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its extensive coverage. The metabolome is continually evolving, reflecting the continuous flux of metabolic and signaling pathways. Metabolomic research aims to study the biochemical processes by detecting and quantifying metabolites to obtain a metabolic picture able to give a functional readout of the physiological state. Recent advances in mass spectrometry (one of the mostly used technologies for metabolomics studies) have given the opportunity to determine the spatial distribution of metabolites in tissues. In a two-part article, we describe the usual metabolomics technologies, workflows and strategies leading to the implementation of new clinical biomarkers. In this second part, we first develop the steps of a metabolomic analysis from sample collection to biomarker validation. Then with two examples, autism spectrum disorders and Alzheimer's disease, we illustrate the contributions of metabolomics to clinical practice. Finally, we discuss the complementarity of in vivo (positron emission tomography) and in vitro (metabolomics) molecular explorations for biomarker research. 

Metabolomics; Mass spectrometry; Biomarker; Alzheimer's disease; Autism Spectrum

Métabolomique ; Spectrométrie de masse ; Biomarqueur ; Maladie d'Alzheimer ; Troubles du spectre autistique Introduction

The metabolome consists of different types of metabolites: its own metabolites but also those of the microbiome [START_REF] Visconti | Interplay between the human gut microbiome and host metabolism[END_REF], xenobiotics or from the diet [START_REF] Jain | An untargeted fecal and urine metabolomics analysis of the interplay between the gut microbiome, diet and human metabolism in Indian and Chinese adults[END_REF]. Metabolomics is the science that studies the metabolome, which consists of the intermediate and final molecules of metabolism. So, metabolomics reflects the physiopathology process that takes part in diseases.

Potential candidate biomarkers should have a biological explanation. At the same time, they should be quantifiable in a biological matrix by use of an efficient, cost-effective and reproducible analytical technique. The introduction of high-throughput analytical techniques for metabolomics has allowed for the development of many different strategies to explore the metabolome in a disease.

The first part of this article presented the concepts related to metabolomics and reviewed the analytical techniques used in this field [START_REF] Agin | Metabolomics -an overview. From basic principles to potential biomarkers (part 1)[END_REF]. In this second part we describe the steps of a metabolomic analysis from sample collection to biomarker validation. To illustrate the interest but also the limitations of metabolomics, we have chosen two clinical areas in which the search for biomarkers derived from metabolism is important. The first example concerns autism spectrum disorders (ASDs) and the second Alzheimer's disease (AD). Finally, we discuss the complementarity of in vivo molecular exploration by positron emission tomography (PET) and in vitro molecular exploration by metabolomics for the search for biomarkers.

2

Metabolomics workflow

First, define the question

The metabolomics workflow must be adapted to the biological question being addressed, the available resources and local practices. Thus, the first step is to state precisely the biological question and/or the research hypothesis. Figure 1 presents the two main types of workflows that may be used in a metabolomics study. In this second part, we discuss on only metabolomics by mass spectrometry (MS). The workflows provided as examples have been developed for MS but are not very different for nuclear magnetic resonance. The two major approaches commonly used in metabolomics are targeted and untargeted workflows, which were discussed in Part 1 [START_REF] Agin | Metabolomics -an overview. From basic principles to potential biomarkers (part 1)[END_REF].

The different steps of these two workflows are quite similar, the largest difference being the identification of metabolites. In the targeted workflow, target metabolites are selected and known from the outset: only these metabolites are investigated. The selection of metabolites is most often dictated by the pathophysiology and may be limited to specific metabolic pathways. So, this strategy needs previous knowledge about the pathophysiology of the disease or a specific hypothesis supported by a body of evidence. In MS, targeted analysis allows for the absolute quantification of the metabolites of interest (use of internal standards labelled with stable isotopes) with an analytical sensitivity often more favorable. Conversely, in the untargeted approach, the identification of metabolites is the final step: only statistically significant signals between different patient groups are identified as reliably as possible. This method gives a metabolic signature. Therefore, in a disease state, a set of metabolites evolves as a result of the progression of the disease and helps characterize the disease.

