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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 metabolom-
ics can help us understand how their activity is shaped by interactions with surrounding systems, including 
contributions from associated communities such as the microbiome. Continuous developments in analytical 
techniques have enabled the application of metabolomics to grow rapidly, including in 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 under-
standing of this complexity. However, this task is worthwhile: for if we can unravel 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 Database1, 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.

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 secretions2, 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 specificity4. 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 metabolism5. This link between microbial me-
tabolism and therapeutic outcome illustrates how metabolomics can serve as a bridge between 
association studies and mechanistic insight 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 (acetylcholine and tyrosine, a dopamine precursor)6.  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 neu-
rological symptoms as disease progresses, highlighting the importance of considering the spatial 
and temporal context of the metabolome in disease7. 

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 asthma8. 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 that had an area under the curve of 0.977 when tested in a validation cohort9. Re-
cently, serum and faecal metabolomics were used in children with asthma to describe three distinct 
“metabotypes” linked to specific outcomes and potentially modifiable risk factors10. 

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, faecal samples currently outperform plasma in diagnostic accuracy in metabolomics. Predictive 
models include metabolites such as GlycA, glycine, glucose, and creatinine, as well as sphingolipids, 
bile acids and ethanolamines11. A relapse-predicting model has also been proposed using sarcosine, 
carnitine, propionyl-L-carnitine and sorbitol in blood12. 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 mechanisms13. However, studies have 
shown that volatile organic compounds (VOCs) present in faeces and breath could be used for differ-
ential diagnosis of IBS and stratify cases into IBS subclasses13,14. Whilst faeces offer superior diagnos-
tic value, breath offers easier sampling. However, breath samples are highly environment-dependent, 
requiring specific clean air systems13,15. VOCs have also shown potential in neonatal diagnostics, such 
as in necrotising enterocolitis (NEC), especially when combined with Clostridium species detection16.  

Future Directions of Metabolomics

Metabolomics is emerging as a clinically relevant field that has applications beyond the purely 
experimental. 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 collection. 
Whilst single time-point sampling, such as venous blood draws, might miss transient physiologi-
cal changes, metabolomics stands apart in its potential for continuous monitoring when enabled 
by appropriate sampling technologies. 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 201517. Dried blood spots are used to screen for ten con-
ditions, including seven inherited metabolic diseases, via nine metabolites detected by tandem 
mass spectrometry18. In Scotland, the scheme was extended in 2026 to include spinal muscular 
dystrophy19. 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 maintenance20.  

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 γ-hydroxybutyrate offer more objective, biomark-
er-driven diagnosis21. Vaginal fluid metabolomics has also shown potential in predicting preterm 
birth, with certain xenobiotics emerging as key predictive features in validated machine-learn-
ing models22. 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 membranes24,25.

Metabolomics offers enhanced sensitivity for early cancer detection, primarily using biofluids as 
non-invasive “liquid biopsies”. Examples include platelet-rich plasma for colorectal cancer26, saliva for 
oral squamous cell carcinoma27 and lung cancer28, and serum for melanoma29. 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 cancer30. 

Metabolomics can enhance the early detection and management of metabolic disorders. For 
instance, in type II 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 populations31,32. 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 approaches33,34.  

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  diseases35,36. 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”37,38. Beyond general disease risk, metabolomics may also help further define the 
concept of “healthy ageing”, with one study defining multiple “ageotypes” by metabolomic profile39.  

Urine as a biofluid is particularly promising in this context, as ease of collection allows for fre-
quent 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 risk40. 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 lifestyles41,42. 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 biometrics40. 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 technology43. 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-
ers44. Nonetheless, examples such as the UK newborn screening programme show 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 demonstrated45. 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 intervention46,47. 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-
tions48.  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)49-52.  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 probiotics53, and anti-cancer activity related 
to immunotherapy use in advanced melanoma54.  

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 provides 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. 

Conflicts of Interest
BHM has received consultancy fees from Ferring Pharmaceuticals and Crescent Enterprises and speaker fees from 
Tillotts Pharma. JRM has received consultancy fees from EnteroBiotix Ltd., Cultech Ltd., and Crescent Enterprises. 

