any apparent alterations. In another 
study, urine samples from 22 healthy controls were compared 
with those from 10 patients with BC, 9 with ovarian cancer 
and 12 with cervical cancer. The cancer biomarkers were 
found to comprise 5‑hydroxymethyl‑2‑deoxyuridine and 
8‑hydroxy‑2‑deoxyguanosine (45).

The identification of BC biomarkers in urine samples of 
patients with BC is also influenced by environmental factors. 
Cadmium is markedly more prevalent in urine of patients 
with BC (46). The same applies to increasing chromium and 
arsenic. Moreover, it was revealed that patients with BC have 
a general decrease in amino acids, nucleotides and TCA cycle 
intermediates (40). The marker results from previous studies 
based on different sample types, such as tissue, serum, plasma 
and urine samples, are included in Table I.

Role of metabolites in cancer development. A complex network 
of chemical processes is responsible for metabolism within 
cells, which supports healthy development and reproduction. 
Metabolism involves catabolism and anabolism. The former 
provides energy and generates the cellular building blocks 
required for cell division. Uncontrolled cell proliferation and 
a diverse microenvironment are characteristics of cancer. 
According to Cairns et al (71), cancer cells alter their preferred 
metabolic pathway to balance their energy requirements with 
their need to produce biosynthesis precursors for develop‑
ment (69) and to survive in low nutrient areas and low oxygen 
concentrations  (72). By changing the functions of current 
metabolic pathways or rewiring new connections, cancer cells 
experience widespread metabolic modifications, notably in 
glycolysis, mitochondrial biogenesis, lipid metabolism and the 
pentose phosphate pathway (73). Through various processes, 
metabolic reprogramming in cancer cells causes the accumu‑
lation or depletion of intermediate metabolites (74). The first 
and foremost one is an alteration in the activity of metabolic 
enzymes. Since the 1920s, the Warburg effect has been 
recognised as a distinctive feature of cancer. It is a change in 
metabolic state wherein cells show an enhanced conversion of 
glucose into lactate even in highly oxygenated areas (75‑77). 
For instance, activating glycolysis‑related enzymes results 
in the build‑up of several glycolytic intermediates during 
glycolysis, the preferred method by which cancer cells receive 
energy and biosynthesis building blocks. Conversely, the 
build‑up of succinate and fumarate is caused by a decrease 
in succinate dehydrogenase and fumarate hydratase activities, 
respectively.

Since the discovery of oncogenic functions of various mito‑
chondrial metabolites such as 2‑HG, succinate and fumarate, 
researchers have become increasingly interested in the func‑
tions of these ‘oncometabolites’ in cancer. Oncometabolites 
affect signal transduction, post‑transcriptional modifications, 
and epigenetic changes. The inactivation of tumour‑suppressor 
genes and the promotion of carcinogenesis are caused by 
metabolic remodelling, which can encourage DNA hyper‑
methylation and histone hyperacetylation (78,79). Numerous 
intermediate metabolites, in addition to oncometabolites, can 
bind directly to proteins or nucleotides and cause them to 
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malfunction. These intermediate metabolites can also func‑
tion as transmembrane receptor ligands, triggering subsequent 
signalling cascades.

The phenomenon in which cancer cells enhance their 
intake of glucose and the formation of lactate with a signifi‑
cant reliance on aerobic glycolysis is described as the Warburg 
effect (75). Cancer cells can produce only minimal ATP during 
this metabolic state, and they may start to rely on glutamine 
as a fuel source (80). Thus, cancer therapies are intensively 
researching the suppression of glucose and glutamine metabo‑
lism (80,81). Under normoxic conditions, the contribution of 
lactate to oxidative respiration has attracted newfound atten‑
tion (82). The finding that lactate is a waste product and a 
crucial energy source for tumours raises the possibility that 
metabolites other than glucose and glutamine may support an 
environment favourable for the proliferation and multiplica‑
tion of cancer cells. Asparagine, arginine, cysteine, serine and 
glycine are examples of downstream amino acid by‑products 
that have been studied for their role in the survival of cancer 
cells. Further research into medicines targeting each metabolic 
pathway is required, even if the deprivation of these nutrients is 
beneficial in some situations. As an alternative, several amino 
acids and essential vitamins such as vitamins A, B, C, D, E 
and K function as antitumorigenic agents and slow the spread 
of cancer. The same study emphasises the roles of lactate, vita‑
mins and amino acids in advancing, inhibiting, and preventing 
cancer by drawing attention to these generally underestimated 
metabolites (Table II).

