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Abstract — Metabolomics examines the interconnected landscape of small molecules within a biological
system — the metabolome — providing a time-specific snapshot of its functional state under specific conditions.
While other ‘omic’ technologies primarily give us insight into ‘what is there’ (e.g., genomics and metagenom-
ics, which tell us about genetic composition), analysis of the metabolome can help understand the functionality
of a biological system in health and disease and identify signatures of pathology that may emerge earlier than
traditional clinical and biochemical signs. Biological systems do not function in isolation, and metabolomics
can help us understand how their activity is shaped by interactions with surrounding systems, including con-
tributions from associated communities such as the microbiome. Continuous developments in analytical tech-
niques have enabled the application of metabolomics to grow rapidly, including the range of biological samples
that can be examined, the metabolites that can be identified, and the reliability of collected data. Due to these
advances, metabolomics has found success in numerous applications, including disease screening, diagnostics,
phenotyping, and identifying new targets for intervention.

We focus on exploring the very latest developments in this regard across a range of disease areas. Moving into
the future, metabolomics is anticipated to play an increasingly transformative role in disease management,
with emerging developments in epidemiology, large-scale screening, and — most recently — therapeutic strate-
gies, including the identification of host and microbial metabolites that mediate and predict treatment response.
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INTRODUCTION

Human physiology is controlled by a complex and dynamic network of metabolic processes that
combine signals from internal biochemical regulation, diet, genetics, and many external factors to
produce an output that fulfils a specific purpose that is, ideally, beneficial to the organism. This is
the metabolome, and metabolomics can be considered the large-scale study of small molecules
that are produced or modified by biological systems. This intricate world of small molecules exists
in a constant state of flux that depends on a multitude of internal and external stimuli, creating a
specific challenge for study that requires analytic approaches capable of offering a robust un-
derstanding of this complexity. However, this task is worthwhile: by unraveling this complexity,
we can uncover vital insights into human health and disease. By developing an understanding of
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how metabolic pathways are disturbed in disease, and how these disturbed pathways emerge and
contribute to pathogenesis, we can develop both sensitive biomarkers and targeted therapeutic
approaches.

METHODS

Authors performed PubMed searches using search terms related to metabolomics in human dis-
ease, focusing on updates over the past year (from March 2025 to March 2026), limiting searching
to articles published in English.

WHAT IS METABOLOMICS?

The metabolome refers to the small molecule (typically <2000 Da) output of a particular biological
system at a specific time. The human metabolome, of which 220,945 metabolites are indexed by
the Human Metabolome Database', consists predominantly of carbohydrates, lipids, and amino
acids. Although often described as the functional output of the genome, the metabolome extends
beyond genetic encoding to reflect enzyme regulation, substrate availability, exogenous exposures
and the metabolic activity of colonising microorganisms (Figure 1). As such, a substantial fraction
of the human metabolome arises from host-microbiome co-metabolism, positioning metabolomics
as a uniquely powerful approach for interrogating the host-microbe interactome. The contextual
sensitivity of the metabolome presents analytical challenges but also confers distinct advantages:
the metabolome captures the cumulative influence of biological and environmental factors in real
time, enabling early detection of pathological processes, often through minimally invasive sam-
pling. Importantly, metabolic alterations are not merely passive markers of disease, but can actively
contribute to pathophysiology, rendering the metabolome both a window into disease mechanisms
and a potential target for therapeutic intervention.
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Figure 1. Positioning of the metabolome in the multi-omics space within a biological system. Schematic represen-
tation of the hierarchical organization of biological information, illustrating the genome, transcriptome, proteome as
successive layers of molecular regulation. The metabolome is positioned downstream of the aforementioned layers,
reflecting its role as the integrated functional output of cellular processes. The metabolome is also influenced by
external and host-associated factors including the microbiome and exosome (e.g., drugs and pollutants).
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Another term frequently used alongside metabolomics is metabonomics. Whereas metabolo-
mics seeks to catalogue the metabolic state of a biological system through identifying each small
molecule present, metabonomics is concerned with how this metabolic state might change over
time and in response to a stimulus applied to the biological system (for example disease, or envi-
ronmental exposures).

METABOLOMIC TECHNIQUES

Metabolomic techniques have developed over the past decades, allowing the applications of me-
tabolomics to grow substantially. These developments include improved reliability of generated
data and its interpretation, increased number of assessable biological samples and methods for
collection, the ability to perform metabolomic assessments with minimal sample preparation, and
the ability to assess how the metabolome varies across a sample. For a more detailed discussion
of metabolomic techniques, see Supplementary Material, Section 1.