Funding
The Division of Digestive Diseases at Imperial College London receives financial support from the National Institute of 
Health Research (NIHR) Imperial Biomedical Research Centre (BRC) based at Imperial College London and Imperial 
College Healthcare NHS Trust.  SMS receives research support from the Eve Appeal charity.  CS receives research 
funding from the Ministry of National Education of the Republic of Türkiye.  BHM is the recipient of a Medical Research 
Council (MRC) Clinician Scientist award (MR/Z504002/1).   CV is the recipient of a NIHR Doctoral Award (NIHR503277). 
DC is a recipient of the Pancreatic Cancer UK Research Innovation Award.

https://www.microbiotajournal.com/wp-content/uploads/sites/7/2026/05/Supplementary-Material.pdf


7

DOXYCYCLINE IN HELICOBACTER PYLORI ERADICATION

Ethics Approval and Informed Consent
Not applicable due to the type of study. 

ORCID ID
Michael J. Carbonell: 0009-0000-4832-7916
Sophie M. Stephens: 0000-0002-2396-4131 
Lauren A. Roberts: 0000-0002-2637-6319 
Camelia Vladescu: 0000-0003-3324-6763 
Cansu Sevim: 0000-0002-4049-0257 
Julian R. Marchesi: 0000-0002-7994-5239 
Despoina Chrysostomou: 0000-0001-8150-7142 
Benjamin H. Mullish: 0000-0001-6300-3100 

Acknowledgements
Nil additional.

Data availability
All literature sources used for the review are listed accordingly as references. 

AI Disclosure
No AI assistance was used in the present review article.   

REFERENCES

  1.	Human Metabolome Database. Available from: https://hmdb.ca/ (accessed April 13, 2026).
  2.	Yu T, Gao S, Jin F, Yan B, Wang W, Wang Z. Characteristics of the vaginal microbiota and vaginal metabolites in 

women with cervical dysplasia. Front Cell Infect Microbiol 2024; 14: 1457216. Erratum in: Front Cell Infect Microbiol 
19; 14: 1527287.

  3.	Njoku K, Pierce A, Chiasserini D, Geary B, Campbell AE, Kelsall J, Reed R, Geifman N, Whetton AD, Crosbie EJ. De-
tection of endometrial cancer in cervico-vaginal fluid and blood plasma: leveraging proteomics and machine learning 
for biomarker discovery. eBioMedicine 2024; 102: 105064.

  4.	Tzafetas M, Mitra A, Paraskevaidi M, Bodai Z, Kalliala I, Bowden S, Lathouras K, Rosini F, Szasz M, Savage A, Man-
oli E, Balog J, McKenzie J, Lyons D, Bennett P, MacIntyre D, Ghaem-Maghami S, Takats Z, Kyrgiou M. The intelligent 
knife (iKnife) and its intraoperative diagnostic advantage for the treatment of cervical disease. Proc Natl Acad Sci U 
S A 2020; 117: 7338-7446. 

  5.	Colbert LE, El Alam MB, Wang R, Karpinets T, Lo D, Lynn EJ, Harris TA, Elnaggar JH, Yoshida-Court K, Tomasic K, 
Bronk JK, Sammouri J, Yanamandra AV, Olvera AV, Carlin LG, Sims T, Delgado Medrano AY, Napravnik TC, O’Ha-
ra M, Lin D, Abana CO, Li HX, Eifel PJ, Jhingran A, Joyner M, Lin L, Ramondetta LM, Futreal AM, Schmeler KM, 
Mathew G, Dorta-Estremera S, Zhang J, Wu X, Ajami NJ, Wong M, Taniguchi C, Petrosino JF, Sastry KJ, Okhuysen 
PC, Martinez SA, Tan L, Mahmud I, Lorenzi PL, Wargo JA, Klopp AH. Tumor-resident Lactobacillus iners confer 
chemoradiation resistance through lactate-induced metabolic rewiring. Cancer Cell 2023; 41: 1945-1962.e11. 

