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RESUMEN 

 

La reprogramación del metabolismo permite a las células para responder o adaptar su 

regulación metabólica para permitir la supervivencia celular en condiciones 

desfavorables u hostiles. Esta capacidad aumenta en las células cancerosas para mejorar 

su fenotipo adaptativo y mantener tanto la viabilidad como la proliferación incontrolada. 

Así, la flexibilidad metabólica es una de las características distintivas del cáncer, aunque 

todavía quedan por dilucidar las vías implicadas en la plasticidad metabólica de cada tipo 

de tumor. Los metabolitos son los productos finales de esta adaptación, que en último 

término reflejan los cambios aberrantes que sufren los tumores reflejando la variabilidad 

genómica, transcriptómica y proteómica de los mismos y, por lo tanto, proporcionando 

información relevante sobre la biología del cáncer. Además, el estudio de los perfiles de 

metabolitos (metabolómica) puede realizarse fácilmente en muestras biológicas de fácil 

acceso (plasma, orina), constituyendo así una herramienta prometedora para caracterizar 

el fenotipo tumoral e identificar nuevos biomarcadores de potencial utilidad clínica. 

Las neoplasias neuroendocrinas son una familia heterogénea de tumores de incidencia 

creciente y manejo clínico complejo. Se originan en el sistema neuroendocrino difuso y, 

por tanto, pueden surgir de prácticamente cualquier órgano. Los tumores neuroendocrinos 

bien diferenciados (TNE) tienen la peculiar capacidad de secretar aminas u hormonas 

peptídicas que producen síndromes clínicos característicos que pueden afectar seriamente 

la calidad de vida y el pronóstico de los pacientes. Hasta la fecha, su baja incidencia, 

amplia distribución anatómica y comportamiento biológico heterogéneo han dificultado 

los esfuerzos por descifrar los mecanismos moleculares implicados en el desarrollo y 

progresión tumoral. El reciente desarrollo y la mayor accesibilidad a las tecnologías 

"ómicas" han mejorado nuestra comprensión de los eventos genómicos y epigenómicos 

implicados en la patogénesis de las neoplasias neuroendocrinas. Sin embargo, su perfil 

metabolómico no ha sido estudiado en profundidad.  

La hipótesis en la que se basa este trabajo es que los TNEs presentan una huella 

metabolómica particular, y que su perfil de metabolitos permitirá una mejor 

caracterización del fenotipo tumoral, así como la identificación de nuevos biomarcadores 

pronósticos y de las vías desreguladas más relevantes implicadas en la biología tumoral 

y asociadas con la supervivencia de los pacientes. 
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Así, el propósito de nuestro estudio fue caracterizar de manera integral el perfil 

metabolómico de los pacientes con TNE para comprender mejor la desregulación 

metabólica en estos tumores e identificar nuevos biomarcadores pronósticos de utilidad 

clínica, así como caracterizar funcionalmente las vías moleculares con un impacto 

significativo en la supervivencia del paciente. Con este objetivo y mediante múltiples 

plataformas (electroforesis capilar, cromatografía líquida y cromatografía de gases 

acoplada a espectrometría de masas) se realizó un estudio no dirigido del perfil 

metabolómico en el plasma de 77 pacientes con TNE extra-pancreáticos G1-2 avanzados 

(cohorte de estudio) y de 68 individuos sin cáncer (cohorte de control), pareados por edad, 

sexo e índice de masa corporal (IMC). La población del estudio incluyó a pacientes con 

TNEs reclutados en el ensayo AXINET de fase II/III, prospectivo, multicéntrico, 

aleatorizado (1: 1) y doble ciego (ClinicalTrials.gov Identificador: NCT01744249). Los 

pacientes de este estudio fueron aleatorizados a recibir Axitinib y Octeotride LAR versus 

Placebo y Octreotide LAR hasta la progresión de la enfermedad o toxicidad inaceptable, 

y otorgaron su consentimiento para la realización de estudios traslacionales en muestras 

plasmáticas. Los objetivos específicos de nuestro estudio fueron los siguientes: i) 

identificar metabolitos plasmáticos con disponibilidad diferencial en pacientes con TNEs 

avanzados (cohorte de estudio) en comparación con individuos sin cáncer (controles); ii) 

identificar metabolitos diferenciales significativamente asociados con la supervivencia 

libre de progresión (SLP) y/o la supervivencia global (SG) del paciente (biomarcadores 

pronósticos) mediante análisis univariante y multivariante ajustado por otros factores 

pronósticos conocidos o variables de confusión; y iii) analizar la relevancia biológica de 

los metabolitos identificados y las vías moleculares desreguladas involucradas para 

proporcionar una mayor comprensión de los mecanismos moleculares subyacentes a la 

patogénesis y el comportamiento clínico de los TNEs. 

La integración de los datos metabólicos adquiridos por diferentes plataformas analíticas 

dio como resultado la identificación de 155 metabolitos con una disponibilidad 

diferencial en pacientes con TNEs en comparación con individuos sin cáncer (p <0,05). 

De estos 155 metabolitos, 34 se asociaron significativamente con la SLP (N = 16) y/o la 

SG (N = 27). Trece de estos metabolitos demostraron ser factores pronósticos 

independientes en el análisis multivariante tras el ajuste con otros factores pronósticos 

conocidos y/o variables de confusión:  5 se asociaron significativamente con la SLP y 11 

se asociaron significativamente con la SG. Tres de ellos, Glu-Hyp, Glu-Lys / Ɛ-Glu-Lys 
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2 y 3-hidroxi-5-octenoilcarnitina, mostraron un impacto significativo tanto en la SLP 

como en la SG. El análisis de agrupamiento no supervisado de estos 3 metabolitos 

estratificó a los pacientes en 3 grupos pronósticos: 1) Un grupo de buen pronóstico 

(cluster 3), con tasas de SLP a 1 año del 71.1% y de SG a 5 años del 69.7%; 2) Un grupo 

de pronóstico intermedio (cluster 1), con tasas de SLP a 1 año del 47.4% y de SG a 5 años 

del 32.5%, y 3) Un grupo de mal pronóstico (cluster 2) tasas de SLP a 1 año del 15.4% y 

de SG a 5 años del 27.7%) (p=0.003 para SLP y SG). El análisis multivariante confirmó 

que esta firma metabólica se asoció de manera independiente con la SLP (p=0.012) y la 

SG (p=0.007). El análisis de enriquecimiento de conjuntos de metabolitos (MSEA) y el 

análisis de las vías metabólicas (MPA) de la firma de 13 metabolitos identificaron el 

metabolismo de la metionina, la porfirina y el triptófano como las tres vías desreguladas 

más relevantes asociadas con el pronóstico de los pacientes con TNEs. 

Este es el estudio metabolómico más completo realizado hasta la fecha en TNEs. Los 

resultados de nuestro estudio demuestran que los pacientes con TNEs tienen un perfil 

metabolómico específico que proporciona información nueva y relevante sobre la 

biología de la enfermedad con una posible aplicación clínica. De hecho, hemos 

identificado una firma metabolómica que mejora la estratificación pronóstica de los 

pacientes, más allá de los factores pronósticos clásicos conocidos, que puede ayudar a la 

toma de decisiones clínicas. Además, las vías metabólicas desreguladas que hemos 

descrito identifican nuevas vulnerabilidades tumorales que pueden fomentar el desarrollo 

de nuevas estrategias terapéuticas para estos pacientes. No obstante, se necesitan más 

estudios prospectivos para confirmar nuestros hallazgos y validar estos resultados 

alentadores.  
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SUMMARY 

 

Reprogrammed metabolism encompasses the capacity of cells to respond or adapt their metabolic 

signalling to support and enable cell survival in unfavourable or hostile conditions. This ability is 

enhanced in cancer cells to improve their adaptive phenotype and maintain both viability and 

uncontrolled proliferation. Metabolic flexibility is therefore one of the key hallmarks of cancer, 

although pathways involved in the metabolic plasticity of each cancer type remain to be 

elucidated. Metabolites are the final products of this adaptation, reflecting the aberrant changes 

in the genomic, transcriptomic and proteomic variability of tumors, and therefore provide useful 

biological and clinical information on cancer biology. This, together with the fact that 

metabolomics can be easily performed in readily accessible biological samples (i.e. plasma, 

urine), makes metabolic profiling of cancer patients a promising tool to characterize the tumor 

phenotype and identify novel biomarkers of potential clinical use. 

Neuroendocrine neoplasms are a heterogenous family of tumors of increasing incidence and 

challenging clinical management. They originate from the diffuse neuroendocrine system and can 

thus arise from virtually any organ. Well differentiated neuroendocrine tumors (NETs) have the 

unique ability to secrete amines or peptide hormones that produce characteristic clinical 

syndromes that may seriously impair patient´s quality of life and prognosis. Their low incidence, 

wide anatomic distribution and heterogeneous biological behaviour have hindered the efforts to 

decipher the molecular mechanisms involved in tumor development and progression. The recent 

development and increased accessibility to “omic” technologies has improved our understanding 

of the genomic and epigenomic events driving NEN pathogenesis. However, metabolomics 

remains largely unexplored in these tumors.  

The hypothesis of this study was that NETs present a distinct metabolomic fingerprint, and its 

profiling will enable an improved characterization of the tumor phenotype, and the identification 

of novel biomarkers associated with clinical outcome (prognostic biomarkers) and of most 

relevant dysregulated pathways associated with tumor biology and patient’s survival.   

On this basis, the purpose of our study was to comprehensively characterize the metabolomic 

profile of NET patients to better understand metabolic dysregulation in these tumors, and identify 

novel prognostic biomarkers of clinical use, as well as to functionally characterize molecular 

pathways with a significant impact on patient’s survival. To this aim, multiplatform untargeted 

metabolomic profiling (capillary electrophoresis, liquid chromatography and gas chromatography 

coupled to mass spectrometry) was performed in plasma of 77 patients with advanced G1-2 extra-

pancreatic NETs (study cohort), and of 68 non-cancer individuals (control cohort), matched per 

age, gender and BMI. The study population included NET patients enrolled in the phase II/III, 

prospective, multicenter, randomized (1:1), double-blind AXINET trial (ClinicalTrials.gov 
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Identifier: NCT01744249). Patients in this study were randomized to receive Axitinib and 

Octeotride LAR versus Placebo and Octreotide LAR until disease progression or unacceptable 

toxicity, and provided consent to use baseline plasma samples for translational studies. The 

specific objectives of our study were: i) to identify plasma metabolites with a differential 

availability in NET patients (study cohort) as compared to non-cancer individuals (controls); ii) 

to identify differential metabolites significantly associated with patient’s progression-free or 

overall survival (prognostic biomarkers) by univariate and multivariate analysis adjusted for other 

known prognostic factors or potentially confounding variables; and iii) to analyze the biological 

relevance of identified metabolites and dysregulated molecular pathways involved to provide 

further insight into the molecular mechanisms underlying NET pathogenesis and clinical 

behaviour. 

The integration of metabolic data acquired by different analytical platforms resulted in 155 

identified metabolites with a differential availability in NET patients as compared to non-cancer 

individuals (p<0.05).  Among these 155 metabolites, 34 metabolites were significantly associated 

with PFS (N=16) and/or OS (N=27). Thirteen of these metabolites remained significant 

independent prognostic factors after adjustment for other potential confounding factors in the 

mutivariable model, 5 were significantly associated with PFS and 11 were significantly associated 

with OS. Three of them, Glu-Hyp, Glu-Lys/Ɛ-Glu-Lys 2 and 3-hydroxy-5-octenoylcarnitine, 

showed a significant impact on both PFS and OS. Unsupervised clustering analysis of these 3 

metabolites stratified patients in 3 distinct prognostic groups: 1) A good prognosis group 

(cluster 3), with a PFS rate at 1 year of 71.1% and an OS rate at 5 years of 69.7%; 2) An 

intermediate prognosis group (cluster 1), with a PFS rate at 1 year of 47.4% and an OS 

rate at 5 years of 32.5%, and 3) A poor prognosis group (cluster 2), with a PFS rate at 1 

year of 15.4% and an OS rate at 5 years of 27.7% (p=0.003 for PFS and OS). Multivariate 

analysis confirmed metabolic clusters were independently associated with both PFS 

(p=0.012) and OS (p=0.007). Metabolite Set Enrichment Analysis (MSEA) and Metabolite 

Pathway Analysis (MPA) of the 13-metabolite signature identified methionine, porphyrin and 

tryptophan metabolism as the three most relevant dysregulated pathways associated with the 

prognosis of NET patients.  

This is to our knowledge the most comprehensive metabolic profiling study performed to date in 

NETs. The results of our study demonstrate that NET patients have a distinct metabolomic profile 

that provides new relevant information on disease biology of potential clinical application. 