WHAT IS NEW IN THE METABOLOME IN TRANSLATIONAL SCIENCE?
Metabolomics in Disease

In recent years, metabolomics has transitioned from the laboratory to the clinic. The application of
metabolomics to understanding human diseases, aiding early diagnosis, and developing therapeu-
tic advancements, has spanned across various conditions and clinical settings. Below, we expand
on the diversity of clinical applications in which metabolomics has an emerging potential.

Gynaecological Disease — Cervical Cancer

Emerging metabolomic models have been developed for some gynaecological cancers. These
include prediction of cervical precancerous lesions and cancer from vaginal secretions?, and early
detection of endometrial cancer using cervicovaginal lavage and plasma3. Intraoperative tools like
the iKnife employ metabolomics to guide surgical margins in cervical cancer resection, achiev-
ing 100% sensitivity and specificity*. Intratumoral Lactobacillus iners has been associated with
a poor response to chemoradiotherapy and reduced recurrence-free survival in cervical cancer.
Metabolomic profiling of tumour-derived L. iners cell-free supernatant in-vitro, revealed alterations
in metabolic pathways linked to oncogenic lactate metabolism®. This link between microbial me-
tabolism and therapeutic outcome illustrates how metabolomics can serve as a bridge between
association studies and mechanistic insights in human diseases.

Neurodegenerative Disorders

Metabolomics may offer insight into the diagnosis of neurological disorders, which can often be
difficult to differentiate clinically. Comparison of the cerebrospinal fluid of patients with Parkinson’s
disease against other degenerative disorders (often difficult to differentiate clinically), identified
significant differences in multiple metabolites, particularly those in energy metabolism pathways,
as well as levels of short chain fatty acids (produced by intestinal microbes) and neurotransmitters
and their precursors (i.e., acetylcholine and tyrosine)®. Very recently, changes to the brain lipidome
have recently been found to occur as disease progresses and differ in specific areas of the brain —
some of these spatially specific changes can be mapped onto changes in neurological symptoms
as disease progresses, highlighting the importance of considering the spatial and temporal context
of the metabolome in disease’.

Respiratory Disease — Asthma

Recent studies have investigated the metabolome in asthma, with the goal of aiding diagnosis and
disease phenotyping. A systematic review of twenty-one studies reported that metabolomic analysis
gave a >85% accuracy in discriminating asthma from healthy controls, and a >80% accuracy in dif-
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ferentiating mild and severe asthma®. Included studies examined exhaled breath condensate, urine
and serum, highlighting the crosstalk between multiple metabolomes even in diseases that only af-
fect one organ. Across studies, similar metabolic pathways were implicated in adults and children (for
example hypoxia response and oxidative stress pathways), even when studies produced conflicting
results regarding individual metabolites. This demonstrates the utility of considering the inter-con-
nected nature of the metabolome, rather than just the levels of single molecules. Targeted metabolic
profiling has been used to identify novel serum biomarkers in asthma, resulting in a ten-biomarker
diagnostic panel when tested in a validation cohort®. Recently, serum and faecal metabolomics were
used in children with asthma to describe three distinct “metabotypes” linked to specific outcomes and
potentially modifiable risk factors™®.

Gastrointestinal Disease

Irritable bowel syndrome (IBS) and inflammatory bowel disease (IBD) can be challenging to differ-
entiate, with IBS often diagnosed via exclusion due to the lack of reliable biomarkers. Metabolomics
offers a way to distinguish these pathologies more directly and consequently prevent misdiagnosis.
For IBD, metabolomic analysis of faecal samples outperform plasma diagnostic accuracy. Predictive
models include metabolites such as GlycA, glycine, glucose, and creatinine, as well as sphingolipids,
bile acids and ethanolamines". A relapse-predicting model has also been proposed using sarcosine,
carnitine, propionyl-L-carnitine and sorbitol in blood'2. However, these metabolites require longitudinal
validation before routine implementation as clinical biomarkers. IBS is still poorly understood as a pa-
thology and more studies are needed to understand underlying mechanisms'. However, studies have
shown that volatile organic compounds (VOCs) present in faeces and breath could be used for differen-
tial diagnosis of IBS and stratify cases into IBS subclasses'®'. Whilst faeces offer superior diagnostic
value, breath offers easier sampling. However, breath samples are highly environment-dependent, re-
quiring specific clean air systems''5. VOCs have also shown potential in neonatal diagnostics, such as
necrotising enterocolitis (NEC), especially when combined with Clostridium species detection’.