  6.	Otto C, Kalantzis R, Kübler-Weller D, Kühn AA, Böld T, Regler A, Strathmeyer S, Wittmann J, Ruprecht K, Hee-
lemann S. Comprehensive analysis of the cerebrospinal fluid and serum metabolome in neurological diseases. J 
Neuroinflammation 2024; 21: 234.

  7.	 Hällqvist J, Toomey CE, Pinto R, Baldwin T, Doykov I, Wernick A, Al Shahrani M, Evans JR, Lachica J, Pope S, 
Heales S, Eaton S, Mills K, Gandhi S, Heywood WE. Multi-omic analysis reveals lipid dysregulation associated with 
mitochondrial dysfunction in parkinson’s disease brain. Nat Commun 2025; 16: 10490.

  8.	Kelly RS, Dahlin A, McGeachie MJ, Qiu W, Sordillo J, Wan ES, Wu AC, Lasky-Su J. Asthma Metabolomics and the 
Potential for Integrative Omics in Research and the Clinic. Chest 2017; 151: 262-277.

  9.	Jung J, Kim S-H, Lee H-S, Choi GS, Jung Y-S, Ryu DH, Park H-S, Hwang G-S. Serum metabolomics reveals path-
ways and biomarkers associated with asthma pathogenesis. Clin Exp Allergy 2013; 43: 425-433.

10.	Abdel-Aziz MI, Hashimoto S, Neerincx AH, Haarman EG, Cecil A, Lintelmann J, Witting M, Hauck SM, Kerssemakers 
N, Verster JC, Bang C, Franke A, Dierdorp BS, Dekker T, Metwally NKA, Duitman JW, Lutter R, Gorenjak M, Tonche-
va AA, Kheiroddin P, Harner S, Brandstetter S, Wolff C, Corcuera-Elosegui P, López-Fernández L, Perez-Garcia J, 
Martin-Almeida M, Sardón-Prado O, Pino-Yanes M, Potočnik U, Kabesch M, Vijverberg SJH, Kraneveld AD, Mait-
land-van der Zee AH. Metabotypes are linked to uncontrolled childhood asthma, gut microbiota, and systemic inflam-
mation. J Allergy Clin Immunol 2025; 156: 339-351. 

https://hmdb.ca/


R.R. Molgan, Y. Niv

8

11.	Onwuka S, Bravo-Merodio L, Gkoutos GV, Acharjee A. Explainable AI-prioritized plasma and fecal metabolites in 
inflammatory bowel disease and their dietary associations. iScience 2024; 27: 110298. 

12.	Borren NZ, Plichta D, Joshi AD, Bonilla G, Sadreyev R, Vlamakis H, Xavier RJ, Ananthakrishnan AN. Multi-“-Omics” 
Profiling in Patients With Quiescent Inflammatory Bowel Disease Identifies Biomarkers Predicting Relapse. Inflamm 
Bowel Dis 2020; 26: 1524-1532. 

13.	Van Malderen K, De Winter BY, De Man JG, De Schepper HU, Lamote K. Volatomics in inflammatory bowel disease 
and irritable bowel syndrome. EBioMedicine 2020; 54: 102725.

14.	Van Malderen K, Hanning N, Lambrechts H, Haverhals T, Van Marcke S, Ceuleers H, De Man JG, De Winter BY, La-
mote K, De Schepper HU. Volatile organic compound profiling as a potential biomarker in irritable bowel syndrome: 
A feasibility study. Front Med 2022; 9: 960000.

15.	Chou H, Godbeer L, Allsworth M, Boyle B, Ball ML. Progress and challenges of developing volatile metabolites from 
exhaled breath as a biomarker platform. Metabolomics 2024; 20: 72. 

16.	el Manouni el Hassani S, Frerichs NM, Berkhout DJC, Nijsen T, Knobel HH, Weda H, Xu M, Long X, Wijnoltz L, van Weis-
senbruch MM, van Kaam AH, Cossey V, Peeters CFW, van Lingen RA, Hulzebos CV, Vijlbrief DC, de Boode WP, Kramer 
BW, Budding AE, Benninga MA, de Boer NKH, Niemarkt HJ, de Meij TGJ. Longitudinal fecal microbiota and volatile me-
tabolomics preceding necrotizing enterocolitis in preterm infants: a case–control study. Sci Rep 2025; 15: 10419. 