Indeed, we have identified a metabolomic signature that improves the prognostic stratification of 

patients beyond classical prognostic factors for clinical decisions.  In addition, new enriched 

metabolic pathways described identified novel tumor vulnerabilities that may foster the 
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development of new therapeutic strategies for these patients. Further prospective studies are 

nevertheless needed to confirm our results and validate these encouraging data. 
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AUC: area under the curve 

BGE: background electrolyte 

BMI: body mass index 

BVR-A: biliverdin reductase-A 

CAPTEM: capecitabine and temozolomide 

CgA: chromogranin A 

CE-MS: capillary electrophoresis-mass spectrometry 

CDDP: cisplatin 

CDKN1B: cyclin-dependent kinase inhibitor 1B gene 

CHD: carcinoid heart disease 

CI: confidence interval 

CID: collision-induced dissociation 

CKI: cyclin-dependent kinase inhibitor 

CMM: CEU Mass Mediator 

CRC: colorectal cancer 

CS: Carcinoid syndrome 

CT: computed tomography 

DECT: dual energy CT 

DIA: data independent analysis 

Drip1: Dynamin-related protein 1 

Defcr2: cryptdin-2 

ECM: extra-cellular matrix 

ELST: endolymphatic sac tumors 

EMA: European Medicines Agency 

EMR: endoscopic mucosal resection 

EP: extrapulmonary  

ESD: endoscopic submucosal dissection 

FDA: food and drug administration 
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FH: fumarate hydratase 

FMTC: familial medullary thyroid carcinoma 

FSH: follicle stimulating hormone 

F-pNETs: functioning pancreatic tumors 

GC-MS: gas chromatography-mass spectrometry 

GI: gastrointestinal 

GEP: gastroenteropancreatic  

GH: growth hormone 

GOT: aspartate transaminase 

GCK: glucokinase 

GLUT1: glucose transporter 1 

GLUT2: glucose transporter 2 

G6PC2: glucose 6-phosphatase 

FbI: Find by Ion 

FOXJ1: Forkhead Box J1 

HETE: arachidonic acid 

HG-NEC: high-grade neuroendocrine carcinomas 

HIF: hypoxia-inducible factor 

HPF: high-power field 

HR: hazard ratio 

HRMAS: High-Resolution Magic Angle Spinning 

H2Ras: histamine 2 receptor antagonists 

IDH: isocitrate dehydrogenase 

IGF-1: insulin growth factor-1 

IS-CID: in-source collision-induced dissociation 

INF: interferon 

IS: internal standard 

KDR: kinase insert domain receptor 

LAR: long-acting repeatable 

LCAT: lecithin:cholesterol acyltransferase 

LC-MS: liquid chromatography-mass spectrometry 

LCNEC: large cell neuroendocrine lung carcinoma 
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LDH: lactate dehydrogenase A 

LH: luteinizing hormone 

LN: lymph-nodes 

LPL: lysophospholipids 

LPL-R: lysophospholipid receptors 

MANEC: mixed adeno-neuroendocrine carcinoma 

MAPK: mitogen-activated protein kinase 

MDH2: malate dehydrogenase 

Me1: cytoplasmic malic enzyme 1 

MEN1: multiple endocrine neoplasia type 1 

MEN2: multiple endocrine neoplasia type 2 

MEN4: multiple endocrine neoplasia type 4 

MFE: Molecular Feature Extraction 

MG: Methylglyoxal 

ML: machine-learning 

MLP: metastasis-like primary 

MOFA: multi-omics factor analyses 

MPA: Metabolite Pathway Analysis 

MSEA: Metabolite SetEnrichment Analysis 

MsrA: methionine sulfoxide reductase A 

MSI: microsatellite instability 

MTC: medullary thyroid carcinoma 

MiNEN: mixed neuroendocrine-no-neuroendocrine Neoplasms 

MRI: Magnetic Resonance Imaging 

NANA: N-acetylneuraminic acid 

NECs: neuroendocrine carcinomas 

NENs: neuroendocrine neoplasms  

NETs: neuroendocrine tumors 

NF-NETs: no functioning-NETs 

NF1: neurofibromatosis type 1 

NIST: National Institute of Standards and Technology 

NMR: Nuclear Magnetic Resonance 



Abbreviations 

 

32 
 
 

NSE: Neuron-specific enolase 

ORR: Overall response rate 

OS: overall survival 

OxLPCs: oxidized lysoglycerophospholipids 

OXPHOS: oxidative phosphorylation 

PET: positron emission tomography 

PHEO: pheochromocytoma 

PIK3CA: phosphatidylinositol-4,5-bisphosphate 3-kinase 

pNENs: pancreatic NENs 

PD: poorly differentiated 

PDK1: pyruvate dehydrogenase kinase isozyme 1 

PGL: paraganglioma 

PN: plexiform neurofibromas 

PNETs: pancreatic NETs 

PDGF: platelet-derived growth factor 

PDGFR: platelet-derived growth factor receptor 

PFS: progression-free survival 

PPIs: proton pump inhibitors 

PRRT: Peptide receptor radionuclide therapy 

PTEN: chromosome ten protein 

PTH: parathyroid hormone 

PKM2: pyruvate kinase M2 

PUD: peptic ulcer disease 

RET: REarranged during Transfection 

RFA: radiofrequency ablation 

RFE: Recursive Feature Extraction 

RT: retention time 

SCLC: small cell lung carcinomas 

SDH: succinate dehydrogenase 

SDHB: succinate dehydrogenase subunit B 

SI: small bowel 

SIRT: selective internal radiotherapy 
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SNVs: single-nucleotide variants 

SSA: somatostatin analogues 

SSTR: somatostatin receptors 

SSTR2: somatostatin receptors subtype 2 

SUV: standardized uptake value 

RCC: renal clear-cell carcinomas 

TCA cycle: tricarboxylic acid cycle 

TIC: total ion chromatograms 

TKI: tyrosine kinase inhibitor 

TG2: transglutaminase 2  

TSH: thyroid stimulating hormone 

TC: typical carcinoids 

VEGF: vascular endothelial growth factor 

VEGFR: vascular endothelial growth factor receptor  

VHL: Von‐Hippel Lindau 

VIP: vasoactive intestinal peptide 

WD: Well-Differentiated 

WHO: World Health Organization 

ZES: Zollinger-Ellison syndrome 

M1A: 1-Methyladenosine 

2HG: 2-hydroxyglutarate 

5‐HIAA: 5‐hydroxyindoleacetic acid 

5-HT: 5-hydroxytryptamine 

18-FDG: 18-fluorodeoxyglucose  
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INTRODUCTION 

1.1 EPIDEMIOLOGY, ORIGIN AND CLASSIFICATION OF 

NEUROENDOCRINE NEOPLASMS  

 

1.1.1 Epidemiology  

Neuroendocrine neoplasms (NENs) have traditionally been considered as rare 

tumors, but their incidence has substantially increased over the last decades 

reaching 6.98 new cases/100.000 inh/year in the latest 2012 update of the United 

States of America (USA) Surveillance Epidemiology and End Results (SEER) 

population registry (1–3) (Figure 1, A). This is about a 6.4-fold increase from 1973 

through 2012 and has been observed across all sites, stages and grades. The great 

majority of NENs originate in the gastro-entero-pancreatic (GEP) tract (60%) and 

in the lung (30%), although they may develop in any organ. Possible contributing 

factors for this constantly rising incidence include the increased use of endoscopy 

and of imaging modalities of improved sensitivity, leading to increased detection 

of early-stage, asymptomatic disease (1). NENs are overall considered indolent 

tumors, although their prognosis widely varies by tumor differentiation and 

proliferation rate, primary tumor site and tumor stage. The median overall survival 

(OS) for all NEN patients was reported to be 9.3 years according to SEER data (1), 

ranging from a median OS >30 years for patients with localized disease, to 10.2 

years or 12 months for those with regional or distant metastasis. Additionally, 

patients’ outcome is highly different by tumor grade, with a median OS of 16.2 

years for low-grade G1 well-differentiated tumors (NETs), 8.3 years for G2 NETs 

and 10 months for G3 NENs. Primary tumor site has also a relevant impact on 

patients’ survival, with rectal and appendiceal NENs associated with the best 

outcomes (24.6 years and >30.0 years, respectively) and, on the other side, 

pancreatic (3.6 years) and bronchopulmonary (5.5 years) NENs carrying the worse 

prognosis (Figure 1, B).  
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              A) 

 

 

B) 

Figure 1. A) Incidence of NETs from 1973 to 2012 according to SEER registry; B) 

Incidence of NETs by site of origin. Figure adapted from “Dasari A, Shen C, 

Halperin D, Zhao B, Zhou S, Xu Y, Shih T, Yao JC. Trends in the Incidence, 

Prevalence, and Survival Outcomes in Patients With Neuroendocrine Tumors in the 

United States. JAMA Oncol. 2017 Oct 1;3(10):1335-1342.”. 
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1.1.2 Origin 

Neuroendocrine neoplasms (NENs) comprise a heterogeneous family of tumours 

originating from neuroendocrine cells widely distributed throughout the body. 

Neuroendocrine cells are located in nearly every organ, either diffusely scattered in 

mucosal membranes constituting the diffuse neuroendocrine system (4,5), 

particularly in the digestive tract but also in the lungs, thyroid (C-cells) or other 

organs, or forming glands or organized cell clusters with endocrine function such 

as the pituitary, parathyroids, pancreatic islets, adrenal medulla or paraganglia.  

Several types of neuroendocrine cells have been identified with the peculiar ability 

to produce and secrete into the bloodstream hormones (i.e. insulin, glucagon, 

gastrin, vasoactive intestinal peptide (VIP) or somatostatin), peptides and 

neurotransmitters. All these vasoactive substances play a role in the control of many 

physiological functions. Besides this cell type-specific peptide hormones and/or 

biogenic amines, which are stored in electron-dense membrane-bound granules, 

neuroendocrine cells are characterized by the presence of general neuroendocrine 

cell markers. These include the secretory granule proteins which reside in 

intracytoplasmic small presynaptic-like vesicles (synaptophysin) or large dense 

granules (chromogranin A (CgA)), and the cytosolic enzyme neurone specific 

enolase (NSE) (6). NENs constitute a spectrum of variably differentiated 

neoplasms, ranging from well-differentiated tumors with a protracted clinical 

course over many years to poorly differentiated carcinomas that have a very 

aggressive behaviour.  

 

1.1.3 Classification 

NENs are commonly classified according to their embryological and anatomical 

site of origin, morphology, proliferation rate (mitotic count or Ki-67 index by 

immunohistochemistry) and their ability to secrete bioactive peptides (functional 

versus non-functional). The most recent World Health Organization (WHO) 2019 

pathological classification of digestive tumors categorize these neoplasms, based 

on tumor differentiation and proliferation index, as well-differentiated 

neuroendocrine tumours (NETs) grades 1–3 or poorly differentiated 

neuroendocrine carcinomas (NECs) that are always grade 3 (7). G3 NENs can 
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therefore be well differentiated tumors (G3 NETs) or poorly differentiated 

carcinomas (G3 NECs or simply NECs). NETs are subclassified by proliferation 

rate in G1, tumors with <2/10 mitosis per 10 high-power field (HPF) and Ki-67 

index ≤2%, G2, tumors with 2-20 mitosis/10 HPF and a Ki-67 index of 3–20%, and 

G3, tumors with >20 mitosis/10 HPF and/or a Ki-67 index >20%. Poorly 

differentiated neuroendocrine carcinomas (NEC) may be subclassified based on 

cellular size in large and small cell NECs. The WHO 2019 also includes a  mixed 

category of neuroendocrine/non-neuroendocrine neoplasms (MiNEN), when both 

neoplastic components comprise at least 30% of the tumor tissue (8). Despite the 

heterogeneity of this entity, MINENs are usually highly aggressive, generally 

poorly differentiated neoplasms with high Ki67 index and poor prognosis (9) 

.Besides morphological features, the assessment of genetic alterations is 

increasingly used in standard practice to help discriminate G3 NETs from NECs, 

the latest commonly characterized by p53 mutations and Rb loss (10). These and 

other molecular markers shall be incorporated in future classifications to further 

characterize and stratify the prognosis and guide therapy of patients with NENs. 

The most recent 2015 WHO classification of lung NENs defines four subtypes: 

well-differentiated, low-grade typical carcinoids (TCs); well-differentiated, 

intermediate-grade atypical carcinoids (ACs); poorly differentiated, high-grade 

large cell neuroendocrine carcinomas (LCNECs); and poorly differentiated, high-

grade small cell neuroendocrine carcinomas (SCLCs) (11). Well-differentiated lung 

NETs are classified based on the mitotic count and the absence or presence of 

necrosis (TC are characterized by a mitotic count <2 per 10 HPF and absence of 

necrosis, and AC are characterized by a mitotic count of 2 to 10 per 10 HPF and the 

presence of necrosis). On the other hand, poorly differentiated tumors are sub-

classified based on cellular size as small (SCNEC or SCLC) or large cell NECs 

(LCNEC). Poorly differentiated lung NENs are characterized by high mitotic 

counts (> 10 per 10 HPF), the presence of necrosis and are associated with an 

aggressive biological behaviour and a dismal prognosis. The WHO classification 

refers to well differentiated NETs as carcinoid tumors, which differs from the WHO 

classification terminology proposed for NETs arising in the other anatomic sites, 

where the term carcinoid has been replaced by well-differentiated NETs.  
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Regarding local, regional and distant extent of disease NENs are classified 

according to the American Joint Committee on Cancer/Union for International 

Cancer Control (AJCC/UICC) TNM staging system (8th edition) (12). 

 

1.2    CLINICAL PRESENTATION OF NENs 

1.2.1 Neuroendocrine tumors (NETs) 

NETs have distinct clinical features based on their site of origin. However, an 

increasing proportion of NETs are incidentally diagnosed in asymptomatic patients 

in the context of diagnostic or surgical procedures performed for other causes, or 

present nonspecific or insidious symptoms that make them difficult to diagnose on 

clinical grounds alone.  Tumor-related symptoms widely vary by primary tumor 

site, tumor bulk and extent of disease. Ten to twenty percent of patients may also 

present hormone-related symptoms. Indeed, a peculiar characteristic of NETs is 

their potential ability to synthesize and secrete into the systemic circulation a 

variety of metabolically active substances (hormones and amines such as 

bradykinins, tachykinins, prostaglandins, and histamine) of which serotonin is the 

most commonly encountered (13). More than 15 individual neuroendocrine cell 

types have been identified, all secreting different hormones, leading to a wide 

spectrum of clinical syndromes (14). The diagnosis of these syndromes is 

established when the clinical presentation fits a specific combination of signs and 

symptoms, and this is confirmed by demonstrating elevated levels of the 

corresponding hormone (15). When hormonal syndromes are present the tumors are 

defined as functioning tumors (16,17). Most GEP‐NETs are sporadic, although 

about 5% of them arise as part of inherited familial syndromes, including multiple 

endocrine neoplasia type 1 (MEN‐1), Von‐Hippel Lindau (VHL) syndrome, 

tuberous sclerosis, and neurofibromatosis type 1. 

 

1.2.1.1 Non-functioning NETs 

Hormonally silent or non-functioning tumors (NF-NETs) are commonly discovered 

incidentally, or late in the course of the disease when they develop tumor-related 

symptoms related to tumor bulk or constitutional syndrome (i.e. fatigue or weight 



 Introduction 

 

42 
 
 

loss), like any other neoplasms. Their wide anatomic distribution and growth rates 

make clinical manifestations mimic a variety of disorders. Therefore, NF-NETs 

tend to be diagnosed at later disease stages with larger primary tumors and often 

with metastatic disease. Recent studies demonstrated that vague symptoms such as 

abdominal pain precede the diagnosis of a gastrointestinal (GI) NET by a median 

of 9.2 years (18). 

 

1.2.1.2 Functioning NETs 

In most anatomical locations roughly 10% of cases are functioning NETs, except 

for the pancreas and ileum, where they represent 30% of cases (19).  

Carcinoid syndrome (CS) is the most frequent NET hormonal syndrome, 

representing the clinical expression of serotonin-producing NETs. In these patients, 

mostly serotonin, but also histamine and the kinin peptides, reach the systemic 

circulation and determine characteristic clinical manifestations. Primary tumors 

leading to this syndrome are those not draining to the portal system (i.e. lung NETs) 

or those with hepatic or retroperitoneal metastasis, as a result of the bypass of 

hepatic metabolism. Predominantly metastasic small bowel NETs (20-30%), 

followed by thymic and bronchial NETs may present with CS. Pancreatic or other 

gastrointestinal NETs very rarely develop CS.  CS consists of secretory diarrhea 

(70% of patients), flushing (90% of cases), venous telangiectasias (25% of cases), 

abdominal pain, bronchospasm (15%), and neuropsychological symptoms (20). 