Future Directions of Metabolomics

Metabolomics is emerging as a clinically relevant field, with applications extending beyond purely
experimental settings. Although in some clinical areas metabolomics has already been integrated,
the role that metabolomics will play in medicine is likely to expand significantly. Below, we discuss
some of the developing applications of metabolomics in clinical medicine.

Metabolomics in Diagnostics

The metabolome offers considerable potential in diagnostics, as metabolites reflect the current
physiological state of the patient, providing a real-time snapshot at the point of sample collec-
tion. Whilst single time-point sampling, might miss transient physiological changes, metabolomics
stands apart in its potential for continuous monitoring when enabled by appropriate sampling tech-
nologies. This real-time capability allows detection of early disease signatures and close tracking
of therapeutic responses.

One of the most established metabolomics applications is the UK’s newborn screening pro-
gramme, implemented nationally since 2015". Dried blood spots are used to screen for ten con-
ditions, including seven inherited metabolic diseases, via nine metabolites detected by tandem
mass spectrometry®®. In Scotland, the scheme was extended in 2026 to include spinal muscular
dystrophy'. The programme demonstrates successful integration of metabolomics into diagnostic
workflows but remains dependent on select suppliers for approved kits and software, creating vul-
nerabilities in supply chain and maintenance®.

Metabolomics has advanced diagnostics for gynaecological and reproductive conditions. In
bacterial vaginosis (BV), traditionally diagnosed by subjective microscopy, metabolites such as
lactic acid, succinate, 2-hydroxyisovalerate, and y-hydroxybutyrate offer more objective, biomark-
er-driven diagnosis?'. Vaginal fluid metabolomics has also shown potential in predicting preterm
birth, with certain xenobiotics emerging as key predictive features in validated machine-learn-
ing models?2. In preeclampsia, combining blood metabolomic biomarkers with standard markers
(namely the uterine artery pulsatility index, mean arterial pressure, and blood placental growth
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factor protein levels) has improved diagnostic sensitivity by 15%23. Urine-based models using ma-
chine-learning also predict preeclampsia, whilst urine and vaginal fluid profiling have shown poten-
tial for predicting preterm premature rupture of membranes®2.

Metabolomics offers enhanced sensitivity for early cancer detection, primarily using biofluids as
non-invasive “liquid biopsies”. Examples include platelet-rich plasma for colorectal cancer?, saliva for
oral squamous cell carcinoma?” and lung cancer?, and serum for melanoma?. A recent study in pan-
creatic ductal adenocarcinoma has also demonstrated that the addition of a 12-analyte panel of plasma
metabolites significantly improving the performance of carbohydrate antigen 19-9 in detecting cancer®°.

Metabolomics can also enhance the early detection and management of metabolic disorders.
For instance, in type Il diabetes (T2D), inclusion of metabolite data improved predictive accuracy
by 2.8 percentage points over clinical models in a UK cohort, with replication in Chinese and Finn-
ish populations®'#2. A commercially available panel of 28 metabolites has shown success in staging
of metabolic dysfunction-associated steatotic liver disease, though it is currently outperformed in
metabolic dysfunction-associated steatohepatitis by non-metabolomic biomarker panels, under-
scoring the importance of multimodal approaches?®334.

The future of metabolomics in diagnostics is promising. Priorities include faster turnaround
times, instrument miniaturisation, and portability to enable point-of-care use.

Population Metabolomics

Beyond the link between specific metabolomic patterns and specific diseases, metabolomics may
have the potential to predict risk (at time of assessment) of an individual developing a non-commu-
nicable disease in the future. Given that the metabolome can be considered the sum of an individ-
ual’s genetic risk as well as accumulated exposures, it offers a unique potential source for this type
of information. By virtue of metabolomic data being time-specific, it may also allow for the tracking
of an individual’s risk in response to intervention.

Analysis of the serum metabolome in multiple large cohort studies has revealed specific met-
abolic signatures that are associated with all-cause mortality and the development of numer-
ous non-communicable diseases®%. Whilst specific diseases are associated with specific risk
profiles, significant overlap in these profiles has been identified, lending credence to the concept
of “global risk™"%. Beyond general disease risk, metabolomics may also help further define the
concept of “healthy ageing”, with one study defining multiple “ageotypes” by metabolomic profile®.