17.	 Korenev S, Lemonde H, Cleary M, Chakrapani A. Newborn screening for inborn errors of metabolism. Paediatr Child 
Health 2019; 29: 105-110.

18.	Newborn blood spot screening: programme overview. GOVUK 2025. Available from: https://www.gov.uk/guidance/
newborn-blood-spot-screening-programme-overview (accessed April 13, 2026).

19.	Pilot test for rare condition in newborns. Available from: https://www.gov.scot/news/pilot-test-for-rare-condition-in-
newborns/ (accessed April 13, 2026).

20.	A laboratory guide to newborn blood spot screening for inherited metabolic diseases. GOVUK. Available from: 
https://www.gov.uk/government/publications/newborn-blood-spot-screening-laboratory-guide-for-imds/a-laborato-
ry-guide-to-newborn-blood-spot-screening-for-inherited-metabolic-diseases (accessed April 13, 2026).

21.	McMillan A, Rulisa S, Sumarah M, Macklaim JM, Renaud J, Bisanz JE, Gloor GB, Reid G. A multi-platform metabolo-
mics approach identifies highly specific biomarkers of bacterial diversity in the vagina of pregnant and non-pregnant 
women. Sci Rep 2015; 5: 14174. 

22.	Kindschuh WF, Baldini F, Liu MC, Liao J, Meydan Y, Lee HH, Heinken A, Thiele I, Thaiss CA, Levy M, Korem T. Preterm 
birth is associated with xenobiotics and predicted by the vaginal metabolome. Nat Microbiol 2023; 8: 246-259.

23.	Thomas G, Syngelaki A, Hamed K, Perez-Montaño A, Panigassi A, Tuytten R, Nicolaides KH. Preterm preeclampsia 
screening using biomarkers: combining phenotypic classifiers into robust prediction models. Am J Obstet Gynecol 
MFM 2023; 5: 101110. 

24.	Chen Q, Qian Y, Feng M, Zhang H, Xie H. Integrating urine metabolomic biomarkers and machine learning algo-
rithms to predict preeclampsia. Eur J Med Res 2025; 30: 1103. 

25.	Doğan B, Mumcu A, Arda Düz S, Otlu B, Karaer A, Tuncay G. Urinary Multiomics Signatures of Preterm Premature Rupture 
of Membranes: An Exploratory Analysis of Microbial and Metabolic Biomarkers. J Proteome Res 2025; 24: 6226-6237. 

26.	Hu Z, Shen F, Liu Y, Zhong Z, Chen Y, Xia Z, Mo C, Yu H. Targeted metabolomics reveals novel diagnostic biomark-
ers for colorectal cancer. Mol Oncol 2025; 19: 1737-1750. 

27.	Song X, Yang X, Narayanan R, Shankar V, Ethiraj S, Wang X, Duan N, Ni Y-H, Hu Q, Zare RN. Oral squamous cell 
carcinoma diagnosed from saliva metabolic profiling. Proc Natl Acad Sci U S A 2020; 117: 16167-16173. 

28.	Schee M v. d., Labuschagne C, Smith R, Leal M, Boyle B, Allsworth M, Crosbie P, Rintoul R. P1.13-03 Proof-of-mech-
anism for a Diagnostic Probe Generating D5-Ethanol Asan On-Breath Reporter Molecule for Lung Cancer - Evolution 
Phase 1. J Thorac Oncol 2023; 18: S212-S213. 

29.	Morsy Y, Hubeli B, Turko P, Barysch M, Martínez-Gómez JM, Zamboni N, Rogler G, Dummer R, Levesque MP, Scharl 
M. The serum metabolome serves as a diagnostic biomarker and discriminates patients with melanoma from healthy 
individuals. Cell Rep Med 2025; 6: 102283.  