Metabolomic techniques. Under certain specific circum‑
stances, any metabolite can be broken down into smaller 
product ions. Specific pressure, temperature and collisional 
energy are required to break down the metabolites. These 
processes of breaking down produce a distinctive pattern 
of fragmentation used as identification information. Each 
chemical has a unique fragmentation pattern crucial to 
determining a compound's retention time for intensity 
quantification. The methodology used in metabolomics is 
unique and has its own set of procedures. Each approach has 
a similar set‑up procedure. Importantly, the samples needed 
must be prepared according to the desired test. Following 
the metabolic extraction, the collected samples are sent to 
metabolomics equipment for compound separation, detection 
and analysis (91).

Fresh tissue and cells from in vitro cultures are the two 
common sample types used to extract metabolomics data. 
For fresh tissue models, the tissue is collected, immediately 
snap‑frozen in nitrogenous liquid N2, and then homogenised in 
an identical mixture of solvents. This phase must maintain the 
effectiveness of the extraction and the biochemical integrity. 
Samples are centrifuged several times to guarantee that all 
precipitated proteins and other macromolecules are wholly 
removed using chemicals to help in this function. The pallets 
are preserved for protein concentration analysis to normalise 
the metabolite levels. These supernatants are collected, and 
then the methanol‑chloroform‑water mixture is removed 
using a speed vacuum and lyophilisation. The result is the 
formation of the powdered metabolites. Then, prior to metabo‑
lomics acquisition with metabolomics devices, metabolites are 
resuspended in a solvent combination (92‑95).

Numerous options are available for selecting metabolomic 
equipment. Separation, detection and hyphenated techniques 
are the three common strategies used for categorising 
the instruments. Techniques including GC, CE, HPLC, 
ultra‑performance LC and ion chromatography can be used 
to separate distinct metabolites that elute at varying retention 
durations. Regarding the method of detection, MS equipment 
is frequently utilised. MS equipment includes quadrupole 
time‑of‑flight (TOF) chromatography, triple quadrupole and 
Fourier transforms (FT) orbitrap. NMR spectroscopy is 
another detection method not requiring separation techniques. 
It is also commonly used to determine the structures of 
organic compounds. HPLC‑MS, FT, ion cyclotron resonance 
(ICR)‑MS and GC‑MS (91).

Software programs for metabolomic analysis are required 
to analyse experimental metabolomic data. MS‑based equip‑
ment can identify metabolites by using an internal compound 
standard database and MS/MS fragmentation capture under 
the same conditions. The sample's fragmentation should 
match the database's fragmentation to verify one's structure. 
NMR‑based methods can be used to investigate the structure 
of compounds and isotopomers. Analyses based on NMR and 
MS can cross‑validate and cover more metabolites overall. 
Planning and conducting a metabolomics study involves four 
significant steps. These steps include sample collection or 
generation, data acquisition, bioinformatics and interpretation. 
Based on the results, it is recommended that a hypothesis be 
formed or the newly discovered biomarkers to be tested in 
further studies. Adding quality control to obtain reproducible 
outcomes and generate meaningful metabolomics data during 
data acquisition is optimal.