The increased conversion of tryptophan to serotonin may lead to tryptophan 

deficiency with subsequent decreased protein synthesis, hypoalbuminemia and 

nicotinic acid deficiency leading to pellagra (5%). Carcinoid crisis is a potentially 

life-threatening complication of carcinoid syndrome caused by the sudden release 

of high levels of serotonin and other active substances in the circulation.  Carcinoid 

crisis is characterized by severe hypotension, arrhythmias, tachycardia, flushing 

and bronchospasm, and can be lethal. This sudden release may be caused by tumor 

manipulation during surgery, tumor biopsy, induction of anesthesia or other types 

of intervention, such as arterial embolization, radiofrequency ablation, endoscopic 

procedures, among others. To prevent carcinoid crisis, adequate perioperative or 

peri-procedure management is of utmost importance, including the administration 
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of high doses of somatostatin analogues. Additionally, fibrosis is considered a 

hallmark of CS: a chronic exposition to high serotonin levels can induce fibrogenic 

responses in local or distant tissues, leading to carcinoid heart disease (CHD) and 

mesenteric fibrosis (21,22). Although less common, functional pancreatic tumors 

(F-pNETs) account for a fascinating spectrum of clinical syndromes resulting from 

excess tumor production of insulin, gastrin, glucagon, vasoactive intestinal peptide, 

or, more rarely, somatostatin.  

Insulinomas are the most common F-pNETs, followed in decreasing order by 

gastrinomas, glucagonomas, VIPomas and somatostatinomas, pNETs causing 

carcinoid syndrome, and other rare hormonal syndromes (23). Insulinomas, due to 

excessive insulin production, present with recurrent hypoglycemic episodes, 

especially after fasting or heavy exercise, resulting in intermittent confusion, 

weakness, diaphoresis, and nausea, symptoms that are often relieved by eating. 

Gastrinomas, secondary to a gastrin excess, give rise to the Zollinger-Ellison 

syndrome, characterized by acid hypersecretion and refractory peptic ulcer disease 

(PUD), abdominal pain and diarrhea. Glucagonoma, due to glucagon excess, are 

characterized by diabetes, diarrhea, necrolytic migratory erythema and venous 

thrombosis.  VIPomas, secondary to vasoactive intestinal peptide (VIP) hyper-

secretion, are associated to the Verner–Morrison syndrome, consisting of watery 

diarrhea, achlorhydria and hypokalemia. Finally, somatostatinoma, which is related 

to an excess of somatostatin production, is characterized by diabetes, steatorrhea 

and cholelithiasis (23). 

 

1.2.2 Neuroendocrine carcinomas (NEC)  

NECs are rare malignancies. According to epidemiological SEER data, 90% of high 

grade NECs (HG-NECs) are of pulmonary origin and only 9% are extra-pulmonary 

(EP-NEC) (24). EP-NECs can be localized throughout the body but are most 

commonly encountered in the gastrointestinal (GI) and genitourinary tracts. EP-

NECs are biologically aggressive neoplasms, with a median survival for all stages 

of 10 to 12 months with best available therapy (25,26) (24,25). Metastatic disease 

is present at diagnosis in about 60% of patients and confers a dismal prognosis (5 
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months in metastatic disease at diagnosis, as compared to 38 months in patients 

with a localized disease at diagnosis) (25) .  

Clinical presentation comprehends constitutional symptoms such as weight loss and 

fatigue, and symptoms related to tumor bulk (i.e. cough, dyspnea, pain, bowel 

obstruction, etc..) (27).  

 

1.3 DIAGNOSIS OF NENs 

1.3.1 Histological diagnosis  

To make the diagnosis of NEN, histological confirmation is essential, as 

recommended by international guidelines (ESMO, European Society of Medical 

Oncology, ENETS, European Society of Neuroendocrine Tumors, NANETS, North 

American Society of Neuroendocrine Tumors) (9,16,28). From a morphological 

point of view, NETs are characterized by an “organoid” growth pattern (with nests, 

trabeculae or solid) with minimal atypia and scarce necrosis, and a well 

differentiated morphology. NECs show diffuse, solid growth, with extensive 

necrosis and marked cytological atypia. NECs, depending on cell size, are further 

classified into three groups, small cell, large cell and mixed NECs respectively (29). 

Small cell NECs have an elevated nucleus to cytoplasm ratio, finely granular 

chromatin, poorly evident nucleoli, rounded or fusiform contour of the nucleus, 

"nuclear molding" or nuclear molds, thus defined nuclei deformed due to pressure 

from other nuclei of the same cell or neighboring cells. Large cell NECs, on the 

other hand, generally have a diffuse growth pattern, with cells having a round or 

oval morphology, evident cytoplasm, granular or vesicular nuclei, often well 

represented nucleoli, may present glandular features or intracytoplasmic mucin. 

The third group generally presents a diffuse growth pattern, a moderately increased 

nucleus to cytoplasm ratio, poorly defined nuclear borders, vesicular nuclei, 

nucleoli more evident than in small cell NECs, and absence of "nuclear molding" 

(30). The MiNENs, on the other hand, are characterized by the presence of two 

distinct neoplastic neuroendocrine and non-neuroendocrine components (31). The 

diagnosis of these mixed forms is not always easy, especially if they are poorly 

differentiated components and may require additional immunohistochemical or 

molecular investigations (32). In greater detail, the MiNENs are classified on the 
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basis of morphological criteria into three different entities: the “collision” or 

contrasting MiNENs, the composite forms and the anphicrine MiNENs. The first 

category presents the juxtaposition of two populations of neoplastic cells that 

coexist but remain topographically separate. The composite forms, on the other 

hand, consist of the integration of the two populations into one or the presence of a 

prominent component and a focal area of a minority component. Finally, the 

anphicrine MiNENs are composed of a single cell population that has the phenotype 

of at least two neoplasms, generally adenocarcinoma and neuroendocrine neoplasm, 

with cell cytoplasm containing both neuroendocrine secretory granules and mucin 

(33). 

 

1.3.2 Biochemical diagnosis 

NENs are a heterogeneous family of cancers in terms of tumor biology and also 

regarding the variety of products they can synthesize and secrete. Some of the 

secreted hormones are bioactive and consequently associated with a secretory 

syndrome. These specific hormones are useful biomarkers for the diagnosis and 

follow-up of patients with functioning-NETs, which overall represent only about 

20% of cases. Nevertheless, non-functioning NENs may secrete compounds that 

are not bioactive but may be detected for diagnostic or monitoring purposes 

(general biomarkers). However, the majority of circulating biomarkers in NENs do 

not have enough sensitivity nor specificity to facilitate an early diagnosis, and a 

substantial proportion of patients are unfortunately still diagnosed at advanced 

stages of disease. Thus, although circulating biomarkers are a useful aid for 

diagnosis, they are not considered mandatory and are generally not enough as sole 

diagnostic tool to establish a NET diagnosis (34,35). Moreover, these biomarkers 

are all considered to be of insufficient value to accurately identify the primary tumor 

site or correlate with tumor burden. However, they have a consolidated role in 

monitoring the progress of the disease during treatment and follow-up of NEN 

patients (36).  
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1.3.2.1 General biomarkers 

CgA is a heat stable, hydrophilic and acidic protein of ~460 amino acids with a 

molecular mass of ~70 to 85 kDa (37). Functionally, CgA is an inhibitor of 

catecholamine, parathormone, insulin, and leptin secretion but elevates glucagon 

and amylase release. In addition to its effects on endocrine organs, CgA also 

regulates reproductive and cardiovascular functions as well as having antimicrobial 

effects (38). 

Determination of serum Cg A is the most commonly used test in the field of NENs 

(39). CgA concentrations are sensitive but nonspecific markers of NETs, with 

sensitivity that varies from 46% to 100% and specificity from 68% to 90% (40). In 

fact, although elevations in plasma CgA are principally associated with NETs, 

increased levels may occur in non-NE cancers, endocrine disease, gastrointestinal 

and renal disorders, inflammatory and cardiovascular diseases. Chronic atrophic 

gastritis and drugs that suppress acid secretion, particularly proton pump inhibitors 

(PPIs) and to a lesser extent histamine 2 receptor antagonists (H2RAs), elevate CgA 

as a result of compensatory hypergastrinemia and consequent gastric 

enterochromaffin-like neuroendocrine cell hyperplasia. Additionally, strenuous 

exercise and food intake may increase CgA levels. Endocrine disorders associated 

with elevated CgA are pheochromocytoma, hypercortisolemia, hyperthyroidism, 

medullary thyroid cancer, hyperparathyroidism, and pituitary tumors (except 

prolactinomas). The diagnostic accuracy of CgA measurement for NENs is greater 

for WD-NETs than for PD-NECs (41). Retrospective analyses suggest high CgA 

levels are associated with a poor survival (42), and prospective evidence provided 

by the RADIANT-1,2,3 trials have confirmed the prognostic value of CgA levels 

in advanced NETs (43–45). However, CgA role in NENs is limited by the lack of 

assay standardization leading to significant variations across different laboratories, 

the fact that 35-50% of NENs do not present elevated CgA levels, the lack of 

specific cut-off values for precise risk stratification, and the low concordance of 

CgA dynamic changes with tumor progression. It exerts a better overall accuracy 

(84%) during follow-up for the early detection of recurrence rather than in the 

diagnostic setting, where its clinical value is further hampered by the priorly 

discussed issues limiting both its specificity and sensitivity. Thus, despite 
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representing the best available general monoanalyte marker related to NEN (46), 

CgA is not very useful for diagnosis nor for therapeutic decision-making (47). 

NSE is a neuron-specific isomer of the ubiquitous glycolytic enzyme 2-phospho-

D-glycerate hydrolase or enolase that catalyzes the conversion of 2-

phosphoglycerate to phosphoenolpyruvate. This isomer is a 78 kD gamma-

homodimer and represents the dominant enolase-isoenzyme found in neuronal and 

neuroendocrine tissues (47). NSE is not commonly used alone in clinical practice 

due to its low diagnostic sensitivity of 31% (48) . Furthermore, NSE can be 

overexpressed also by several non-NE tumors, such as parathyroid cancer, prostate 

carcinoma, or neuroblastoma, and it has been correlated with high-grade disease, 

poor tumor differentiation and prognosis (49,50). However, early CgA/NSE 

responses predict treatment outcomes in patients with advanced NETs (44,51). 

 

1.3.2.2 Specific biomarkers 

The screening role for hormonal markers is justified if clinically indicated. Patients 

who present with symptoms of CS should undergo measurement of 24‐hour urinary 

excretion of 5‐hydroxyindoleacetic acid (5‐HIAA), the primary end-product of 

serotonin metabolism, which is commonly used as a diagnostic test for CS with a 

sensitivity and specificity of 70 and >90%, respectively (28). It should be noted that 

several commonly prescribed drugs, certain diseases and foods may produce falsely 

elevated 5-HIAA levels. 5-HIAA levels are associated to prognosis, to the 

development of carcinoid heart disease and, to a lesser degree, to the development 

of mesenteric fibrosis in patients with CS. Several studies have reported similar 

accuracy for the determination of serum or plasma 5‐HIAA levels as compared to 

5-HIAA assessed in 24‐hour urine samples, providing a more convenient diagnostic 

tool for these patients, although this assay is not yet widely available for routine 

clinical use (52).  

In patients with a clinical presentation suggesting a functional duodenopancreatic 

NET such as an insulinoma, a gastrinoma, a glucagonoma, a somatostatinoma, or a 

VIPoma, the corresponding hormones shall be assayed in plasma (insulin, glucose 

and C-peptide, glucagon, gastrin, somatostatin and VIP, respectively) (53).  The 

biochemical diagnostic criteria are briefly summarized below. For insulinoma: 72 
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hours fast plasma glucose <45 mg/dL; insulin ≥ 6 mU/mL; insulin/glucose ratio 

>0.3; C-peptide level ≥ 0.2 nmol/L; proinsulin level ≥ 5 pmol/L; absence of 

sulfonylurea. For gastrinoma: increased fasting serum gastrin levels off PPIs in the 

setting of a gastric pH <2.5; secretin stimulation test with paradoxic increase in 

serum gastrin by ≥ 200 pg/mL. For glucagonoma: markedly increased fasting serum 

glucagon level (>500 pg/mL). For VIPoma: serum VIP level >75 pg/mL. And for 

somatostatinoma: fasting serum somatostatin level >160 pg/mL.  

 

1.3.2.3 Other circulating biomarkers 

More recently, biomarker development is focusing on the characterization of tumor 

biology in peripheral blood through the analysis of circulating tumor cells (CTCs), 

tumor-derived DNA, mRNAs, micro-RNAs or other products that are shed into the 

blood stream. This allows a dynamic tumor characterization over time and has also 

the advantage of assessing tumor heterogeneity in a non-invasive way. Although 

not yet considered standard of care, this approach shall likely be incorporated in 

routine clinical practice in the near future (54). Among them, currently the 

evaluation of CTCs finds clinical use in various tumor types including prostatic, 

ovarian, lung and breast cancers (55). Once isolated, the CTCs are used for carrying 

out cytological and molecular analyses in order to obtain clinical information but 

also to broaden the knowledge of the various processes involved in tumor genesis 

and progression (56). To date, limited evidence exists about the role of CTCs in 

NENs. In this context, a study enrolling 79 patients with metastatic NETs of GEP 

or lung origin, observed that the presence of CTCs was associated with a more 

aggressive disease (57). Another study, including 175 NETs, suggested that CTCs 

are a negative prognostic factor for survival (58). These data have been confirmed 

by Khan and colleagues in a population of 138 advanced NETs. In this study the 

presence and changes in CTCs levels correlated with response to treatment and 

patients’ outcomes (59). Therefore, further prospective studies are still needed to 

confirm and to validate these promising data about the utility of CTCs in NENs. 

In the last years, an innovative tool called NETest, has been studied and evaluated 

for NETs. The NETest allows to quantify in peripheral blood through real time PCR 

(rt-PCR) the presence of different tumoral transcription products (mRNA) (60). The 
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NETest consists of a panel containing 51 genes involved in neuroendocrine 

tumorigenesis which together constitute a characteristic fingerprint of NEN (61). 

These genes were selected through a multistep process using microarray 

technology, which allows to verify how many and which genes are active in a 

specific cell type or tissue and their level of expression. By comparing tissues of 

NEN and other tumor histotypes with healthy tissues, genes overexpressed only in 

GEP-NEN were selected and, among these, those found in the blood transcriptome 

were subsequently identified. By integrating these genes with those already known 

in the literature, the currently used panel was obtained (60). Many studies have 

investigated the effectiveness of the NETest in identifying NENs of various origins 

(GEP, pulmonary, pheochromocytoma /paraganglioma), allowing the differential 

diagnosis with non-neuroendocrine tumors and non-neoplastic diseases (62–64). 

Moreover, a predictive role (particularly in terms of response to treatment with 

somatostatin analogues, SSAs, or peptide receptor radionuclide therapy, PRRT) for 

the NETest has been suggested across different studies (65). Finally, a prognostic 

role has also been demonstrated for this new biomarker for NET patients in several 

studies (62,63). Notably, the NETest has shown to be a good biomarker in 

predicting the outcome of NET patients undergoing radical surgery, with a 

significant superiority of this method over clinical-pathological criteria and blood 

levels of CgA (66,67). 