Sample selection and preparation

Metabolomics research generally involves the use of body fluids or extracts from cellular tissues for analysis. Ideally, the biological matrix should be obtained and processed quickly to avoid degradation. Special care must be taken to ensure that all samples are obtained under the same conditions in terms of the type of collection or storage. The most commonly used samples for metabolomic analysis are blood and urine. However, a wide range of fluids or biological samples can be studied, such as feces, sputum, expired breath, biopsies or surgical specimens [START_REF] Lindon | Analytical technologies for metabonomics and metabolomics, and multi-omic information recovery[END_REF]. Each type of sample will provide different and complementary information, so the choice of matrix should be based on the hypothesis posed. Finally, clinical information that may affect the patient's prior metabolism (e.g., diet) should be collected. Because of the complicated nature of biological matrices, it is often necessary to extract the metabolites of interest before the MS [START_REF] Gowda | Overview of mass spectrometry-based metabolomics: opportunities and challenges[END_REF]. Sample preparation is a critical step that must be carefully considered to allow for extraction of all the metabolites of interest. Simultaneous extraction of metabolites of very different physico-chemical natures may be challenging.

The different analytical techniques (nuclear magnetic resonance, MS) were described in Part 1

and should be discussed to allow for quantification of all relevant metabolites.

Analytical challenges

Quantification in metabolomics is essential to the elucidation of biological phenomena and generally involves relative or absolute quantification. Relative quantification, which normalizes the signal intensity of the metabolite to that of an internal standard or all metabolites (sum of detected signals), is commonly performed with the untargeted approach.

Absolute quantification requires the use of external standards or isotopically labelled internal standards to quantify the absolute amount of metabolites and is mainly used in targeted metabolomics. The main limitations to metabolite quantification are that the signal intensity of the metabolites varies according to its concentration and also according to its chemical structure and matrix. Furthermore, the limited dynamic range of current MS instruments is about 10 6 , whereas the dynamic range of metabolites of interest may be higher than 10 12 [START_REF] Lei | Mass spectrometry strategies in metabolomics[END_REF].

To date, no single analytical procedure alone can fully address the entire metabolome, and the selected analytical technique determines the number of remaining metabolites to be identified [START_REF] Moco | Metabolomics technologies and metabolite identification[END_REF].

Metabolite identification

The annotation of metabolites using MS spectra is based on spectral matching with spectral libraries generated from reference standards [START_REF] Lei | Mass spectrometry strategies in metabolomics[END_REF]. Although metabolite libraries have substantially enlarged in the recent years, a significant number of metabolites detected in biological samples cannot be matched [START_REF] Patti | Innovation: metabolomics: the apogee of the omics trilogy[END_REF]. The identification of metabolites for which MS spectra are not available in the spectral libraries is still highly challenging [START_REF] Lei | Mass spectrometry strategies in metabolomics[END_REF].

Clinical validation

Because metabolic modification is the final step in the cellular disease response, metabolomics can be useful in detecting new biomarkers. One of the main challenges in interpreting the data is that metabolic patterns are influenced by such factors as age, sex, diet, medications, and chronobiological variability, etc. The sample preparations and analytical and statistical methods used are also a challenge because differences can hinder the comparability of results between studies and thus compromise the detection of new biomarkers [START_REF] Lima | Biomarker discovery in human prostate cancer: an update in metabolomics studies[END_REF]. Thus, they are a heterogeneous group whose etiology and pathogenesis are not fully understood. Studies show that ASDs have a multifactorial origin involving genetic, environmental and metabolic factors [START_REF] Shen | Biomarkers in autism spectrum disorders: current progress[END_REF]. Indeed, the heritability of ASDs is estimated at 51% to 80%, showing a significant role of genetic factors in the pathogenesis [START_REF] Pettersson | Genetic influences on eight psychiatric disorders based on family data of 4 408 646 full and half-siblings, and genetic data of 333 748 cases and controls[END_REF]. The genetic etiology of these disorders remains very complex; indeed, single nucleotide variants, rare copy number variations, chromosomal abnormalities, and epigenetic changes have been found associated with ASDs [START_REF] Chen | High resolution analysis of rare copy number variants in patients with autism spectrum disorder from Taiwan[END_REF][START_REF] Hnoonual | Chromosomal microarray analysis in a cohort of underrepresented population identifies SERINC2 as a novel candidate gene for autism spectrum disorder[END_REF][START_REF] Corley | Epigenetic Delay in the Neurodevelopmental Trajectory of DNA Methylation States in Autism Spectrum Disorders[END_REF]. However, concordance ratios less than 100% between monozygotic twins or increasing prevalence over time suggest an important role for environmental factors [START_REF] Hallmayer | Genetic heritability and shared environmental factors among twin pairs with autism[END_REF][START_REF] Castelbaum | On the nature of monozygotic twin concordance and discordance for autistic trait severity: a quantitative analysis[END_REF]. Environmental impacts during the prenatal and early postnatal periods have been demonstrated in autism. Prematurity is a risk factor for ASDs and has a negative impact on the cognitive abilities of children with neurodevelopmental vulnerability [START_REF] Brayette | Incomplete gestation has an Impact on cognitive abilities in autism spectrum disorder[END_REF]. Similarly, among the environmental factors that may participate in the appearance of autism, exposure to medications and toxins has been frequently studied. Notably, prenatal exposure to valproic acid or ethanol has been associated with increased incidence of autism [START_REF] Dufour-Rainfray | Fetal exposure to teratogens: evidence of genes involved in autism[END_REF]. These environmental factors are also related to interactions with the intestinal microbiota, which has been found altered in autism [START_REF] Agus | Gut microbiota regulation of tryptophan metabolism in health and disease[END_REF][START_REF] Plaza-Díaz | Autism Spectrum Disorder (ASD) with and without mental regression is associated with changes in the fecal microbiota[END_REF]. Finally, recent studies have focused on metabolic diseases associated with an autistic phenotype such as phenylketonuria, disorders of purine metabolism, biotinidase deficiency, Smith-Lemli-Opiz syndrome or several organic acidurias such as methylmalonic aciduria [START_REF] Zecavati | Neurometabolic disorders and dysfunction in autism spectrum disorders[END_REF]. Indeed, the coexistence of psychiatric (anxiety, attention disorders, mood disorders), behavioral and metabolic disorders in autism has led to an interest in relationships that may link these pathological states [START_REF] Żurawicz | Chromatographic methods in the study of autism[END_REF].