MS‑based metabolomics. One of the most popular analyt‑
ical tools used in metabolomics applications is the MS. The 
primary goal of MS is the structural characterisation of signif‑
icant metabolites in the search for biomarkers (96). Metabolic 
fingerprinting can be acquired by MS direct injection, although 
it has several limitations such as co‑suppression and low 
ionisation efficiency. To avoid these issues, MS‑based metabo‑
lomic techniques such as CE‑MS, GC‑MS, LC‑MS (97) and 
CE are used. These tools can eliminate co‑suppression whilst 
reducing the complexity of biological material. Adding MS to 
these methods increases the accuracy of compound identifica‑
tion, detection and quantification and shows great sensitivity, 
selectivity, speed and efficiency (42). The samples prepared 
are infused directly or by chromatography before being 
analysed in a MS. Data are recorded, analysed, processed and 
interpreted before being compared with the theoretical data.

GC‑MS. GC‑MS has emerged as a crucial and trusted 
analytical technique for the metabolomic study of separa‑
tion, detection and identification  (98,99). The collected 
samples are subjected to metabolite extraction before being 
injected in split‑less mode. Afterwards, the high‑resolution 
capillary column is used to propel and release the carrier 
gas through the sample (42). GC analysis must be performed 
under certain circumstances (for example, high temperatures 
and in an oven), and the metabolites must be volatile and 
thermally stable (for example, metabolites such as alkenes, 
organic acids, ketones and aldehydes). Non‑volatile metabo‑
lites including lipids, amines, amino acids, phosphorylated 
metabolites and sugars must first go through derivatiza‑

https://www.spandidos-publications.com/10.3892/mco.2025.2830
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tion (42). The samples can be ionised by electro‑impact (EI) 
or chemical ionisation for MS detection. The EI approach 
is frequently used in ionisation. The mass spectra can be 
revealed by molecular‑ion fragmentation, which EI can offer. 
The three techniques most frequently used in metabolomics 
are quadrupole, TOF and ion trap.

Salivary volatiles are screened for potential BC by 
GC‑quadrupole MS (qMS) as part of an exploratory investiga‑
tion; geographically remote communities are included (100). 
It has been claimed that the metabolomic signature of human 
BC cell lines can be established using GC‑qMS (98). Based 
on the urinary volatomic biosignature, it can also be utilised 
to distinguish amongst various cancer types (101). In contrast 
to GC‑qMS, GC‑TOFMS can assess glutamate enrich‑
ment as a potential new method of diagnosing BC. Patients 
with BC with oestrogen receptor (ER)‑positive (ER+) and 
ER‑negative (ER‑) cells can be compared metabolically using 
a GC‑TOF‑MS framework (102). In a pilot investigation on 
patients with BC, it was found that GC‑MS can be used to 
assess the detectability, reliability and distribution of metabo‑
lites obtained in pre‑diagnostic plasma samples (103). The 
sensitivity, specificity, reproducibility and high‑throughput 
technology of GC‑MS‑based metabolomics to handle a huge 
volume of samples renders it preferable to use. However, 
GC‑MS is limited in its mass range, and because of fragmen‑
tation, molecule ions are frequently undetected. Determining 
unknown metabolites is difficult because of these limitations. 
Additionally, the required metabolites must be thermally 
stable and volatile (104).

HPLC‑MS. HPLC‑MSis a simple method of separating 
and characterising various metabolites, including acids, bases, 
salts and hydrophobic and hydrophilic metabolites. Owing 
to its capability to accommodate separation processes and 
various mass analysers, LC‑MS or HPLC‑MS is preferred over 
MS‑based metabolomics because it is not restricted to volatile 
and thermally stable metabolites (105). Ahad and Nissar (106) 
used the fundamental principles of HPLC‑MS, eluting the 
metabolites through a column based on the partition between a 
stationary phase and mobile liquid phase. The kind of stationary 
phase that the metabolites should elute through depends on 
their charge, size, hydrophobicity and molecular weight (106). 
To achieve a quicker separation of metabolites, the current 
HPLC technology focuses on smaller columns, miniaturisa‑
tion and low solvent volumes. Thus, ultra‑high‑performance 
LC (UHPLC) replaces HPLC. UHPLC does not require large 
amounts of solvent and speeds up resolution within short 
analysis times.