 

1.3.3 Diagnostic imaging 

1.3.3.1 Conventional Imaging 

Diagnostic imaging is essential for the correct diagnosis, staging, therapeutic 

strategy design, assessment of response to therapy and for the follow-up of NENs. 

CT is the most recommended and used diagnostic tool in clinical practice, with an 

average sensitivity of 82-100% and a specificity of 83-100% (68). CT scan, thanks 

to its rapid acquisition process and its ability to generate multiplanar 

reconstructions, provides high levels of spatial resolution, which are essential for 

obtaining accurate details relating to the size of neoplastic lesions, the relationships 

with adjacent anatomical structures and their distant metastatic spread. Most NENs 

are visible as highly vascularized lesions and are generally more evident in the later 
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stages of arterial acquisition, whereas in CT images without the iodinated contrast 

medium NENs lesions may present the same density as the normal parenchyma, 

thereby limiting an accurate detection. It is therefore essential to perform CT with 

intravenous administration of iodinated contrast medium and a multi-phase 

technique, including arterial and venous acquisition phases (69). More recently, a 

new modality, spectral or dual energy CT (DECT) has been studied and validated. 

This computed tomography technique uses two separate x-ray photon energy 

spectra, allowing the interrogation of materials that have different attenuation 

properties at different energies, which provides more information on the 

composition of the different tissues and greater diagnostic accuracy (70).  

Another commonly used imaging modality is Magnetic Resonance Imaging (MRI), 

which has a sensitivity and specificity of 74% and 94%, respectively, if performed 

after intravenous administration of contrast medium. MRI has some advantages 

over CT such as the lack of ionizing radiation, the use of non-iodinated contrast 

medium, the superiority in the analysis of soft tissues and non-hyper-vascularized 

lesions, and a lower inter-observer discordance. Furthermore, MRI is more 

adequate than CT for the study of small lesions and has higher resolution for the 

assessment of pancreatic NENs and metastatic liver lesions (69,71). However, MRI 

is more expensive and time-consuming than CT, requires improved patient 

collaboration (to avoid movement artefacts) and is therefore less commonly used in 

clinical practice (72). Trans-abdominal ultrasound (US) also plays a fundamental 

role in the evaluation of NEN as a first level imaging test. This technique is 

operator-dependent and has modest sensitivity and specificity, but can be chosen in 

patients with allergy to the contrast medium or in patients with contraindications to 

perform CT and MRI (73). The primary roles of US include the first-step diagnosis 

of NEN patients with advanced disease, particularly the detection of liver metastasis 

in patients under evaluation due to liver function test abnormalities, abdominal pain 

or palpable masses; the intraoperative location of tumor deposits for resection or to 

direct ablative therapy; the endoscopic assessment of gastroenteropancreatic or 

rectal tumor locoregional extension to plan adequate local therapy; or the access to 

pancreatic lesions or regional lymph nodes for needle-biopsy (74).  

These first-line diagnostic methods are accompanied by complementary tests 

indicated in specific clinical contexts, such as endoscopic procedures or target 
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imaging as appropriate, including capsule endoscopy, entero-CT or entero-MRI in 

the suspicion of NEN of the small intestine, or virtual colonoscopy for the study of 

obstructive colorectal NE lesions. In the absence of neurological symptoms, CT or 

MRI of the brain are not indicated as routine investigations, since the incidence of 

brain metastases in EP-NECs is less than 5% (25). Bone scans to screen bone 

metastasis are also not indicated in asymptomatic patients. 

 

1.3.3.2 Functional imaging 

Functional imaging methods play a prominent role in NEN diagnostics and 

therapeutic planning. In particular, somatostatin-receptor imaging (SRI) techniques 

such as scintigraphy (SRS) with 99m-technetium-octreotide or 111-Indium-

pentetreotide (OctreoScan®) and positron emission tomography (PET) with 

Gallium68-labeled somatostatin analogues (for example, 68Ga-DOTATOC, 68Ga-

DOTATATE, 68Ga-DOTANOC), are essential tools for the diagnosis and staging 

of well differentiated NETs (75). These methods assess the expression of 

somatostatin receptors in neuroendocrine tumor cells, particularly of subtype 2 

(SSTR 2), and are thus also useful tools to predict response to therapy targeting 

these receptors, such as cold SSAs and PRRT with radiolabelled somatostatin 

analogues (76). PET with Gallium68-radiolabeled SSAs has replaced Octreoscan® 

in many countries as it has greater sensitivity, specificity, rapidity and spatial 

resolution, and allows to quantify metabolic activity by means of the SUV 

parameter (standardized uptake value) (77).  

On the contrary, in high-grade NENs the use of SRI is not routinely recommended, 

particularly for poorly differentiated G3 NENs, as they generally do not express 

somatostatin receptors (69). However, they may be considered in G3 NETs or 

NENs wih Ki-67 values in the low G3 range (<55%). Recently, a study conducted 

on a large series of NECs reported 111-Indium Octreoscan  was positive in up to 

45% of cases, especially in NECs with Ki67 value up to 55% (25). In high-grade 

EP-NECs and MiNENs, 18-fluorodeoxyglucose PET (or 18F-FDG-PET) 

frequently shows a high metabolic activity and this is associated with a worse 

prognosis. Therefore, as in other aggressive non-neuroendocrine malignancies, 

18F-FDG-PET is a functional technique that allows to identify, with high 
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sensitivity, rapidly proliferating lesions, stratifying NENs on the basis of biological 

aggressivity, including G2 NETs (78). Indeed, positivity in 18F-FDG-PET may 

identify WD tumors with more aggressive clinical behaviour, or the presence of 

more aggressive clones within the same tumor. This information, together with the 

pattern of SSTR expression, plays a major role in the therapeutic choice and clinical 

management of these neoplasms. 

Other PET radiotracers used in NEN diagnosis include 18F-DOPA (18F-FDOPA) 

and other new radiotracers as 68Ga-antagonists and 68Ga-exendin. A large 

literature demonstrates the high sensitivity and diagnostic accuracy of PET with 

18F-DOPA for the identification of well-differentiated NENs and its superiority 

over conventional imaging methods (79). It must be noted, however, that the 

physiological distribution of 18F-DOPA at the pancreatic level limits the possibility 

of studying tumors in this anatomical site. Furthermore, given the reported 

inferiority of 18F-DOPA compared to PET-CT with Gallium68-labeled 

somatostatin analogues in the study of SSTR-expressing NENs (80) and the 

technical difficulties of its synthesis, its clinical use is mainly aimed at the study of 

NEN subtypes characterized by low/variable expression of SSTRs (eg 

neuroblastoma, pheochromocytoma, medullary thyroid carcinoma) (81). More 

recently, 68Gallium-labeled somatostatin antagonists (SANTs) PET tracers  have 

also been explored. Preliminary results from preclinical and clinical studies have 

shown greater tumor uptake, independent of SSTR activation, and greater tumor-

to-organ ratios than agonists, thereby potentially increasing sensitivity for the 

detection of NENs. This may  be relevant for the study of NENs characterized by 

low or variable expression of SSTR (82) and could also have a significant impact 

on the effectiveness of PRRT (83). Novel radioligands targeting other NET targets 

are also being developed. 68 Ga-exendin is an emerging PET radiopharmaceutical 

that binds to the GLP-1 receptor and has been used for the identification of 

insulinoma (the identification of which is usually difficult due to their often small 

size and the fact that up to 20% do not express SSTRs). Preliminary evidence 

supports the role of this new radiopharmaceutical for the pre-operative 

identification of occult insulinoma (reported sensitivity of 97.7%) (84,85). The 

development of new radiotracers is a challenging and rapidly evolving field that 

will likely expand theranostic options for NENs in the very near future. 
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1.4 TREATMENT OF NENS 

Management of NENs represents a clinical challenge due to their wide anatomic 

distribution, high number of specialists involved, heterogeneity of clinical 

presentation and behaviour, limited treatment options and clinical evidence, and 

lack of predictive biomarkers to guide management. In this context, international 

guidelines for NENs emphasize collaboration among diverse medical disciplines to 

improve patients’ care and standardize diagnostic and therapeutic approaches. 

Ideally a multidisciplinary tumor board should include NEN-dedicated medical 

oncologists, endocrinologists, pneumologists, gastroenterologists, surgeons, 

pathologists, nurses, interventional radiologists, radiotherapists, and nuclear 

medicine physicians (Figure 2). A multidisciplinary approach offers the best 

prospect for planning optimal management and improving clinical outcomes in 

patients with NENs (86–88). Early referral to NEN-dedicated centers may shorten 

delay in diagnosis and increase the opportunity for patients to receive the best care 

in terms of treatment options and follow-up (86–88).  

 

 

 

 

 

Figure 2. Multidisciplinary NET-dedicated tumor board. 
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1.4.1 Localized disease 

1.4.1.1 Surgery 

The standard of care for patients with localized NENs is surgical resection (89–95). 

However, depending on the primary tumor site and grade, some relevant 

considerations should be discussed. Surgery is curative in a high proportion of 

localized NETs, and more conservative approaches may be considered in small G1 

well-differentiated tumors, whereas the rate of disease recurrence following surgery 

is very high in localized NECs, and thus adjuvant therapy is generally advised in 

these patients (96). 

 

1.4.1.1.1 Small bowel NETs 

Small bowel NETs are often identified incidentally during endoscopic procedures 

done for other causes, or alternatively present with non-specific GI symptoms, 

abdominal pain, GI bleeding or bowel obstruction, and thereby may undergo urgent 

surgery before diagnosis (97).  

The optimal surgical treatment of small bowel NETs is segmental small bowel 

resection or ileocecectomy (for distal ileal tumors) with resection of regional lymph 

nodes up to the segmental branches of the superior mesenteric artery and vein (91). 

The abdomen should be diligently inspected for evidence of peritoneal and liver 

metastases, which are present in up to 20% and 60% of patients who undergo 

surgery for small bowel NETs, respectively (98). Careful palpation of the entire 

small bowel is critical to detect multifocal tumors, which often are subcentimetric 

in size and are detected in about 50% of cases (98). Although surgery is potentially 

curative, recurrence rates of over 40% have been reported after resection, and the 

liver is the most common site of recurrence (99). Recurrence may occur many years 

after the initial surgery due to the slow growth of small bowel NETs. Therefore 

surveillance of these patients is recommended for up to 10 years following surgery 

(90). 

Surgery in metastatic disease should be considered in NET patients with resectable 

oligometastatic disease. In the presence of unresectable metastasis, surgery of the 

primary tumor may be indicated in selected cases, to palliate symptoms or to 

prevent life-threatening complications such as intestinal ischemia due to mesenteric 
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fibrosis or bowel obstruction or bleeding (100–102). Retrospective data suggest 

primary tumor resection is associated with longer survival in this setting 

(97,103,104), although controlled series have not demonstrated a survival 

advantage of this approach in asymptomatic patients with stage IV midgut NETs 

(105). In the presence of refractory hormonal syndrome, liver debulking surgery 

can also be considered to achieve syndrome control, although the benefit of R2 

surgeries is controversial and the optimal resection volume is uncertain. 

 

1.4.1.1.2 Gastric NETs 

Gastric NETs are divided into three subtypes with different clinical characteristics, 

pathophysiology, therapeutic and prognostic implications: type I gastric NETs (70-

85%) associated with chronic atrophic gastritis, type II gastric NETs (5-10%) 

associated with Zollinger-Ellison syndrome (ZES), usually in the context of 

multiple endocrine neoplasia type 1 (MEN-1)-associated gastrinomas, and type III 

gastric NETs, that are sporadic, and have a high rate of metastasis at diagnosis and 

often a poor prognosis (106).  

Clinical management of localized gastric NETs mainly depends on the tumor 

subtype, size and grade, andextent of locoregional extension. Type I and type II 

gastric NETs, especially those < 1 cm in size, may be treated by endoscopic 

resection, or if not removed, then monitored by close endoscopic surveillance. 

Types I and II G1 tumors of 1–2 cm in size and those with submucosal invasion can 

be removed by endoscopic mucosal resection (EMR) or submucosal dissection 

(ESD). Small not removed lesions should be closely surveyed every 1–3 years, 

although there is much controversy regarding the appropriate monitoring frequency 

depending on tumor type, number, and size. Patients with tumors > 2 cm in size are 

generally considered for surgical resection (107). Surgical resection including 

locoregional lymph nodes is the treatment of choice for type III gastric NETs (106).  

 

1.4.1.1.3 Appendiceal NETs 

Appendiceal NETs (A-NETs) are usually incidentally discovered intraoperatively 

in the context of acute appendicitis.  A-NETs are generally indolent tumors and 

appendicectomy alone is curative for stage I disease. However, some high-risk 
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features such as tumor size and grade, mesoappendiceal invasion, lymphovascular 

invasion, and perineural invasion have also been identified as risk factors for 

metastatic spread, although the optimal extent of surgical resection is still a matter 

of debate (108). Additional surgery such as right hemicolectomy is not mandatory 

in patients with stage IIa tumours (≤2 cm invading submucosa, muscularis propria 

and/or minimally (up to 3 mm) subserosa/mesoappendix or tumours >1 cm but 

≤2 cm) but may be considered in young, fit patients (109). For stage IIb A-NETs, 

right hemicolectomy is recommended due to the increased risk of LN metastasis 

(110). 

 

1.4.1.1.4 Pancreatic NETs 

Surgical resection of localized disease is the mainstay of therapy for all functioning 

pNETs (111). However, among F-pNETs, insulinomas are unique due to their very 

low risk of regional or distant metastastic spread that make them suitable candidates 

for pancreas-sparing conservative surgical procedures. Unlike formal pancreatic 

surgery, such as distal pancreatectomy, central pancreatectomy, or duodeno-

pancreatectomy, enucleation involves removal of just the tumor and associated 

capsule, sparing otherwise normal pancreatic parenchyma. A systematic review of 

case series with a total of more than 6200 insulinoma patients supports enucleation 

as the procedure of choice for most insulinomas (112). The primary goal of surgical 

management of non-functional pNETs is to prevent metastases and improve long-

term survival (113,114). Surgical resection typically consists of formal anatomic 

resection of the pancreatic head (pancreaticoduodenectomy) or body/tail (distal 

pancreatectomy with or without splenectomy). Local invasion of nearby organs or 

vascular structures is not a contraindication to potentially curative resection if all 

macroscopic disease can be removed. However, optimal timing and extent of 

surgery in small incidentally detected pNETs (<2 cm) is still a matter of debate, 

particularly when a major pancreatic resection is required or in the context of a 

hereditary syndrome (MEN1, VHL) (115,116). A conservative approach seems to 

be safe as the majority of observed tumors did not show any significant changes 

during follow-up (117,118). However, large prospective studies with long-term 

follow-up are needed to confirm this strategy does not compromise survival.  
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1.4.1.1.5 Rectal NETs 

According to the SEER database, rectal NETs have the best median overall survival 

(after appendiceal neoplasms) amongst all anatomical origins (1). The reason is that 

the majority of these lesions are discovered at early stages (with the majority (80-

90%) being <1 cm and localised to the submucosa), often incidentally on screening 

colonoscopy.  