However, the pathophysiological mechanisms involved remain poorly understood.

ASDs are currently diagnosed according to the clinical criteria described in the DSM-5.

Diagnosis remains difficult because of the wide variation in severity and manifestations of symptoms and the frequent associated comorbidities. Efforts are being made to identify diagnostic markers for ASDs. These markers are expected to provide diagnostic objectivity (particularly in terms of level of severity), enable earlier diagnosis to increase the effectiveness of the therapies used, and provide information on the underlying mechanisms of ASDs. A meta-analysis of diagnostic biomarkers for ASDs suggested that protein and metabolic biomarkers provide the highest diagnostic accuracy among the modalities studied (protein, metabolic, genetic, electroencephalography, MRI, and PET) [START_REF] Ansel | Biomarkers for Autism Spectrum Disorders (ASD): a meta-analysis[END_REF].

The study of the metabolome is indeed relevant in ASDs because it reflects the functional level of the body taking into account environmental stresses. Thus, the metabolome reflects the impact of genetic, metabolic and environmental factors. Therefore, studies comparing the metabolome of patients with ASDs compared to control subjects have involved use of different biological samples. Several metabolic pathways appear to be associated with autism, including mitochondrial dysfunction, disorders of cholesterol metabolism, and folate abnormalities [START_REF] Rose | Clinical and molecular characteristics of mitochondrial dysfunction in autism spectrum disorder[END_REF][START_REF] Glinton | Untargeted metabolomics for autism spectrum disorders: current status and future directions[END_REF]. Studies of blood (dried blood spot, serum and plasma) show different metabolic signatures, including amino acids and acylcarnitines, between children with autism and control subjects [START_REF] Kuwabara | Altered metabolites in the plasma of autism spectrum disorder: a capillary electrophoresis time-of-flight mass spectroscopy study[END_REF][START_REF] Wang | Potential serum biomarkers from a metabolomics study of autism[END_REF][START_REF] Barone | A subset of patients with autism spectrum disorders show a distinctive metabolic profile by dried blood spot analyses[END_REF][START_REF] Smith | Amino acid dysregulation metabotypes: potential biomarkers for diagnosis and individualized treatment for subtypes of autism spectrum disorder[END_REF][START_REF] Orozco | Metabolomics analysis of children with autism, idiopathic-developmental delays, and Down syndrome[END_REF][START_REF] Rangel-Huerta | Metabolic profiling in children with autism spectrum disorder with and without mental regression: preliminary results from a cross-sectional case-control study[END_REF]. Similarly, studies of urine show different metabolic signatures.