30.	Mahajan UM, Oehrle B, Goni E, Strobel O, Kaiser J, Grützmann R, Werner J, Friess H, Gress TM, Seufferlein TW, 
Uhl W, Will U, Neoptolemos JP, Wittel UA, Vornhülz M, Sirtl S, Beyer G, Regel I, Boeck S, Heinemann V, Frost F, 
Steveling A, Völzke H, Petersmann A, Nauck M, Weber E, Kamlage B, Lerch MM, Mayerle J, Aghdassi A-A, Simon P, 
Weiss F-U, Sendler M, Brunner M, Reim D, Büchler MW, Hackert T, Grote T, Kleger A, Ettrich T, Kestler A, Schmie-
gel W, Pohl M, Vangala D, Hoffmeister A, Vogel A, Wedemeyer H, Braumann C, Michl P, Rosendahl J, Izbicki JR, 
Hampe J, Sulk S, Zeissig S, Stallmach A, Kruger S, Schirren M, D’Haese J, Fuchs M, Schepp W, Bahra M, Pratschke 
J, Masaryk V, Dollhopf M, Reichert M, Klein I, Wedemeyer J. Validation of two plasma multimetabolite signatures 
for patients at risk of or with suspected pancreatic ductal adenocarcinoma (METAPAC): a prospective, multicentre, 
investigator-masked, enrichment design, phase 4 diagnostic study. Lancet Gastroenterol Hepatol 2025; 10: 634-647.  

31.	Bragg F, Trichia E, Aguilar-Ramirez D, Bešević J, Lewington S, Emberson J. Predictive value of circulating NMR 
metabolic biomarkers for type 2 diabetes risk in the UK Biobank study. BMC Med 2022; 20: 159.  

32.	Bragg F, Kartsonaki C, Guo Y, Holmes M, Du H, Yu C, Pei P, Yang L, Jin D, Chen Y, Schmidt D, Avery D, Lv J, Chen J, 
Clarke R, Hill MR, Li L, Millwood IY, Chen Z. The role of NMR-based circulating metabolic biomarkers in development 
and risk prediction of new onset type 2 diabetes. Sci Rep 2022; 12: 15071.  

33.	Iruzubieta P, Mayo R, Mincholé I, Martínez-Arranz I, Arias-Loste MT, Ibañez-Samaniego L, Ampuero J, Abad J, 
Martín-Mateos R, Fernández-Laso AB, Albillos A, Bañares R, Calleja JL, Romero-Gómez M, Aller R, Crespo J. One-
step non-invasive diagnosis of metabolic dysfunction-associated steatohepatitis and fibrosis in high-risk population. 
United Eur Gastroenterol J 2024; 12: 919-929.  

https://www.gov.uk/guidance/newborn-blood-spot-screening-programme-overview
https://www.gov.uk/guidance/newborn-blood-spot-screening-programme-overview
https://www.gov.scot/news/pilot-test-for-rare-condition-in-newborns/
https://www.gov.scot/news/pilot-test-for-rare-condition-in-newborns/
https://www.gov.uk/government/publications/newborn-blood-spot-screening-laboratory-guide-for-imds/a-laboratory-guide-to-newborn-blood-spot-screening-for-inherited-metabolic-diseases
https://www.gov.uk/government/publications/newborn-blood-spot-screening-laboratory-guide-for-imds/a-laboratory-guide-to-newborn-blood-spot-screening-for-inherited-metabolic-diseases


9

DOXYCYCLINE IN HELICOBACTER PYLORI ERADICATION

34.	Sanyal AJ, Shankar SS, Yates KP, Bolognese J, Daly E, Dehn CA, Neuschwander-Tetri B, Kowdley K, Vuppalanchi R, 
Behling C, Tonascia J, Samir A, Sirlin C, Sherlock SP, Fowler K, Heymann H, Kamphaus TN, Loomba R, Calle RA. 
Diagnostic performance of circulating biomarkers for non-alcoholic steatohepatitis. Nat Med 2023; 29: 2656-2664.  