The current guidelines recommend local endoscopic mucosal resection and 

endoscopic submucosal dissection for rectal NETs ≤10 mm in size with no risk 

factors for metastasis (with risk factors including size, atypical appearance, grade 

and depth of invasion) (119). Less than 2 % and  0.7 % of tumors  < 10 mm in size, 

with no ulceration or depression, no muscularis invasion, no lympho-vascular 

invasion, and mitotic index of < 2 /10 HPF are associated with lymph node or distant 

metastases, respectively (120). However, the management of rectal NETs between 

10–20 mm is more debated (121).These cases are associated with a higher risk of 

distant metastases (4 % – 30 %). Each case should be discussed in the 

multidisciplinary tumor board and can be treated with endoscopy or surgery 

depending on stage, tumor grade (122), and the patient’s general health status, 

particularly the risk of potential intervention-associated co-morbidity for slowly 

progressive disease (123). Finally, lesions >20 mm have a 57 % – 80 % risk of having 

metastases or becoming metastatic during follow-up (124) and should be surgically 

managed as rectal non-neuroendocrine carcinomas with low anterior or 

abdominoperineal resection (125). 

 

1.4.2 Locally inoperable/metastatic disease 

1.4.2.1 Locoregional treatments 

Due to their relatively indolent course, NETs are frequently diagnosed in advanced 

stages of disease (126), being liver metastases the most frequent site of distant 

spread (127). In the context of metastatic disease, the role for cytoreductive surgery 

is controversial. It may be considered in patients with functional tumors to facilitate 

hormonal syndrome control (128,129), although this strategy is not so frequently 
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performed to date as more effective locally ablative and systemic therapies have 

notably expanded in recent years.  

Locoregional ablative strategies, including radiofrequency ablation (RFA), 

microwave ablation, embolization/chemoembolization and selective internal 

radiotherapy (SIRT), among others, are commonly used in patients with liver-

limited disease, particularly in functioning tumors (130–133). However, no 

prospective large randomized trials to date have properly assessed the safety and 

efficacy of the different available techniques, nor their potential benefit as 

compared to other systemic treatment options for advanced disease. 

 

1.4.2.2 Systemic therapy 

In the metastatic setting, systemic treatment is the standard of care, both in WD 

NETs and in PD NECs.  

In the context of WD NETs, the therapeutic armamentarium has progressively 

increased over the last decades, and comprehends biotherapy (somatostatin 

analogues, SSAs), targeted agents (such as everolimus and sunitinib), interferon, 

chemotherapy and radiopharmaceuticals (peptide-receptor radionuclide therapy, 

PRRT).  For aggressive, poorly differentiated, metastatic NECs classical cytotoxic 

chemotherapy is the only widely available treatment (Figure 3). 
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Figure 3. Therapeutic algorithm for advanced NENs. AC, atypical carcinoid; CAPTEM, 

capecitabine-temozolomide; CDDP, cisplatin; CBCDA, carboplatin; CT, chemotherapy; EVE, everolimus; 

FOLFIRI,    5-fluorouracil and irinotecan; FOLFOX, 5-fluorouracil and oxalipl- atin; INF, interferon-alfa; 

NENs, neuroendocrine neoplasias; NET, neuroendocrine tumor; NEC, neuroendocrine carcinoma; PRRT, 

pep- tide receptor radionucleotide therapy; SSA, somatostatine analogues; STZ-5FU, streptozocin-5 

Fluorouracil; SUN, sunitinib; TC, typical carcinoid; VP-16, etoposide. aIn somatostatin-receptor imaging 

positive tumors and/or refractory hormonal syndrome. bChemotherapy preferred upfront over targeted 

agents in G3 NETs. cWatch and wait may be considered in G1 very indolent tumors, particularly in older 

or frail  patients. dCAPTEM may be considered after progression to all available treatments in selected 

patients with good PS and rapidly progressing tumors. eChemotherapy may be considered upfront in 

selected patients (rapidly progressing tumors, Ki-67>20%). fEnrollment in clinical trials is recommended 

if available. gCarboplatin is preferred over cisplatin due to its more favorable toxicity profile. hThe 

treatment choice should be based on response to prior therapy, toxicity profile, residual toxicity from prior 

chemotherapy (i.e. neurotoxicity) and  patient’s comorbidities and preferences (i.e. oral vs iv) 

 

 

1.4.2.2.1 SSTR-targeted therapy with somatostatin analogues (Octreotide, 

Lanreotide) 

SSAs are synthetic octapeptides with a longer half-life than native somatostatin 14 

and 28, which enabled clinical use (134). SSAs are very effective drugs for 

hormonal syndrome control in functioning tumors (135) (135–139), and also exert 

an antiproliferative effect by inducing cell cycle arrest and apoptosis, and indirectly 

through immunomodulatory effects and angiogenesis inhibition. Two systematic 

reviews and meta-analyses have reported symptomatic and biochemical responses 
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with SSAs in 65-74% and 39-51% of patients with CS, respectively (140,141). 

Moreover, in the observational SymNET study including NET patients with CS 

treated with lanreotide for 6 months, 76% and 73% of patients reported being 

completely/rather satisfied with the control of diarrhea and flushing following 

treatment with lanreotide for >3 months, respectively (16). SSAs also demonstrated 

in two randomized phase III trials to improve PFS in patients with GEP-NETs 

(142,143). The first one, the PROMID study, that included G1 advanced NETs of 

midgut origin, showed a significant improvement in time to progression for patients 

treated with octreotide LAR 30 mg every 4 weeks (14.3 months) as compared to 

patients in the placebo arm (6 months) (hazard ratio, HR 0.34, p = 0.000072) (108). 

The second one, the CLARINET trial, enrolled patients with advanced non-

functional G1-2 GEP-NETs with a Ki-67 index <10% and a positive indium-111 

pentetreotide scan (109). Treatment with lanreotide autogel significantly prolonged 

PFS over placebo (median not reached vs. 18 months, respectively, HR = 0.47, p = 

0.0002). Although no differences in OS among treatment arms were detected in 

these studies (PROMID and CLARINET), the analysis was limited by crossover 

from the placebo group to the SSA cohort, the potential confounding effect of 

subsequent therapy after progression, and the low rate of events observed in this 

generally indolent disease. Therapy with SSAs, however, did not demonstrate a 

reduction of tumor load. The best clinical response obtained in all these studies was 

disease stabilization. 

 

 1.4.2.2.2 Peptide Receptor Radionuclide Therapy 

An increasing body of evidence has demonstrated the effectiveness and safety of 

Peptide Receptor Radionuclide Therapy (PRRT) for NET. This strategy consists of 

coupling a radioisotope to a somatostatin analogue through a chelator (DOTA) to 

selectively target SSTR-positive NET cells. PRRT has been predominantly 

developed for two beta-emitting isotopes: yttrium-90 coupled to Tyr3-octreotide 

(90Y-DOTATOC) and lutetium-177 coupled to octreotate (177Lu-DOTATATE) 

(144). Upon membrane-receptor binding, the isotope is internalized and selectively 

delivers radioactivity to the target cell leading to DNA damage and cell death. 

Yttrium-90 is a β negative emitter, with a maximum β particle range of 11 mm and 
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a half-life of 2.7 days. Lutetium-177 is a β and γ emitter, with a maximum β particle 

range of 2 mm and a half-life of 6.7 days. Due to the different particle range, the 

potential for toxicity to adjacent healthy tissue is greater for Yttrium-90 as 

compared to Lutetium-177 (145). Several large retrospective series of referral 

centres and a randomized phase III trial have demonstrated the efficacy of PRRT in 

the treatment of SRI-positive NETs of various origins (144,146–149). In the 

NETTER-1 study, 229 patients with metastatic midgut NETs progressive to 

standard dose SSAs were randomized to receive 177Lu-Dotatate at a dose of 7.4 

GBq every 8 weeks (4 iv infusions) plus octreotide LAR 30 mg every 4 weeks 

versus high doses of octreotide LAR (60 mg every 4 weeks). Median PFS was 28 

months in the 177Lu-DOTATATE arm compared to 8.4 months in the control arm 

(HR 0.21, p < 0.001). A trend towards an improved OS for patients treated with 

177Lu-Dotatate was also observed at the interim analysis. Based on these results, 

177Lu-DOTATATE was approved by the European Medicines Agency (EMA) and 

the US Food and Drug Administration (FDA) for the treatment of advanced SSTR-

positive GEP-NETs. More recently, mature final OS analysis have been reported 

with a median follow-up of 6.3 years, showing numerically greater median OS for 

177Lu-DOTATATE-treated patients (48 vs 36.3 months, HR 0.84, p=0.30), 

although the observed differences did not reach statistical significance. However, 

one third of patients in the control arm received PRRT upon disease-progression 

(150). 

 

1.4.2.2.3 Targeted agents  

          a) mTOR inhibitors 

Everolimus is an oral mTOR inhibitor with a robust antitumour activity across a 

broad spectrum of advanced NETs, including those arising from the lung, pancreas 

and the GI tract, as demonstrated in several phase II/III trials (RADIANT 1,2,3,4 ) 

(43,44,151–153). Everolimus was first approved by FDA and EMA for the 

treatment of progressive, advanced P-NETs based on the results of the RADIANT-

3 double-blind randomized trial, that showed a significant prolongation of PFS with 

everolimus versus placebo (11 months vs 4.6 months, respectively, HR 0.35, 

p<0.0001). More recently, everolimus was also approved in non-functional 
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progressive intestinal and lung NETs, based on similar results shown by the 

RADIANT-4 study (median PFS of 11 months with everolimus vs 3.9 months with 

placebo, HR 0.39, p<0.00001). Some efficacy was also shown when everolimus 

was combined with SSAs as compared to SSAs monotherapy in the RADIANT-2 

study, conducted in patients with functional NETs, although the benefit observed 

was of borderline statistical significance (median PFS of 16.4 vs 11.3, HR 0.77, one 

sided p=0.026). The safety profile of everolimus is manageable, although around 

60% of patients require dose reductions and up to 19% require treatment withdrawal 

due to side effects. Most common drug-related adverse events include stomatitis, 

rash, diarrhea, fatigue, weight loss, hyperglycemia and infections. 

 

b) Angiogenesis inhibitors 

Sunitinib maleate is a tyrosine kinase inhibitor (TKI), that can irreversibly inhibit 

several kinases including VEGFR and PDGFR, leading to angiogenesis inhibition 

and anti-tumor effects in several solid tumors (e.g., renal cell carcinoma and 

gastrointestinal stromal tumors), including NETs. In a multinational, randomized, 

double-blind, placebo-controlled phase III trial, 171 patients with progressive 

pNETs were allocated to receive sunitinib or placebo and best supportive care 

(154). The median PFS was 11.4 months in the sunitinib arm versus 5.5 months in 

the placebo arm (HR 0.42; p < 0.001). Five years after study closure, median OS 

was 38.6  months for sunitinib and 29.1 months for placebo (HR: 0.73; p = 0.094), 

with 69% of placebo-treated patients having crossed over to sunitinib treatment 

(155). The toxicity profile of sunitinib includes diarrhea, nausea, vomiting and 

fatigue, and less frequently hypertension, palmar-plantar erythrodysesthesia, 

neutropenia, and hypothyroidism. Based on this study, the drug was approved by 

EMA and FDA for the treatment of progressive, locally advanced inoperable or 

metastatic pNETs. 

Another interesting angiogenesis inhibitor is Surufatinib, a TKI targeting VEGFR, 

FGFR and CSF1R. FGFR has been involved in primary and acquired resistance to 

VEGFR-targeted angiogenesis inhibitors and CSF1R is implicated in tumor 

immune evasion mechanisms. Surufatinib has demonstrated relevant activity in two 

phase III studies. First, the SANET-ep study included 198 patients with extra-
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pancreatic NETs that were randomized 2:1 to receive surufatinib 300 mg daily 

(N=129) or placebo (N=69) (156). Median PFS per investigator assessment was 9.2 

months for patients treated with surufatinib, as compared to 3.8 months for patients 

in the placebo group (HR 0.33; p<0.0001). The study was terminated early as it met 

the predefined criteria for early discontinuation at the interim analysis. The efficacy 

of surufatinib was seen across all subgroups and was further supported by 

significant improvements in secondary efficacy endpoints including ORR (10% vs 

0%, p=0.0051), DCR and duration of response. The most common treatment-

related grade > 3 AEs were hypertension (36% vs 13%) and proteinuria (19% vs 

0%). The second phase III clinical trial was the SANET-p study, that randomized 

(2:1) 264 patients with advanced pNETs to receive surufatinib or placebo (157). As 

the SANET-ep trial, this study was terminated early as it met the pre-specified early 

stopping criteria at interim analysis. Median investigator-assessed PFS was 10.9 

versus 3.7 months for surufatinib- and placebo-treated patients, respectively (HR 

0.49, p=0·0011). ORR was also significantly greater in patients treated with 

surufatinib (19%) compared to patients treated with placebo (2%) (p=0.002). Most 

common grade 3 or worse treatment-related AEs were hypertension (38% vs 7%), 

proteinuria (10% vs 2%), and hypertriglyceridaemia (7% vs none). Treatment-

related serious AEs were reported in 22% (surufatinib) vs 7% (placebo) of patients. 

Based on these pivotal studies, that were fully conducted in Chinese population, the 

Chinese regulatory Medical Agency has approved surufatinib for the treatment of 

advanced non-pancreatic NETs and will likely be approved soon for pancreatic 

primaries.   

Multiple other angiogenesis inhibitors are in different stages of clinical 

development (i.e. axitinib, pazopanib, lenvatinib, cabozantinib) but are not 

currently approved for the treatment of NETs. 