The urinary metabolites with the greatest differences between autistic and control children belong to the pathway of metabolism of tryptophan, purines and pyrimidines, amino acids, fatty acids, and vitamins B2, B6, B9 and B12 [START_REF] Gevi | Urinary metabolomics of young Italian autistic children supports abnormal tryptophan and purine metabolism[END_REF][START_REF] Bitar | Identification of metabolic pathway disturbances using multimodal metabolomics in autistic disorders in a Middle Eastern population[END_REF][START_REF] Belardo | The concomitant lower concentrations of vitamins B6, B9 and B12 may cause methylation deficiency in autistic children[END_REF][START_REF] Chen | Urine organic acids as potential biomarkers for autism-spectrum disorder in Chinese children[END_REF]. In addition, the significant and discriminating presence of metabolites from bacterial metabolism has been found in urine of autistic children [START_REF] Diémé | Metabolomics study of urine in autism spectrum disorders using a multiplatform analytical methodology[END_REF][START_REF] Emond | GC-MS-based urine metabolic profiling of autism spectrum disorders[END_REF][START_REF] Mavel | 1H-13C NMR-based urine metabolic profiling in autism spectrum disorders[END_REF][START_REF] Nadal-Desbarats | Combined 1H-NMR and 1H-13C HSQC-NMR to improve urinary screening in autism spectrum disorders[END_REF]. These results suggest that ASDs are associated with an imbalance in the intestinal microbiota, also called dysbiosis [START_REF] Srikantha | The possible role of the microbiota-gut-brain-axis in autism spectrum disorder[END_REF]. This hypothesis is interesting because it helps explain some of the metabolic characteristics described in ASDs and in animal models of the disorder. It is also interesting because it opens up therapeutic perspectives with the use of prebiotics and probiotics [START_REF] Grimaldi | A prebiotic intervention study in children with autism spectrum disorders (ASDs)[END_REF][START_REF] Sanctuary | Pilot study of probiotic/colostrum supplementation on gut function in children with autism and gastrointestinal symptoms[END_REF].

All these studies suggest that children with ASDs exhibit metabolic differences as compared with typical children. Metabolomics helps to identify pathways involved in the pathology and also to explore several comorbidities frequently associated with ASDs such as epilepsy, sleep disorders, and gastrointestinal disorders. In addition, metabolomics generates pathophysiological and etiological hypotheses for the development of innovative therapeutic approaches.

Metabolomics and AD

The nosology of dementias, particularly AD, has emerged significantly in recent years, including the classification of markers of pathophysiological processes [START_REF] Bakchine | Classification des démences : aspects nosologiques[END_REF][START_REF] Mckhann | The diagnosis of dementia due to Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF]. Hence, AD is characterized by the presence of amyloid plaques, neurofibrillary degeneration and neuronal loss [START_REF] Maladie D | Alzheimer et maladies apparentées : diagnostic et prise en charge[END_REF]. Some authors have proposed a classification according to the "A/T/N" system, in which AD biomarkers are used to illustrate each pathophysiological process at a given time during the patient's lifetime: "A" refers to biomarkers of the amyloid pathway (amyloid PET or b-amyloid peptide 1-42 in cerebrospinal fluid); "T" to biomarkers of the Tau pathway (Tau PET or phosphorylated Tau protein in cerebrospinal fluid); and "N" to biomarkers of neurodegeneration or neuronal injury ([18F]-fluorodeoxyglucose PET, structural MRI or total Tau protein in cerebrospinal fluid) [START_REF] Jack Cr | A/T/N: an unbiased descriptive classification scheme for Alzheimer disease biomarkers[END_REF].

In routine clinical practice, the use of these biomarkers is considered when the clinical presentation is atypical, in relatively young patients under age 65, or when comorbidities are associated [START_REF] Bombois | Diagnostic étiologique des troubles cognitifs et biomarqueurs. Dans quelles situations l'utilisation de l'imagerie moléculaire est-elle indiquée ?[END_REF]. These markers have excellent diagnostic sensitivities and specificities. They are positive upstream of clinical signs, so they are markers of early diagnosis but are less suitable for monitoring the evolution of the disease or the effectiveness of therapeutic management [START_REF] Aisen | Clinical core of the Alzheimer's disease neuroimaging initiative: progress and plans[END_REF].

Metabolomics is a holistic approach of choice for identifying biomarkers able to characterize early pathogenic changes, upstream of cognitive impairment, and monitor their evolution.