NMR‑based metabolomics. NMR‑based metabolomics is 
an alternative to MS‑based metabolomics. NMR spectroscopy, 
commonly known as NMR, is acknowledged as a promising 
metabolomic approach. Despite having lesser intrinsic 
sensitivity than MS, NMR offers a thorough metabolite 
fingerprinting, profiling and metabolic study under particular 
conditions. This drawback has limited its ability to deal with 
metabolites at the trace level. NMR‑based metabolomics has 
the benefits of automation, minor or no sample preparation 
requirements, non‑destructive, non‑selectivity in metabolite 
detection, excellent repeatability, and the capacity to quan‑
tify numerous classes of metabolites simultaneously (106). 
The foundation of NMR spectroscopy is the radiation that 

numerous isotopes' nuclei absorb at a particular frequency 
when exposed to a magnetic field (104).

An NMR spectrum has been demonstrated to correspond 
with a particular metabolite pattern. Additionally, it offers 
structural details to enable easier identification of unknown 
metabolites, which can be accelerated by combining spin‑spin 
coupling, chemical shift and relaxation or diffusion data. In 
contrast to localised early disease (EBC), a 1H NMR‑based 
metabolic phenotyping study to identify metabolic serum 
abnormalities connected with advanced metastatic BC (MBC) 
is conducted (51). The MBC and EBC groups are distinguished 
by the metabolite's acetoacetate, histidine, pyruvate, gluta‑
mate, glycoproteins (N‑acetylcysteine), mannose, glycerol and 
phenylalanine.

The general flowchart of the details of the in vitro and 
ex  vivo NMR spectroscopy methodology in BC study is 
shown in Fig.  1. The samples obtained from the patients 
and controls can be analysed and studied through in vitro 
or ex vivo NMR spectroscopy based on the suitability of the 
samples. This research primarily focuses on urinary samples, 
thus the method used is in vitro. Based on previous studies, 
if the samples used are urine, they should be collected in the 
morning pre‑prandial period under sterile conditions after 
overnight fasting (107). Then, the samples should be placed on 
ice and frozen in liquid nitrogen before being stored at ‑40˚C 
or lower. Next, to perform NMR analysis, the samples must be 
diluted with sodium phosphate buffer prepared in ddH2O at 1:2 
(prepared buffer/sample). The pH of the urine sample needs to 
be adjusted to 7.4 constantly because it can lead to changes in 
the chemical shift of the samples. A total of ~3 mM sodium 
azide is added to prevent bacterial growth in the solution. 
Then, 0.5 mM TSP is added for chemical‑shift referencing 
and concentration quantification. TSP is an internal reference 
for metabolites' chemical‑shift calibration and quantification 
in tissue and urine.

Hyphenated techniques metabolomics. Hyphenated 
approaches, along with MS‑based and NMR‑based metabo‑
lomics, are eliciting attention in metabolomic investigations 
owing to their ability to simultaneously detect hundreds of 
metabolites. This is because this method can simultaneously 
detect hundreds of metabolites. GC‑GC‑MS, LC‑LC‑MS, 
LC‑FT‑ICR‑MS, LC‑MS‑NMR and MALDI‑FT‑ICR‑MS are 
a few examples of analytical techniques. Two‑dimensional 
liquid‑LC and gas‑GC are gaining increased attention in the 
metabolomics field because metabolite overlapping can be 
avoided by redirecting each peak from one GC or LC column 
to a second column. These methods also increase sensitivity 
and complementary selectivity (108).

Comparison between MS‑based and NMR‑based metabolomics 
study. NMR and MS are the most often applied metabolomic 
techniques for metabolomic profiling. NMR and MS may be 
utilised to detect and identify metabolites whilst precisely 
measuring the concentration, regardless of whether the study 
focuses on targeted or untargeted analysis. However, each method 
has advantages and disadvantages. Using several complementary 
technology platforms to obtain the best results is optimal.