 

1.4.2.2.4 Chemotherapy 

Chemotherapy remains an essential component of the treatment strategy of patients 

with NENs, particularly for those with bulky, symptomatic or rapidly progressive 

tumors (generally G3 or high-G2 NENs).  
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In the context of NETs, chemotherapy has a well-established role in the 

management of those of pancreatic origin, whereas its use in lung or gastrointestinal 

NETs is still debated (158). In addition, randomized studies comparing the efficacy 

and safety of chemotherapy versus other treatment options such as targeted agents, 

locoregional ablative therapies or PRRT are needed to properly position 

chemotherapy within the treatment algorithm of NENs. A seminal randomized trial 

published by Moertel et al. in 1980 evaluated streptozotocin (STZ) with 5-

fluorouracil (5-FU) versus STZ alone in patients with advanced islet cell 

carcinomas. The STZ-5FU combination showed an improved response rate as 

compared to single agent STZ (63 vs. 36%), and a trend towards improved survival 

(26 vs. 16 months) (159)). A subsequent randomized study published in 1992 by 

Moertel et al. (160) demonstrated that STZ plus doxorubicin was superior to STZ 

plus 5-FU in terms of the rate of tumor regression (69% vs. 45%, P = 0.05), time to 

tumor progression (20 vs. 6.9 months, P = 0.001) time to tumor progression and OS 

(26 vs 17 months, p=0.004). Nevertheless, the STZ-5FU regimen is most widely 

used as its toxicity profile is more suitable for long-term therapy. Finally, it should 

be noted that response rates in these trials were not assessed per current standard 

criteria (RECIST) and are overestimated as they also included clinical and 

biochemical responses. Indeed, more recent series of NET patients treated with 

these regimens showed lower figures than those reported in the 80-90’s (161). 

The combination of capecitabine and temozolomide (CAPTEM) is another widely 

used regimen in advanced NETs, based on response rates of up to 70% reported in 

small series of G1-2 NETs (162–165). More recently, a prospective randomized 

study demonstrated that CAPTEM (ECOG 2211) was associated with an improved 

PFS and OS in G1-2 metastatic pNETs when compared to temozolomide alone. 

Data supporting the use of CAPTEM in extrapancreatic (EP) NETs as well as in G3 

NENs is scarce. Eads and colleagues are currently conducting the first prospective 

study to investigate the use of CAPTEM in the treatment of G3 NECs compared to 

platinum-based chemotherapy; however, its efficacy remains unclear 

(NCT02595424). 

In summary, both STZ-5FU and CAPTEM are valid treatment options for P-NETs 

when chemotherapy is indicated, and are currently being compared head-to head in 

the BETTER-2 trial. The optimal integration of chemotherapy with other treatment 



 Introduction 

 

65 
 
 

options in this setting is a matter of debate, and only few ongoing trials are aiming 

to address this relevant question (i.e. the SEQTOR trial assessing to sequencing 

strategies, STZ-5FU followed by everolimus upon progression or viceversa). 

Regarding EP-NETs, efficacy of cytotoxic chemotherapy is rather limited and thus 

its use cannot be recommended on a routine basis and shall be reseverd for selected 

patients with rapidly growing disease who have failed other more effective 

treatment options (158). 

For PD-G3 NEC, chemotherapy remains the main therapeutic option, as these 

tumors are highly aggressive and associated with a very poor prognosis (median OS 

of 11-12 months with best available therapy). In this setting, neither debulking or 

cytoreductive surgery nor locoregional treatments are recommended. The most 

extensively explored first-line regimen is platinum-based chemotherapy, generally 

cisplatin (CDDP) and etoposide (VP-16). This regimen is widely adopted for HG-

NEN by all guidelines (ESMO, ENETS, NCCN and NANETS,) based on small 

non-randomized studies dating back to the 1990s and  tumor registries. ORR 

reported in these studies ranged from 40 to 70%, with median PFS and OS of up to 

9 and 19 months, respectively (166). More recently, a retrospective tumor registry 

of 252 patients with advanced GI-NECs reported an ORR with first line 

chemotherapy of 31% (similar for cisplatin- and carboplatin-etoposide regiments) 

and a median OS of 11 months (25). Moreover, the authors observed that a Ki67 

value greater than 55% was associated with an ORR of 42% compared to 15% in 

patients with a Ki67 between 20 and 55%. Median OS was 10 months and 14 

months in the two groups, respectively (25). These data underline the heterogeneity 

of high-grade NENs, and it is increasingly recognized that there are at least two 

biologically distinct subgroups based on morphology and proliferative activity with 

different clinical course and response to therapy. These considerations are in 

accordance with the new WHO classification that recognizes the NET G3 category 

(167). As NET G3 are molecularly more similar to low grade NETs than to NECs, 

it is generally recommended to treat NET G3 with chemotherapy regimens or other 

treatment options used for NET G2, although evidence to support this statement is 

scarce.  

There is no standard second line regimen for advanced G3 NENs, and available 

data in this specific setting include few small prospective studies and retrospective 
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data.  Response rates between 20 and 40% and OS of 10-18 months have been 

reported with different chemotherapy schemes including combination regimens of 

oxaliplatin with fluoropyrimidines (XELOX, FOLFOX) (168,169) or irinotecan 

with fluoropyrimidines (FOLFIRI) (170). Additionally, temozolomide alone or in 

combination with capecitabine with or without bevacizumab was reported in 

heterogenous small restrospective series or small studies to induce  tumor responses  

in up to 33% of patients and median OS of up to 22 months (171,172). Topotecan 

has been also proposed in analogy to the SCLC, but its activity in EPNECs has not 

been confirmed (173). A recent meta-analysis including 19 studies and a total of 

582 patients with extra-pulmonary NECs reported limited efficacy of second-line 

chemotherapy in this setting, with a median ORR of 18% (range 0–50), and a 

median PFS and OS were 2,5 and 7,6 months, respectively (174). Alternative 

therapeutic strategies are currently being explored in this setting, including 

immunotherapy. Immune check point inhibition may be considered for the small 

subgroup of high grade NENs with microsatellite instability or high tumor 

mutational burden, and some small basket trials have reported high response rates 

with dual PD1 and CTLA4 blockade, particularly in lung primaries, although 

further studies are needed in this context before this may be considered as standard 

of care for these patients.  

 

1.5 MOLECULAR BASES OF NENs 

The genetic background of NENs is strongly associated with tumor differentiation 

and grade, functional status and primary origin (pancreatic, small bowel or lung). 

The majority of NENs are sporadic, although around 5% are developed in the 

context of hereditary syndromes. Identification of genes involved in these familiar 

syndromes has contributed to partially clarify some of the mechanisms involved in 

the pathogenesis of NETs. In addition, the omic revolution is helping to improve 

the molecular characterization of this heterogeneous family of tumors, both NETs 

and NECs. 
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1.5.1 Hereditary Syndromes 

Neuroendocrine neoplasms (NENs) are a heterogeneous group of tumors that can 

arise sporadically or occur in the context of hereditary syndromes such as multiple 

endocrine neoplasia type 1 (MEN1), multiple endocrine neoplasia type 2 (MEN2), 

in the variants MEN2A and MEN2B, multiple endocrine neoplasia type 4 (MEN4), 

Von Hippel-Lindau disease (VHL) and neurofibromatosis type 1 (NF1) (175–177) 

. Hereditary NENs are generally well differentiated tumors with low proliferation 

rates, commonly diagnosed earlier than sporadic cancers, and often have multiple 

locations and can be associated with greater secretory activity (177,178). Proper 

recognition and referral to specialized units for familial genetic counselling is 

recommended for these patients.   

 

1.5.1.1 Multiple endocrine neoplasia type 1 and 4 (MEN1 and MEN4) 

MEN1 is a rare inherited tumor syndrome with autosomal dominant transmission, 

which is characterized by the development of parathyroid neoplasms (benign 

parathyroid adenomas, parathyroid hyperplasia or, more rarely, parathyroid 

carcinoma) resulting in primary hyperparathyroidism in over 90% of patients, 

pituitary adenomas (in 50% of cases), and predominantly pancreatic 

neuroendocrine tumors in 40-70% of patients, originally called the Werner's triad 

(179–181). In addition to these major clinical manifestations, multiple, although 

less frequent, combinations of endocrine and neuroendocrine tumors (e.g. 

adrenocortical tumors and NETs of non gastroenteropancreatic origin) and non-

endocrine tumors (such as facial angiofibromas, collagenomas, lipomas, 

meningiomas) have been described in MEN1 patients (182). The annual incidence 

of MEN1 is estimated at 1:30,000 individuals and the prevalence is 2-3 cases per 

100,000 inhabitants. Germline mutations in the MEN1 tumor suppressor gene are 

present in up to 85-90% of patients with MEN1 syndrome. MEN1 has a high 

penetrance, in fact clinical manifestations occur in 80-100% of patients with 

pathogenic genetic alterations (183). In the majority of cases, clinical onset of 

MEN1 occurs before 50 years of age, although cases up to the age of 80 years have 

been reported (181,184). In about 10% of cases, patients present with de novo 

mutations (185). There is no clear association between genotype and phenotype, 
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and different pathological manifestations may develop even in members of the same 

family (180).  

A diagnosis of MEN1 is established when one of the following 3 criteria are met: 

development of two or more MEN1-associated endocrine tumors, development of 

one of the MEN1-associated tumors in a first-degree relative of a patient with a 

diagnosis of MEN1, and detection of a germline MEN1 mutation regardless of the 

presence or not of clinical, biochemical or radiological manifestations of the MEN1 

syndrome (180). MEN1 mutational analysis should be offered to index cases and 

first-degree relatives of a MEN1 gene mutation carrier, and may be also considered 

in patients with suspected atypical MEN1 phenotype (individuals with parathyroid 

adenomas that occurred before the age of 30 or multi-glandular parathyroid disease, 

gastrinoma or multiple P-NETs at any age, or those who have at least two MEN1-

associated tumors that are not part of the classic Werner’s triad). Whenever 

possible, this test should be done in the first decade of life and as early as at age 5, 

with the aim of detecting and preventing significant morbidity and even mortality 

(186). All individuals should receive genetic counselling before and after the test. 

More recently, a new syndrome (MEN4) has been characterized in patients with a 

spectrum of clinical manifestations similar to MEN1 that is caused by germline 

mutations in the CDKN1B gene (187). This gene encodes p27Kip1, a tumor 

suppressor gene that encodes a protein that inhibits cyclin/cyclin-dependent kinase 

complexes, thereby preventing cell cycle progression. The most common clinical 

manifestations in MEN4 patients are primary hyperparathyroidism followed by 

pituitary adenomas, seen in approximately 40% of cases, although they may also 

develop other types of endocrine and neuroendocrine neoplasms (i.e. bronchial 

carcinoids and gastric NETs) (188). 

 

1.5.1.2 Multiple endocrine neoplasia type 2 (MEN 2) 

MEN2 is an inherited autosomal dominant syndrome characterized by an increased 

risk of medullary thyroid carcinoma (MTC), in combination or not with 

pheochromocytoma (PHEO) (in ~50% of cases), parathyroid adenoma/hyperplasia 

with subsequent hyperparathyroidism (in < 25%) and other non-endocrine 

pathological features (marfanoid habitus, mucosal neuromas) (181). Almost all 
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cases of MEN2 are caused by germline mutations of the RET (REarranged during 

Transfection) proto-oncogene, located on chromosome 10 (10q11.2) (189,190). It 

is estimated that around 1 in 30,000 individuals have MEN2. 

MEN2 includes two clinically distinct forms, MEN2A, which is the most common 

subtype (90-95% of cases) and MEN2B (5-10% of MEN2 cases). Nearly all MEN2 

patients have either C-cell hyperplasia (CCH) or medullary thyroid cancer (MTC), 

and both MEN2A and MEN2B have an increased risk of PHEO (30-50%).  MEN2A 

is also associated with an increased risk of parathyroid adenoma or hyperplasia (20-

30%) and is further subclassified into four subtypes: (a) classical MEN2A, (b) 

MEN2A associated with cutaneous amyloid lichen (c) MEN2A associated with 

Hirschsprung's disease, (d) familial MTC (FMTC). FMTC occurs in families with 

autosomal dominant transmission of MTC, without any other endocrinopathies 

(191). 

In MEN2, MTC is often the first manifestation of the syndrome. The penetration of 

MTC is greater than 90% and is the main cause of mortality. MTC classically occurs 

in early childhood in MEN2B patients, and in the early years of adulthood in 

MEN2A patients. MEN2A is more frequently associated with a multifocal and 

bilateral form of MTC (192). PHEO is the second most frequent endocrinopathy of 

MEN2 patients and is almost always benign. It is usually diagnosed in the 3rd to 

4th decade and may present with involvement of both adrenal glands (193). About 

25% of MEN2A patients experience parathyroid adenoma resulting in 

hyperparathyroidism (194). Finally, MEN2 may be associated with cutaneous 

amyloid lichen or Hirschsprung's disease  (195). Genetic testing is recommended 

for individuals with a family history of FMTC, MEN2A, and MEN2B and anyone 

diagnosed with MTC. Mutations of the RET gene are found in over 95% of families 

with MEN2A or MEN2B and in more than 85% of families with FMTC (196). As 

for MEN1, early diagnosis is essential for the prevention and timely treatment of 

pathological manifestations related to the syndrome, in order to guarantee improved 

outcomes for affected individuals.   
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1.5.1.3 Von Hippel-Lindau (VHL) 

VHL is an inherited condition with an incidence of 1 in 36,000 live births. VHL has 

a prevalence ranging from 1:38,000 to 1:91,000 individuals (197). VHL is 

associated with the development of benign and malignant tumors including 

haemangioblastomas of the retina and central nervous system, clear cell renal cell 

carcinomas (RCC), PHEO, pancreatic NETs and endolymphatic sac tumors 

(ELST). 

VHL syndrome is caused by the loss of function germline mutation of the VHL 

gene in chromosome 3p25-26. Loss of VHL function at the cellular level results in 

increased expression and stabilization of the hypoxia inducible factor (HIF). The 

VHL / HIF protein pathway has been implicated in the tumorigenesis of numerous 

neoplasms, including hemangioblastomas, RCC and NETs.  

VHL is subclassified into types 1 and 2 based on clinical manifestations. A high 

incidence of retinal hemangioblastomas (51%), CNS hemangioblastomas (46%) 

and RCC (33%) occurs in both types. In addition, type 2 VHLs are associated with 

an increased risk of PHEO/paragangliomas (20%)(198,199). The prevalence of 

pancreatic NETs in patients with VHL ranges from 9% to 17%, being multifocal in 

32% to 53% of cases (200). Genetic counselling and testing shall be offered to 

individuals when VHL is suspected and, if confirmed, to their first-degree relatives 

(201). 

 

1.5.1.4 Neurofibromatosis type 1 (NF 1) 

NF1 or Von Reklinghausen disease is an autosomal dominant disorder associated 

with the development of neurofibromas, pigment lesions (café-au-lait macules, skin 

freckles and Lisch nodules), brain tumors (optic pathway gliomas and 

glioblastomas), peripheral nerve tumors (spinal neurofibromas, plexiform 

neurofibromas and malignant peripheral nerve sheath tumors) and skeletal 

abnormalities (scoliosis, tibial pseudarthrosis and orbital dysplasia) (202). NF1 

patients are also at greater risk of presenting learning disorders and intellectual 

disabilities, and of developing neuroendocrine neoplasms such as PHEO and NETs, 

or non-neuroendocrine tumors such as abdominal plexiform neurofibromas (PN), 

rhabdomyosarcomas and GISTs. 
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NF1 is caused by loss-of-function mutations in the NF1 gene, a tumor suppressor 

gene located on chromosome 17q11.2. Neurofibromin, the cytoplasmic protein 

product of this gene, controls cell proliferation via p21 and the RAS and MAP 

kinase pathway, and is expressed in multiple tissues. The penetrance of the 

syndrome is complete; however, the expression of NF1 is highly variable, 

depending on the type of mutation (nonsense, frameshift or splice mutations or 

deletions are the most common), the time when the mutation occurs and the 

presence of molecular alterations in associated genes (203). The incidence of NF1 

ranges from approximately 1: 2500 to 1: 3500 individuals. 