Thus, studies have focused on comparing the metabolome of patients with mild cognitive impairment to that of AD patients and control subjects [START_REF] Jiang | Metabolomics in the development and progression of dementia: a systematic review[END_REF]. The authors identified distinct metabolic profiles between these groups, involving metabolites from pathways known to be involved in AD. Some metabolites are involved in oxidative stress, one of the first consequences of toxic attacks mediated by soluble oligomers of the b-amyloid protein [START_REF] Weng | The differences of serum metabolites between patients with early-stage Alzheimer's disease and mild cognitive impairment[END_REF].

Others are involved in the equilibrium of lipids, essential components of cell membranes [START_REF] Weng | The differences of serum metabolites between patients with early-stage Alzheimer's disease and mild cognitive impairment[END_REF][START_REF] Barupal | Sets of coregulated serum lipids are associated with Alzheimer's disease pathophysiology[END_REF][START_REF] Huo | Brain and blood metabolome for Alzheimer's dementia: findings from a targeted metabolomics analysis[END_REF][START_REF] Nho | Association of altered liver enzymes with Alzheimer disease diagnosis, cognition, neuroimaging measures, and cerebrospinal fluid biomarkers[END_REF][START_REF] Peña-Bautista | Plasma metabolomics in early Alzheimer's disease patients diagnosed with amyloid biomarker[END_REF]. Still others point to the involvement of amino acid metabolism, mitochondrial function and energy metabolism [50;54-57].

Specific metabolic profiles from the early stages of the disease allow for hypothesizing the involvement of actors in the pathophysiology of the disease. For example, based on the hypothesis that the intestinal microbiota affects the pathophysiology of AD (via neuroinflammation and amyloid deposits), a metabolomic study examined serum targeted bile acid metabolites, the end products of the body's cholesterol metabolism and the microbiome.

Associations between A/T/N biomarkers of AD and these bile acids support the role of this pathway in the pathophysiology of AD [START_REF] Nho | Association of altered liver enzymes with Alzheimer disease diagnosis, cognition, neuroimaging measures, and cerebrospinal fluid biomarkers[END_REF]. Another interesting example is the involvement of neuroinflammation in the pathological course of AD. Indeed, abnormalities of the amyloid and Tau pathways can activate brain immune cells, including microglia and astrocytes [START_REF] Yang | Cellular and molecular mediators of neuroinflammation in Alzheimer disease[END_REF].

However, the authors found that serum metabolite levels of the kynurenin pathway (involved in neuroinflammation) were correlated with the amyloid load of patients. This study suggests that an association between neurodegeneration and neuroinflammation occurs peripherally in the blood compartment and that metabolites of the kynurenin pathway may have potential protective effects [START_REF] Chatterjee | Plasma neurofilament light chain and amyloid-β are associated with the kynurenine pathway metabolites in preclinical Alzheimer's disease[END_REF].

These examples illustrate the identification of metabolic disturbances in the early stages of AD. They support hypotheses to understand the pathophysiological processes involved and propose potential markers for disease monitoring and therapeutics.

Several authors have devised blood tests based on the patient's metabolic profile that would allow for early diagnosis of AD, even before the onset of symptoms. Beyond the ethical and human aspects of this theory, studies have often involved small numbers of patients, with few or no atypical forms of the disease. Moreover, although great efforts are made to standardize, quantify and propose consensus guidelines for study design and analysis techniques, as soon as samples are collected, the results must show their robustness before they can be used at the individual level. The metabolites now described are biosignatures characterizing a condition and not diagnostic biomarkers dedicated to early detection of disease. However, these signatures reflecting the pathophysiological processes involved in AD may be used to cluster subtypes of the disease, follow the disease progression and monitor responses to therapeutics.

Moreover, early detection of metabolic disturbance represents potential opportunities for effective therapeutic intervention in AD.

Complementarity of in vivo (PET) and in vitro (metabolomics) molecular explorations for biomarker research

Metabolomics and PET are two methods of molecular exploration that reflect the functioning of the organism being studied. Both give a picture of the metabolic pathways of an individual or a pathology. Metabolomics is a sensitive method because it allows for detecting many metabolites, some present in low concentrations, in small volumes (which may be less than 1 µL) [START_REF] Mavel | Validation of metabolomics analysis of human perilymph fluid using liquid chromatography-mass spectroscopy[END_REF]. However, because it requires sampling, it does not provide information on the location, and the sample may change outside of its physiological environment. PET gives access to the location of metabolites in their environment and allows for brain exploration in humans as opposed to in vitro metabolomics. PET also allows for longitudinal follow-up of patients, whereas metabolomics, in the absence of absolute quantification, does not. However, PET features lower sensitivity and reduced number of radiotracers. Hence, these two methods are perfectly complementary and allow for exploring the pathology from different angles, thus further characterizing it. Some teams have used these two exploration methods to corroborate their results. Indeed, in one study, the authors performed PET scan with [18F]DOPA and a plasma metabolomic analysis in patients with Parkinson's disease and matched controls. The diagnostic predictive performance was higher when combining imaging characteristics with metabolomics data (area under the receiver operating characteristic curve of 0.98 for best