NMR is quantitative and reproducible and does not require 
extensive sample preparation procedures such as separation or 
derivation (109‑111). This method supports the simultaneous 

https://www.spandidos-publications.com/10.3892/mco.2025.2830


ALSHAJRAWI et al:  METABOLOMICS AND BREAST CANCER EARLY DETECTION14

measurement of routine lipids, lipoprotein subclass profiling 
with lipid concentrations within 14 subclasses, fatty acid 
composition, and various low‑molecular metabolites, 
including amino acids, ketone bodies and metabolites related 
to gluconeogenesis, in molar concentration units. Considering 
that no sample preparation is required, it is a quick analysis 
that requires ~5  min. The outcomes can be enhanced by 
running more scans and using a stronger magnetic field (111). 
Additionally, NMR requires a larger sample volume than MS 
analysis. However, the high scalability and thorough coverage 
of numerous chemical pathways of NMR render it ideal for the 
biomarker detection for chronic diseases.

A small sample quantity can be used to evaluate numerous 
metabolites through the compassionate MS technique. 
Additionally, it can quantify molecular concentrations as low 
as nanomolar and picomolar (109). MS can be utilised to find 
hundreds of metabolites in a sample when used in conjunc‑
tion with chromatography, including GC and LC. If combined 
with chromatography (109), MS can investigate secondary 
metabolites even when the detection level is lower. However, 
a sample in MS cannot be recovered after analysis (111). In 
addition to requiring sample preparation and separation, 
MS is more expensive than NMR (112). MS is a favourable 
option for achieving comprehensive metabolome coverage in 
metabolomic profiling.

Biomarker identification
Biomarkers. A biomarker is a term that refers to a trait that 
is objectively assessed as an indication of normal biological 
processes, pathological processes, or pharmacological reac‑
tions to a therapeutic intervention (113), anticipating sickness 
occurrence or outcome (114). Biomarkers are used to convey 

information about human biology, and the discovery of new 
oncological biomarkers is at the top of the list of translation 
research goals. Diagnostic biomarkers are used to differ‑
entiate sick from healthy persons. Conversely, predictive, 
prognostic and therapeutic biomarkers may affect therapeutic 
decision‑making and management techniques with the goal of 
personalising illness therapy (115). Prognostic biomarkers aim 
to predict the likelihood of a clinical event in the context of 
illness. Unfortunately, prognostic biomarkers are occasionally 
a blunt measure of stratifying outcomes, and their reliability is 
limited by interindividual variability (that is, varying values for 
a range of patients), intraindividual variability (that is, varying 
scoring by histopathologists providing Ki‑67 measurement), 
and sensitivity and specificity implications (116).

BC biomarkers. Currently, biomarkers are crucial to 
managing patients with BC, particularly when choosing the 
kind of systemic treatment to be used (117). Cell receptors, one 
of the several varieties of biomarkers, show significant value 
as diagnostic, prognostic and predictive biomarkers in cancer 
research and therapy. Accordingly, they are incorporated 
into drug‑development trials  (118). ER, PR and HER2/neu 
receptors are two excellent examples of biomarkers that are 
prognostic of outcomes and predictive of responsiveness to 
specific therapy in BC (8). ERs and progesterone receptors 
(PR) should be assessed on all newly diagnosed invasive BCs 
to select patients likely to respond to endocrine therapy (117).

ER and PR. PR is a steroid receptor superfamily member 
that mediates progesterone's action in its target tissues. 
Particularly, in the mammary gland, the luminal epithelial cell 
compartment is the only place where PR is expressed (118). 
The development of sex organs, pregnancy, bone density, 
cholesterol mobilisation, brain function, cardiovascular system 

Figure 1. Flow chart depicting major procedures in the nuclear magnetic resonance spectroscopy metabolomics of breast cancer.
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and other biological processes are only a few of the functions 
regulated by steroid hormones and their receptors (119). They 
are essential for the development and spread of BC. Hormone 
receptors exist in >70% of breast tumours (120). Their cells 
exhibit positive ER and PR expression, which is linked to the 
development and spread of cancer cells. The development and 
spread of BC are significantly influenced by oestrogen and its 
receptor, ER. PR can influence how ER functions because it is 
an ER‑upregulated target gene whose expression is regulated 
by oestrogen (119). In BC, PR is a useful predictive indicator 
of overall survival or disease‑free survival (121).