35.	Deelen J, Kettunen J, Fischer K, van der Spek A, Trompet S, Kastenmüller G, Boyd A, Zierer J, van den Akker EB, 
Ala-Korpela M, Amin N, Demirkan A, Ghanbari M, van Heemst D, Ikram MA, van Klinken JB, Mooijaart SP, Peters 
A, Salomaa V, Sattar N, Spector TD, Tiemeier H, Verhoeven A, Waldenberger M, Würtz P, Davey Smith G, Metspalu 
A, Perola M, Menni C, Geleijnse JM, Drenos F, Beekman M, Jukema JW, van Duijn CM, Slagboom PE. A metabolic 
profile of all-cause mortality risk identified in an observational study of 44,168 individuals. Nat Commun 2019; 10: 
3346.  

36.	Fischer K, Kettunen J, Würtz P, Haller T, Havulinna AS, Kangas AJ, Soininen P, Esko T, Tammesoo M-L, Mägi R, 
Smit S, Palotie A, Ripatti S, Salomaa V, Ala-Korpela M, Perola M, Metspalu A. Biomarker profiling by nuclear magnet-
ic resonance spectroscopy for the prediction of all-cause mortality: an observational study of 17,345 persons. PLoS 
Med 2014; 11: e1001606.  

37.	Buergel T, Steinfeldt J, Ruyoga G, Pietzner M, Bizzarri D, Vojinovic D, Upmeier Zu Belzen J, Loock L, Kittner P, 
Christmann L, Hollmann N, Strangalies H, Braunger JM, Wild B, Chiesa ST, Spranger J, Klostermann F, van den Ak-
ker EB, Trompet S, Mooijaart SP, Sattar N, Jukema JW, Lavrijssen B, Kavousi M, Ghanbari M, Ikram MA, Slagboom 
E, Kivimaki M, Langenberg C, Deanfield J, Eils R, Landmesser U. Metabolomic profiles predict individual multidis-
ease outcomes. Nat Med 2022; 28: 2309-2320.  

38.	Pietzner M, Stewart ID, Raffler J, Khaw K-T, Michelotti GA, Kastenmüller G, Wareham NJ, Langenberg C. Plasma 
metabolites to profile pathways in noncommunicable disease multimorbidity. Nat Med 2021; 27: 471-479.  

39.	Ahadi S, Zhou W, Rose SMS-F, Sailani MR, Contrepois K, Avina M, Ashland M, Brunet A, Snyder M. Personal aging 
markers and ageotypes revealed by deep longitudinal profiling. Nat Med 2020; 26: 83-90.  

40.	Miller IJ, Peters SR, Overmyer KA, Paulson BR, Westphall MS, Coon JJ. Real-time health monitoring through urine 
metabolomics. NPJ Digit Med 2019; 2: 109.  

41.	Wu J, Gao Y. Physiological conditions can be reflected in human urine proteome and metabolome. Expert Rev Pro-
teomics 2015; 12: 623-636.  

42.	Kim K, Mall C, Taylor SL, Hitchcock S, Zhang C, Wettersten HI, Jones AD, Chapman A, Weiss RH. Mealtime, Tempo-
ral, and Daily Variability of the Human Urinary and Plasma Metabolomes in a Tightly Controlled Environment. PLoS 
One 2014; 9: e86223.  

43.	Shen X, Kellogg R, Panyard DJ, Bararpour N, Castillo KE, Lee-McMullen B, Delfarah A, Ubellacker J, Ahadi S, 
Rosenberg-Hasson Y, Ganz A, Contrepois K, Michael B, Simms I, Wang C, Hornburg D, Snyder MP. Multi-omics 
microsampling for the profiling of lifestyle-associated changes in health. Nat Biomed Eng 2024; 8: 11-29.  

44.	Lichtenberg S, Trifonova OP, Maslov DL, Balashova EE, Lokhov PG. Metabolomic Laboratory-Developed Tests: 
Current Status and Perspectives. Metabolites 2021; 11: 423. 