NF1 mutation carries have a 60% life-time risk of developing a malignant tumor, 

especially in the nervous system. Benign tumors, in particular neurofibromas, are 

very common in patients with NF1 and the clinical findings of some of them, such 

as PN, are pathognomonic of the syndrome. The diagnosis of NF1 is mainly clinical 

and uses criteria initially developed in 1987 by the "NIH Consensus Conference", 

subsequently updated in 1997, based on the presence of at least 2 pathognomonic 

clinical characteristics. Due to the heterogeneity of mutations in the NF1 gene, 

molecular testing is complex and requires the sequencing of all coding exons and 

the search for deletions or rearrangements of the entire gene, especially for de novo 

cases. Approximately 5% of patients who meet the clinical criteria for NF1 do not 

have an identifiable mutation on gene sequencing. 

 

1.5.2 Sporadic NENs 

1.5.2.1 Pancreatic origin 

Initial genomic studies of P-NETs by Jiao et al determined the exomic sequences 

of 10 sporadic P-NETs and then screened most frequently mutated genes in 58 

additional tumors (204). The investigators reported a high rate of somatic 

inactivating mutations in genes involved in chromatin remodeling, including the 

MEN1 gene (44%), as menin is a component of a histone methyltransferase 

complex, and genes encoding two subunits of a transcription/chromatin remodeling 

complex, DAXX/ATRX (43%), required for incorporating the histone variant 3.3 

to chromosome telomeres. Mutations in DAXX and ATRX were mutually 

exclusive. In addition, mutations in mTOR pathway genes were encountered in 15% 
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of patients (6 in TSC2, 5 in PTEN, and 1 in PIK3CA), providing a rationale for the 

therapeutic use of mTOR inhibitors in this tumor type, although subsequent 

translational studies have been unable to demonstrate a clear correlation of the 

molecular alterations in this pathway with greater therapeutic benefit from 

everolimus.  

More recently, a more comprehensive genomic analysis of 98 sporadic pNETs 

using whole-genome sequencing was published by Scarpa et al. (205). Analysis of 

somatic variants and copy number variations (CNV) involved 4 main molecular 

pathways: DNA damage repair (MUTYH, CHEK2, BRCA2), chromatin 

remodeling (SETD2, MLL3), telomere maintenance (ATRX, DAXX), and 

activation of the mTOR signaling pathway (TSC1, TSC2, PTEN, and DEPDC5), 

with MEN1 having a role in all of these pathways. Of note, a larger-than-expected 

proportion (17%) of germline mutations were identified in these cohort of clinically 

sporadic pNETs, including previously unreported mutations in several DNA repair 

genes such as BRCA2, CHEK2 and MUTYH. Furthermore, gene expression 

analyses identified a subgroup of pNETs associated with hypoxia and HIF 

signalling. The VHL gene is associated with the regulation of hypoxia-inducible 

factor (HIF); loss of VHL gene expression, which leads to constitutive HIF 

activation and increased expression of HIF targets, such as VEGF, has been linked 

to the development of pNETs (206). NETs are highly vascularized tumors, and 

angiogenesis inhibitors (i.e. sunitinib, surufatinib) have demonstrated efficacy and 

are part of the treatment armamentarium of pNETs. 

 

1.5.2.2 Small bowel origin 

The first whole-exome, genome-wide sequencing of 48 SI-NETs (207) showed a 

low rate of somatic mutations and identified 197 protein-altering single-nucleotide 

variants (SNVs), affecting a large number of cancer genes that 

included FGFR2, MEN1, HOOK3, EZH2, MLF1, CARD11, VHL, NONO, FANC

D2, SMAD1 and BRAF. In 29% of analysed SI-NETs, there were genetic alterations 

in the P13K/AKT/mTOR pathway and mutually exclusive amplifications 

of AKT1 or AKT2 were common. Amplifications were also observed at 

the PDGFRA (platelet-derived growth factor receptor alpha) locus in 20.8% of 
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cases. Another recent study has detected frequent gene copy gains 

in AKT1 (30.8%), PDGFRA (28.8%) and KDR (kinase insert domain receptor, 

involved in VEGF signalling; 28.8%) (208). Higher mutation rates in primary SI-

NETs were associated with increased likelihood of recurrent liver metastases 

(P < 0.04) (207). In a study by Francis et al. (n = 180) including 48 cases, 

heterozygous frame shift mutations of the cyclin-dependent kinase inhibitor 1B 

gene (CDKN1B) were observed in 14 of 180 SI-NETs (8%) (209). CDKN1B is 

located in chromosome 12 and encodes the protein p27Kip1, a cyclin-dependent 

kinase inhibitor (CKI), which main function is to control G1 to S phase cell cycle 

progression. The reported mutations in SI-NETs in this putative tumour suppressor 

gene are loss-of-function truncating mutations throughout the gene; no hotspot has 

been identified. The central role of CDKN1B mutations in SI-NETs has been 

confirmed in several other studies (209–211). Other relevant mutations found in 

3.8% of cases occurred in known oncogenes such as BRAF and KRAS (involved 

in MAPK/ERK signalling pathway), PIK3CA (phosphatidylinositol-4,5-

bisphosphate 3-kinase catalytic subunit alpha; involved in the P13K/AKT/mTOR 

pathway) and TP53 (tumour suppressor gene; regulator of cell proliferation and 

apoptosis) (208). The SRC gene (proto-oncogene; involved in cell signalling), was 

the most commonly amplified oncogene (23%) in the study by Banck et al. (207) 

and a copy gain of this gene was also evidenced in 25% of SI-NETs analysed by 

Simbolo et al. (208). In this study SRC copy gains were associated with poorer 

prognosis (P = 0.047). Thus, the authors suggest that copy gains of the SRC gene 

could potentially be a novel prognostic biomarker for SI-NETs, especially as 

whole-genome sequencing becomes more widely adopted in clinical practice. 

 

1.5.2.3 Lung origin 

Detailed genome/exome sequencing analysis in lung carcinoids have demonstrated 

that chromatin-remodelling is the most frequently altered pathway in pulmonary 

carcinoids. Indeed, MEN1, PSIP1 and ARID1A were recurrently mutated genes 

(212). Specifically, covalent histone modifiers and subunits of the SWI/SNF 

complex are mutated in 40% and 22% of the cases, respectively. By contrast, 

mutations of TP53 and RB1 are only found in 2 out of 45 cases, suggesting that 
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these genes are not main drivers in well-differentiated pulmonary carcinoids (212). 

Additionally, a recent study explored the molecular profiles of lung NENs through 

integrative analysis of transcriptome and methylome data, using both machine-

learning (ML) techniques and multi-omics factor analyses (MOFA) (213). ML 

analyses showed that the molecular profiles could distinguish survival outcomes 

within patients with atypical carcinoid morphological features, splitting them into 

patients with good typical-carcinoid-like survival and patients with a clinical 

outcome similar to LCNEC. Unsupervised MOFA and subsequent gene-set 

enrichment analyses unveiled the immune system and the retinoid and xenobiotic 

metabolism as key deregulated processes in pulmonary carcinoids, and identified 

three molecular groups—clusters—of potential clinical relevance. The first group 

(cluster A1) presented high infiltration by dendritic cells and showed 

overexpression of ASCL1 and DLL3. The transcription factor ASCL1 is a master 

regulator that induces neuronal and neuroendocrine differentiation. It regulates the 

expression of DLL3, which encodes an inhibitor of the Notch pathway (214). 

Overexpression of ASCL1 and DLL3 is a characteristic of the SCLC of the classic 

subtype (214) and of type-I LCNEC. The second group (cluster A2) harboured 

recurrent somatic mutations in EIF1AX and showed downregulation of the SLIT1 

and ROBO1 genes. In previous studies, SLIT1/ROBO1 have been associated with 

cell invasion inhibition by suppressing the SDF1/CXCR4 axis, and with attenuation 

of cell cycle progression by destruction of β-catenin and CDC42 (215). The third 

molecular group (cluster B) was enriched in monocytes and depleted of dendritic 

cells, and had the worst survival. Cluster B was also characterised by recurrent 

somatic mutations in MEN1, the most frequently altered gene in pulmonary 

carcinoids and pancreatic NETs. Low levels of OTP, high levels of ANGPTL3 and 

ERBB4 were also detected in this group of samples, representing potential novel 

targets of therapy.  

 

1.5.2.4 Neuroendocrine carcinomas (NECs) and mixed neuroedocrine-

non neuroendocrine neoplasms (MiNENs) 

The molecular profile of HG-NECs differs depending on primary tumor origin and 

some morphological features such as cell size. Small cell NECs are molecularly 

more homogeneous and often characterised by the bi-allelic inactivation of both 
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TP53 and RB1. First documented in the lung (216,217), this molecular signature 

has subsequently been confirmed in other anatomic sites, including the digestive 

tract (218), the pancreas (219), the head and neck region (220), the genitourinary 

tract (221) and the uterine cervix (222). Additionally, the NOTCH pathway is 

altered in about 25% of lung small cell NECs and in some EP-NECs (222). Frequent 

alterations in the PI3K/PTEN/mTOR pathway can be detected in certain anatomical 

sites such as the uterine cervix (222).  The genomics of large cell NEC are more 

complex and heterogeneous, and up to 40% are associated with a non-

neuroendocrine component. At least two distinct molecular subtypes have been 

described in large cell NECs: a subgroup characterized by a ‘small cell NEC-like’ 

molecular signature, characterised by the double inactivation of TP53 and RB1, and 

a subgroup characterized by a ‘carcinoma-like’ molecular signature, that resembles 

the molecular profile of non-neuroendocrine tumors of similar anatomic origin 

(216,217). However, most available studies in HG-GEP-NECs have included small 

and large cell NECs of different primary sites, and not only ‘pure’ NECs, but also 

MiNENs. Thus, it is difficult to determine whether the molecular alterations 

reported were found in the ‘pure’ neuroendocrine component of a mixed tumour, 

or even in a whole mixed tumour without distinction between its components. 

Colorectal NECs might harbour mutations in KRAS (20–30%) and BRAF (7-60%), 

as well as MYC amplifications (223,224). Some limited preclinical studies and a 

few case reports suggested that BRAFV600E mutant colon NECs may benefit from 

BRAF inhibition (225). Furthermore, a role for microsatellite instability (MSI) has 

been identified for GEP NECs. MSI-GEP NECs account for approximately 1-10% 

of cases (226). In a study including 89 cases of GEP NECs and MiNENs (53 NECs 

and 36 MiNENs) (6 oesophageal, 77 gastrointestinal, 3 pancreatic and 3 

gallbladder) (166), MSI was observed in 11 NEC/MANECs (12.4%) (7 intestinal 

and 4 gastric). A BRAF mutation was identified in 6 of 88 cases (7%) and KRAS 

mutations were identified in 15 cases (17%). BRAF mutations were associated with 

MSI (P < 0.0008), while KRAS status did not correlate with any 

clinicopathological or molecular feature (227). It was concluded that MSI identifies 

a subset of gastric and intestinal NECs/MANECs with distinct biology and a better 

prognosis. Vascular invasion (P = 0.0003) and MSI (P = 0.0084) were identified 

as the only independent prognostic factors on multivariable analysis (227). A recent 
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systematic review analysed the molecular landscape of MiNEN (228), showing that 

the most frequent alterations in this setting involved well-characterised cancer gene 

drivers and/or their protein products, such as TP53, RB1, PTEN, APC 

(adenomatous polyposis coli), PI3KCA, KRAS, BRAF, and MYC.  

 

1.6 “OMIC” SCIENCES IN BIOMEDICINE 

Advances in biomedical research and the need to improve our understanding of 

genotypic and phenotypic changes involved in the pathogenesis and progression of 

disease have boosted the development of multiple biological, technical and 

computational tools able to detect, identify, quantify and integrate hundreds or 

thousands of molecular changes and their final products, obtaining comprehensive 

global information from a specific patient sample in a short period of time, and 

enabling the holistic study of complex biological processes (Figure 4).  In the 

oncology field, the application of these technologies provides the opportunity to 

identify novel biomarkers of diagnostic, prognostic and/or predictive potential, as 

well as novel targets for therapy that shall contribute to incorporate precision 

medicine in clinical practice and eventually improve patient’s prognosis and quality 

of life. 

 

 

Figure 4. “Omics” waterfall  
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1.6.1 Metabolomics  

Metabolomics is a relatively young discipline, compared to other well-established 

“omics”, defined as the comprehensive and quantitative analysis of all metabolites, 

products from the metabolic reactions, which are present in cells, tissues or 

biofluids (blood, urine, saliva, etc) of a biological species (229).  It is a powerful 

bioanalytical technology that directly reflects the underlying biochemical activity 

and state of cells/tissues, representing the molecular phenotype. Since the mid-

nineties, metabolomic technology has remarkably developed (230), and 

consequently, has rapidly penetrated in many biomedical fields with different 

purposes such as diagnosis, prognosis, prediction of response to therapies and novel 

targets and drugs research, among others.    

Metabolomics encompasses three types of analyses: i) metabolic fingerprinting, 

which measures a subset of the whole profile with little differentiation or 

quantitation of metabolites (231); ii) metabolic profiling, the quantitative study of 

a group of metabolites, known or unknown, within or associated with a particular 

metabolic pathway (232,233); and iii) target isotope-based analysis, which focuses 

on a particular segment of the metabolome by analysing only a few selected 

metabolites that comprise a specific biochemical pathway (234).  

The metabolome is influenced by both exogenous and endogenous factors, such 

as age, gender, race, diet, presence of disease or drug exposure. Thus, a 

metabolomic fingerprint reflects the singularity of the biological milieu of the 

individual at the specific moment of sample extraction (235). As a consequence, 

metabolomics is a key tool for biomarker discovery and personalized medicine 

and has great potential to elucidate the ultimate products of genomic processes.  