[18F]DOPA + metabolomics model) than when using a single modality [START_REF] Glaab | Integrative analysis of blood metabolomics and PET brain neuroimaging data for Parkinson's disease[END_REF]. Another study used these two exploratory methods in an animal model of Parkinson's disease. The authors performed a PET scan with [18F]LBT-999 as a dopamine transporter tracer combined with an analysis of the metabolome of the same brain region in rats to assess the involvement of the nigrostriatal dopamine pathway [START_REF] Vetel | Extensive exploration of a novel rat model of Parkinson's disease using partial 6hydroxydopamine lesion of dopaminergic neurons suggests new therapeutic approaches[END_REF]. Several studies of cancer characterization in animal models have also used these two modes of in vivo and in vitro molecular exploration. The observed metabolites are implicated in the relationship between cell death and glucose utilization, neurotoxicity or responses to treatment. Beyond corroborating results, these multimodal analyses allow for mutual enrichment. Indeed, the discriminating metabolites resulting from metabolomic analyses can help identify potential radiotracers providing diagnostic assistance and therapeutic monitoring [START_REF] Braas | Metabolomics strategy reveals subpopulation of liposarcomas sensitive to gemcitabine treatment[END_REF][START_REF] Kuroda | Investigation of mechanisms for MK-801-induced neurotoxicity utilizing metabolomic approach[END_REF][START_REF] Gaglio | Divergent in vitro/in vivo responses to drug treatments of highly aggressive NIH-Ras cancer cells: a PET imaging and metabolomics-mass-spectrometry study[END_REF][START_REF] Vashisht Gopal | A novel mitochondrial inhibitor blocks MAPK pathway and overcomes MAPK inhibitor resistance in melanoma[END_REF].

Conflit d'intérêt : Aucun.

Disclosure of interest: The authors declare that they have no competing interest.

Figure 1

Untargeted and targeted workflows

Etapes successives des analyses métabolomiques ciblées et non ciblées

Résumé

  Le métabolome qui représente l'ensemble des molécules (métabolites) d'un échantillon biologique (cellule, tissu, organe, organisme) est le produit final en aval des processus métaboliques cellulaires qui impliquent le génome et les sources exogènes. Le métabolome est caractérisé par un nombre important de petites molécules présentant une très grande diversité de structures chimiques et d'abondances. L'exploration du métabolome nécessite des plateformes analytiques complémentaires pour une description globale de celui-ci. Le métabolome est en constante évolution, reflétant les flux continus des voies métaboliques et de signalisation. La métabolomique a pour but d'étudier les processus biochimiques par la détection et la quantification des métabolites afin d'obtenir une image métabolique reflétant l'état physiologique. Les récents progrès de la technologie par spectrométrie de masse, une des technologies les plus utilisées pour les études métabolomiques, ont permis de déterminer la distribution spatiale des métabolites dans les tissus. Dans deux articles, nous présentons une description des technologies utilisées en métabolomique, des workflows et des stratégies menant à l'introduction de nouveaux biomarqueurs en clinique. Dans cette deuxième partie, nous développerons tout d'abord les étapes d'une analyse métabolomique du recueil des échantillons à la validation des biomarqueurs. Puis au travers de deux exemples, les troubles du spectre autistique et la maladie d'Alzheimer, nous illustrerons les apports de la métabolomique en clinique. Enfin nous évoquerons la complémentarité des explorations moléculaires in vivo (Tomographie par Emission de Positon) et in vitro (métabolomique) pour la recherche de biomarqueurs.

Therefore, clinical validation

  of a new biomarker requires confirmation of results obtained in other cohorts. Aware of these pitfalls, teams are working to homogenize workflows and increase the robustness of the results. In several clinical areas, biomarkers derived from metabolomic studies can provide arguments for understanding the pathophysiology, diagnosis, prognosis and treatment monitoring. ASDs are related to early disorders of brain development and functioning. They are characterized by deficits in communication and social interaction and by restricted and repetitive behaviors and interests (based on DSM-5 and ICD-10 classifications).