Urine as a biofluid is particularly promising in this context, as ease of collection allows for fre-
qguent non-invasive sampling. Additionally, given the high-volume perfusion of the kidneys and
excretion of metabolites from the entire body in urine, signals of disease may be amplified and
detected at an earlier stage. Over 1400 urinary metabolites have an identified association to at
least one disease, raising the possibility of future identification of a urinary metabolome signature
of non-communicable disease risk*. However, urine physiologically undergoes significant chang-
es throughout the day to maintain homeostasis, and differences in the urinary metabolome have
been observed between sexes, ages, diets and lifestyles*'#2. One major challenge in this appli-
cation of urinary metabolomics will be removing the noise that comes from physiological varia-
tion to identify a signal that is specific for pathology.

Future development may come from integrating urinary metabolomic data with other non-inva-
sive biometrics*?. Direct-to-consumer devices and tests (Supplementary Tables 3 and 4) now offer
measurements of single or multiple biomarkers. Beyond urine, there is also the potential to inte-
grate metabolomics on low volume blood samples with digital wearable technology*®. However,
lack of clinical interpretation guidelines may lead to miscommunication between patients and clini-
cians or unregulated self-treatment. The limited regulatory frameworks, lack of user-friendly result
interfaces, and absence of integration with existing health systems remain major adoption barri-
ers*. Nonetheless, examples such as the UK newborn screening programme show that integration
is possible with established quality control.

Metabolome as Therapy

Beyond its application as a diagnostic and prognostic tool, the metabolome is becoming more widely
acknowledged as a dynamic, functional layer of biology that can be manipulated for therapeutic ben-
efit. Since metabolites stand at the confluence of genotype, environment, lifestyle and physiology,
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identification of disrupted metabolic networks in disease and targeted manipulation of these path-
ways can lead to directed therapeutic interventions and a method for tracking response to treatment.

The potential therapeutic application of the metabolome using cis-9-unsaturated long chain
fatty acids (ULCFAs) in BV has been recently demonstrated*®. Combining uLCFAs with the antibi-
otic metronidazole was found to selectively inhibit BV-associated bacteria whilst simultaneously
promoting the growth and dominance of beneficial species such as Lactobacillus crispatus. The
addition of uLCFA was more effective than metronidazole alone, and enabled inhibition of metroni-
dazole-resistant bacterial species.

Hepatic encephalopathy (HE) is a significant neuropsychiatric complication of liver disease.
Traditional management has involved targeting hyperammonaemia by modulating the intestinal
microbiome using medications such as rifaximin and lactulose. However, metabolomic approach-
es have identified HE as fundamentally a disorder of metabolic network failure, with disruptions
in nitrogen metabolism, amino acids, energy pathways, bile acids and gut-derived metabolites
identified as drivers of HE and potential targets for intervention*6#’. Further knowledge of the patho-
genesis here may give insight into new metabolite-focused therapeutic approaches, which are
discussed further in Supplementary Material, Section 2.

Faecal (or intestinal) microbiota transplant is a highly effective treatment for recurrent Clost-
ridioides difficile infection and shows promise in trials for treating a range of other medical condi-
tions*®. Multiple studies have shown that restoration of pre-morbid gut microbial functionality with
regards to metabolite synthesis underlie efficacy; this includes restoration of the five carbon short
chain fatty acid valerate (with the ability to reduce C. difficile growth), and recovery of bacteria with
the enzyme bile salt hydrolase, with the ability to metabolise primary bile acids through to sec-
ondary bile acids (restoring a milieu that inhibits C. difficile germination)*®-*2. Conversely, host and
microbial metabolites have been demonstrated to impact upon likelihood of efficacy of a range of
therapeutics, including weight loss after treatment with probiotics®, and anti-cancer activity related
to immunotherapy use in advanced melanomas*.

Metabolomics provides a framework for the rational design, monitoring, and optimisation of
treatment by capturing treatment-responsive metabolic networks rather than individual metabolites.

CONCLUSIONS

Despite the considerable analytical and methodological complexities in metabolomic analysis
that currently limit the widespread applications of metabolomics in clinical practice, its potential to
transform our understanding of health and disease is substantial. By capturing the integrated and
dynamic output of biological systems, metabolomics enables deeper insights into the interplay of
multiple “omics” layers and can reveal how these interactions differ between health and disease
states. Therefore, metabolomics provide a foundation for identifying dysregulated metabolic path-
ways in disease and can be leveraged to develop targeted therapeutic approaches. Metabolomics
as a field is becoming increasingly relevant to implementation into diagnostic workflows however
its implementation remains limited to a few platforms and suppliers, which may constrain scalability
and long-term adaptation. Addressing these challenges is essential to fully harnessing the poten-
tial of metabolomics in clinical practice.
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