45.	Zhu M, Frank MW, Radka CD, Jeanfavre S, Xu J, Tse MW, Pacheco JA, Kim JS, Pierce K, Deik A, Hussain FA, 
Elsherbini J, Hussain S, Xulu N, Khan N, Pillay V, Mitchell CM, Dong KL, Ndung’u T, Clish CB, Rock CO, Blainey PC, 
Bloom SM, Kwon DS. Vaginal Lactobacillus fatty acid response mechanisms reveal a metabolite-targeted strategy 
for bacterial vaginosis treatment. Cell 2024; 187: 5413-5430.e29.  

46.	Görg B, Qvartskhava N, Keitel V, Bidmon HJ, Selbach O, Schliess F, Häussinger D. Ammonia induces RNA oxidation 
in cultured astrocytes and brain in vivo. Hepatology 2008; 48: 567-579.  

47.	Dasarathy S, Merli M. Sarcopenia from mechanism to diagnosis and treatment in liver disease. J Hepatol 2016; 65: 
1232-1244.  

48.	Ghani R, Chrysostomou D, Roberts LA, Pandiaraja M, Marchesi JR, Mullish BH. Faecal (or intestinal) microbiota 
transplant: a tool for repairing the gut microbiome. Gut Microbes 2024; 16: 2423026. 

49.	McDonald JAK, Mullish BH, Pechlivanis A, Liu Z, Brignardello J, Kao D, Holmes E, Li JV, Clarke TB, Thursz MR, 
Marchesi JR. Inhibiting Growth of Clostridioides difficile by Restoring Valerate, Produced by the Intestinal Microbiota. 
Gastroenterology 2018; 155: 1495-1507.e15.  

50.	Mullish BH, McDonald JAK, Pechlivanis A, Allegretti JR, Kao D, Barker GF, Kapila D, Petrof EO, Joyce SA, Gahan 
CGM, Glegola-Madejska I, Williams HRT, Holmes E, Clarke TB, Thursz MR, Marchesi JR. Microbial bile salt hydro-
lases mediate the efficacy of faecal microbiota transplant in the treatment of recurrent Clostridioides difficile infec-
tion. Gut 2019; 68: 1791-1800.  

51.	Martinez-Gili L, McDonald JAK, Liu Z, Kao D, Allegretti JR, Monaghan TM, Barker GF, Miguéns Blanco J, Williams 
HRT, Holmes E, Thursz MR, Marchesi JR, Mullish BH. Understanding the mechanisms of efficacy of fecal microbiota 
transplant in treating recurrent Clostridioides difficile infection and beyond: the contribution of gut microbial-derived 
metabolites. Gut Microbes 2020; 12: 1810531.  

52.	Monaghan T, Mullish BH, Patterson J, Wong GK, Marchesi JR, Xu H, Jilani T, Kao D. Effective fecal microbiota trans-
plantation for recurrent Clostridioides difficile infection in humans is associated with increased signalling in the bile 
acid-farnesoid X receptor-fibroblast growth factor pathway. Gut Microbes 2019; 10: 142-148.  

53.	Mullish BH, Michael DR, McDonald JA, Masetti G, Plummer SF, Marchesi JR. Identifying the factors influencing 
outcome in probiotic studies in overweight and obese patients: host or microbiome? Gut 2020; 70: 225-226.

54.	Routy B, Lenehan JG, Miller WH, Jamal R, Messaoudene M, Daisley BA, Hes C, Al KF, Martinez-Gili L, Punčochář 
M, Ernst S, Logan D, Belanger K, Esfahani K, Richard C, Ninkov M, Piccinno G, Armanini F, Pinto F, Krishnamoorthy 
M, Figueredo R, Thebault P, Takis P, Magrill J, Ramsay L, Derosa L, Marchesi JR, Parvathy SN, Elkrief A, Watson 
IR, Lapointe R, Segata N, Haeryfar SMM, Mullish BH, Silverman MS, Burton JP, Maleki Vareki S. Fecal microbiota 
transplantation plus anti-PD-1 immunotherapy in advanced melanoma: a phase I trial. Nat Med 2023; 29: 2121-2132. 