The primary physiological actions of progesterone, a 
21‑carbon steroid, are mediated by binding to PRs A and 
B (PR‑A and PR‑B), which trigger the transcription of 
specific genes and change proliferative endometrium in an 
oestrogen‑primed uterus into secretory endometrium (121). 
Progesterone's physiological function is essentially limited 
to pregnancy, the peri‑ and post‑ovulatory periods of the 
menstrual cycle. The corpus luteum starts producing proges‑
terone in the early post‑ovulatory phase of the menstrual 
cycle (119). In the later stages of breast growth, side branching 
and amelogenesis, the receptor activator of nuclear factor kappa 
B ligand (RANKL) acts as a paracrine mediator of PR‑B (119). 
By autocrine activation through the RANKL pathway and the 
activation of the downstream target Cyclin D1, the intrinsic 
proliferation of PR‑negative luminal epithelial cells of the 
breast can be induced by progesterone and PR (121).

Experiments on a breast mouse model, normal human 
breast tissue, and clinical trials have all shown that progesterone 
and oestrogen are the two main proliferative steroid hormones 
in the mammary epithelium that signal mammary gland 
development (119). Early puberty requires ductal elongation 
but not progesterone/PR; it requires oestradiol and epithelial 
ER signalling  (122). PR signalling is necessary for ductal 
elongation and side branching in the epithelial compartment in 
response to elevated oestrogen levels (8). Early in pregnancy, 
PR signalling can cause the epithelial compartment to expand 
rapidly. In mid‑to‑late pregnancy, progesterone is necessary 
for alveolar differentiation (117). Progesterone changes from 
promoting terminal differentiation to inhibiting it at term, and 
it must be withdrawn for lactation (119).

Progesterone has been linked to the development of BC 
in mechanistic investigations. However, weak epidemiologic 
evidence does not indicate a link between circulating levels and 
the risk of the disease (119). Progesterone metabolites may exert 
pro‑ and anti‑carcinogenic effects, and the balance amongst 
these factors may affect BC risk according to data primarily 
from the Wiebe laboratory (120). However, population‑based 
research pays little attention to this hypothesis primarily because 
assays are insufficient (117). Lastly, research links progesterone 
signalling to the development of BC in BRCA1 mutation 
carriers, raising the possibility that using chemotherapy to block 
downstream signalling can be beneficial (120).

3. Conclusion

According to previous studies in the manuscripts and their 
associations with cancer pathways and treatment, metabolo‑
mics can be used to identify new biomarkers or be one for 
cancer diagnosis and treatment stages and the effectivity of the 

medications. By comparing metabolites in patients with BC 
and healthy individuals, researchers may identify metabolites 
with high associations unique to cancer in general and specific 
for BC. In this review, we study the association of non‑targeted 
and targeted metabolites pathway with patients with BC and 
healthy controls in numerous places and numerous publications 
as mentioned before. A high chance of identifying biomarkers 
from metabolites by conducting more studies was found.

Metabolomics face a number of challenges. i) Data anal‑
ysis: Metabolomics results contain vast and complex data to 
analyse, which is one of the challenges. Computational tools 
and expertise such as websites and programs are needed to 
analyse the data. ii) Standardization: Metabolomic analysis 
involves multiple steps, including data analysis, sample prepa‑
ration, and data acquisition. These steps need to be optimised 
to give us protocols to produce the same results accurately. 
iii)  Analytical variability: Metabolomics is a susceptible 
technique, and slight variations in sample preparation or data 
acquisition can lead to significant differences in results. This 
variability can confer difficulty in reproducing results between 
laboratories and in developing robust and reliable biomarkers. 
Despite these challenges, metabolomics has the potential to 
revolutionise cancer research and improve patient outcomes. 
According to the valuable data released from the original 
work, it will help in accurate diagnosis and early detection of 
the BC. The future plan of this article aim to produce an exact 
phenotype for BC detection tool.
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