Over the last decade, metabolomic studies have identified several relevant 

biomarkers involved in complex clinical phenotypes using diverse biological 

systems. Most diseases result in signature metabolic profiles that reflect the sum 

of external and internal cellular activities (236). Different analytical techniques 

are used to extend the coverage of a full metabolome.  
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1.6.1.1 Metabolomic techniques 

The most commonly used techniques are nuclear magnetic resonance (NMR) 

spectroscopy, capillary electrophoresis-mass spectrometry (CE-MS), liquid 

chromatography-mass spectrometry (LC-MS), and gas chromatography-mass 

spectrometry (GC-MS). The choice of the most suitable technique depends on the 

nature of the metabolite we want to confirm, and the speed, sensitivity, and accuracy 

needed. In general, metabolomic studies can be classified in two categories, 

untargeted and targeted analysis. The untargeted approach analyses the metabolic 

profiling of all metabolites (“fingerprint”) of a sample. On the other side, targeted 

metabolomics focuses on the quantification and identification of selected 

metabolites, such as those involved in a specific metabolic pathway. The 

metabolites under investigation in targeted analysis are usually known, and the 

preparation of samples can be adjusted to reduce the effects of interference from 

associated metabolites. 

 

1.6.1.1.1 Nuclear Magnetic Resonance (NMR) 

High-resolution nuclear magnetic resonance (NMR) spectroscopy is a universal 

analytical tool (237). NMR represents a well-established, robust, non-invasive and 

reproducible method for quantifying metabolic profiles which can provide a deep 

overview of the human metabolome. NMR has important advantages over other 

analytical MS techniques, including the minimal sample preparation requirements 

(238) and the ability to detect multiple metabolites within a single experiment and 

to reuse samples (239). Additionally, NMR allows the identification of compounds 

with identical masses, including those with different mass isotopomer distributions. 

NMR is the mainstay for determining structures of unknown compounds (240). 

Several types of biofluids, such as blood, plasma, serum, urine, saliva, tissue/cell 

extracts, tumor samples, and cancer cell lines, may be used by NMR for metabolite 

profiling (241). NMR is commonly used in untargeted metabolomics fingerprinting 

studies, whereas MS techniques are considered optimum for targeted analyses. 
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1.6.1.1.2 Capillary electrophoresis-mass spectrometry (CE-MS) 

Capillary electrophoresis is a mature separation technology that is effectively 

coupled with mass spectrometry (CE-MS). CE-MS has demonstrated to be a 

useful technique for metabolomic studies, particularly for targeted analysis (242). 

In this context, charged metabolites (such as amino acids, nucleotides, small 

organic acids, and sugar phosphates) are first separated by CE based on charge 

and size, and then selectively detected using MS. CE-MS presents many 

advantages, such as the efficient and fast separation paired with low sample 

consumption, its high resolution and the fact that almost any charged species can 

be analyzed by two methods, both cationic and anionic (243). This technique can 

be readily applied to various types of biological samples ranging from plasma and 

urine to cells and tissues (244). However, CE-MS has some limitations. First of 

all, CE-MS is less reproducible as compared to other MS-based techniques, such 

as GC‐MS and LC‐MS (245). CE‐MS is also characterized by the lack of standard 

operating procedures and workflows despite new developments in sample 

throughput and quality control (246). 

 

1.6.1.1.3 Liquid chromatography-mass spectrometry (LC-MS) 

LC–MS represents a sensitive analytical technique that has proved to be a valuable 

method for the detection of serum metabolites, which has brought about great 

progress in targeted metabolomic analysis. LC is a separation technique in which 

the mobile phase is a liquid, where sample ions or molecules are dissolved. The 

sample with the mobile liquid will pass through a column or a plane, which is 

packed with a stationary phase composed of irregularly or spherically shaped 

particles. Separation of the compounds based on differences in ion-exchange, 

adsorption, partitioning, or size, which make different solutes to interact with the 

stationary phase to different degrees, will translate into different transit times of the 

different solutes through the column that can be then detected with MS with a very 

high resolution and a fast analysis time. LC-MS is usually utilized for the analysis 

of different class of glycerolipids, glycerophospholipids, lysoglycerophospholipids, 

sphingolipids, carnitines, fatty acyls and amides (247). This method allows the 

quantitative determination of these metabolites up to the picogram level (248). It is 
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a challenge to use LC-MS for untargeted metabolomic analysis. Indeed, 

heterogeneous workflows have been developed for LC-MS analysis which often 

involve non-standardized manual curation. This issue represents a limitation of this 

technique, particularly in terms of validation of the obtained results (249). 

 

1.6.1.1.4 Gas chromatography-mass spectrometry (GC-MS) 

GC-MS is the most standardized method in metabolomics, given its high sensitivity 

and specificity for metabolite detection (250). In fact, GC-MS has demonstrated to 

be a key tool both for targeted and untargeted metabolomic approaches. Through 

targeted analysis, GC-MS allows the identification and quantification of 

metabolites, including amino acids, fatty acids and sterols, among others. 

Additionally, GC-MS-based metabolomics allows the integration of targeted assays 

for absolute quantification of specific metabolites with untargeted metabolomics to 

discover novel compounds (251). The major difference between GC-MS and the 

other metabolomic techniques is that it requires the transformation of the metabolite 

extracts into volatile and thermally stable derivatives, which can be quantified. This 

analytical step requires special care to optimize the untargeted GC-MS 

metabolomic experimental protocol (252). 

 

1.6.1.2 Metabolomics in oncology 

In the last years, metabolomics has been applied to the discovery of tumor 

biomarkers for the diagnosis, treatment, and prevention of multiple solid tumors, 

including lung (253), pancreatic (254), gastrointestinal (255), breast (256), and 

prostate cancer (257), sarcoma (258) and melanoma (259,260). For lung cancer, 

global and targeted metabolomic studies using unbiased LC-MS in > 1,000 urine 

samples from patients and controls uncovered a set of urine metabolites associated 

with lung cancer diagnosis and prognosis (261). Novel and previously un-annotated 

creatine riboside (CR), and N-acetylneuraminic acid (NANA), were significantly 

elevated in the urine of lung cancer patients, and were also found to be enriched in 

tumor samples compared with adjacent non-tumor tissues, thus revealing their 

direct association with tumor metabolism. Both metabolites were significantly 

associated with a worse prognosis (261). In pancreatic cancer, the most extensively 
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investigated aspects of metabolic reprogramming are those associated with energy 

(glucose) and glutamine metabolism. Additionally, recent studies have 

demonstrated the potential role and relevance of other compounds including amino 

acids. In a prospective cohort study, elevated branched-chain amino acid levels in 

pre-diagnostic plasma samples were associated with more than twofold increased 

pancreatic cancer risk (262). Other studies showed that amino acids concentrations 

differed significantly between healthy controls and pancreatic cancer patients (p < 

0.05) (263,264).  Using metabolomics, several studies have identified different 

potential metabolomic diagnostic biomarkers for colorectal cancer, such as 

alterations in metabolites related to the tricarboxylic acid cycle (TCA cycle), urea 

cycle, glutamine metabolism, amino acids and gut flora metabolism (255,265,266).  

However, the metabolomic signatures generated by various investigators have been 

extremely heterogeneous (255).  

Challenges in the development of metabolomics exist and include a simplified 

system to present data to end users, the coordination of multiple data streams, and 

the implementation of quality assurance and quality control programs. Moreover, it 

will be important to deal with the biologic variability between individuals in 

populations. Clinical studies are beginning, and the next few years should clarify 

whether or not metabolomics will gain its place as a complementary or even an 

alternative tool to genomics and proteomics in oncology. 

 

1.6.1.3 Limitations 

Metabolomic techniques are not exempt of limitations which hinder its application 

and inclusion in clinical practise. First of all, the complexity of the number of 

detected compounds and their identification. Next, changes in the concentration of 

metabolites may also be influenced by many disease-independent factors, including 

sample collection, preparation and storage, experimental process, data analysis, 

data description, and database standardization (267). Additionally, metabolomic 

analysis produce large amount of data, and it is difficult to comprehensively identify 

all the changed metabolites using the existing metabolite database. Considering all 

these aspects, metabolomics should be considered as a field of study at an early 

stage of development in oncology.  
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1.7 METABOLISM IN CANCER 

1.7.1 Metabolism deregulation in cancer  

During aerobic respiration, normal cells use pyruvate from glycolysis to efficiently 

obtain energy through the tricarboxylic acid cycle (TCA) and oxidative 

phosphorylation (OXPHOS). Alteration of metabolism is one of the main hallmarks 

of cancer. Thus, in an energy demanding situation, e.g., cancer cells, pyruvate will 

be derivated to lactate by lactic fermentation in the cytoplasm, obtaining low rates 

of energy performance (anaerobic respiration).  

In 1924, Otto Warburg reported that cancer cells consume tremendous amounts of 

glucose, when compared with normal cells, and metabolize the majority of glucose 

into lactate, even in the presence of oxygen (268), phenomenon known as the 

Warburg effect, which represents a striking metabolic difference between cancer 

and normal tissues (269). This metabolic shift results in activation of numerous 

signalling and metabolic pathways supporting cell proliferation and survival.  

However, the Warburg effect itself is not enough to sustain cancer cell proliferation. 

First, a cancer cell has to increase its uptake of nutrients from the environment, 

especially glucose and glutamine, which are the most needed nutrients for cell 

survival and proliferation. They provide the cancer cell, through catabolism, with 

sufficient pools of carbon intermediates used for synthesis of various 

macromolecules and for ATP production. Second, to satisfy energy needs and 

ensure accelerated growth and proliferation, cancer cells metabolic reprogramming 

also induces an increase in protein, lipid, and nucleic acid biosynthesis (270). One 

key source of anabolic precursors is the Krebs cycle. Several of the Krebs cycle 

metabolites, such as citrate, oxaloacetate/aspartate, and α-ketoglutarate/glutamate 

are precursors for the biosynthesis of fatty acids, nucleic acids and proteins, all of 

which are required for cell growth. As some of these metabolites (e.g. oxaloacetate 

and α-ketoglutarate) are kept low in their cellular concentration, they will have to 

be replenished via anaplerosis to sustain both the Krebs cycle and biosynthetic 

activities. This can be achieved by two anaplerotic pathways involving pyruvate 

carboxylation (271) and glutaminolysis (272).  
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1.7.2 Molecular basis of the metabolic shift in cancer cells  

To date, the basis for this metabolic shift remains poorly understood, and the 

popularity of metabolism waned as molecular biology of cancer waxed into vogue 

in the 1980’s with the discoveries of oncogenes and tumor suppressor genes. 

Research of the metabolic aspects of cancer has emerged over the past decade. 

Several studies have reported that oncogenic signals drive the malignant 

progression of cancer cells by modulating metabolic enzymes, revealing 

transcriptional links between oncogenic pathways and metabolism (273). The so-

called metabolic plasticity or re-wiring capacity of cancer cells is one of the 

hallmarks of cancer.  Indeed, tumors reprogram pathways of nutrient acquisition 

and metabolism to meet the bioenergetic, biosynthetic, and redox demands of 

malignant cells. Thus, interruption of one metabolic pathway, for example 

inhibition of the mitochondrial function, can re-wire metabolism through a 

compensatory increase in glycolysis. 

In this context, numerous genes belonging to different pathways and with a wide 

range of biological functions, have been shown to contribute to cancer metabolic 

plasticity (274). For instance, the oncogene c-Myc transactivates most glycolytic 

genes, including glucose transporter 1 (Glut1) and lactate dehydrogenase A 

(LDHA) (275,276). Hypoxia-inducing factor 1 (HIF-1) regulates LDHA and 

pyruvate dehydrogenase kinase isozyme 1 (PDK1) (277). Other recent evidence has 

shown that mitogen signalling promotes tumor growth by modulating pyruvate 

kinase M2 (PKM2) (278). Forkhead Box J1 (FOXJ1), a member of the forkhead 

family of transcription factors, has been shown to support cancer cell growth by 

increasing glucose uptake and lactate production, favouring glycolysis (279). Also 

the phosphorylation of the mitochondrial protein Drip1 (Dynamin-related protein 

1) has been associated to enhanced glycolysis and tumor growth (280). Moreover, 

serine synthesis plays a relevant role in the cancer metabolic shift, inhibiting aerobic 

glycolysis. In this context, p53 (TP53), a key tumor suppressor gene, has 

demonstrated to be involved in cancer cell survival through serine starvation (281). 

Notably, the aberrant activation of mTORC1, belonging to the PI3K-AKT-mTOR 

signalling pathway, leads to an anabolic growth program with a pathological 

increase of nucleotide, protein, and lipid synthesis (282).  
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A recent work has revealed remarkable flexibility in the specific pathways activated 

by oncogenes or loss of tumor suppressor genes in tumor cells to support these key 

metabolic functions (283).  

All this indicates that the regulatory mechanisms underlying cellular metabolism in 

cancer cells are far more complex than previously believed and warrant further 

investigation. 

What is clear is that the metabolites formed as hyper-products of cellular activity in 

cancer cells substantially differ from those found in normal, non-malignant cells 

(284,285). The metabolome expresses dynamic changes over time, concordant with 

evolving disease progression (286). Notably, metabolites have been demonstrated 

to undergo earlier and more significant changes than genes or proteins, and these 

changes can be measured in absolute terms. Therefore, metabolomics can be an 

invaluable tool for gaining insights into numerous biochemical processes including 

those related to cancer metabolism. In fact, metabolomics, which can be thought of 

as a downstream manifestation of proteomics, transcriptomics and genomics, 

presents potential for a relatively non-invasive liquid biopsy method that may be 

utilised in clinical practice in the future to diagnose and characterise cancer, assess 

treatment response and toxicity, and predict outcome from diagnosis (287–291). 

However, differential metabolite identification is a complex process in 

metabolomics as human metabolome has not been yet completely elucidated. 

 

1.7.3 Metabolomics in neuroendocrine neoplasms 

1.7.3.1 Preclinical NEN models 

Analysis performed on NEN murine models, NEN cell lines and NEN patients have 

suggested the potential relevance of combined functional genomics with 

metabolomics in NENs. In particular, metabolic profiling could be an innovative 

tool for providing novel biomarkers for NEN. 

Few preclinical models have been studied so far. In 2005 Ippolito and colleagues 

developed a transgenic murine model with transcriptional regulatory elements from 

mouse Defcr2 (cryptdin-2) used to express prostatic neuroendocrine cancer cells 

(292). In this study, the authors carried out a GeneChip analyses of primary tumors 

and metastases of the mouse model as well as of prostatic neuroendocrine cell lines. 
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Additionally, they performed in silico metabolic reconstructions of NE cell 

metabolism from the GeneChip transcriptional profiles, and a mass spectrometric 

analysis of metabolites present in tumors and cancer cell extracts. First, the authors 

yielded a signature of 446 genes with enriched expression in the neoplastic mouse 

model and in prostatic NE cells. Then, targeted LC-MS analysis led to the 

identification of two distinct metabolic features of poor-prognosis neuroendocrine 

tumors. One was the activation of the glutamic acid decarboxylase-independent 

pathway for production of GABA. The other one was the aberrant production of 

imidazole-4-acetate. The authors demonstrated a connection between these two 

pathways. Imidazole-4-acetate can bind and activate GABAA receptors expressed 

by cancer neuroendocrine cells, thus providing a previously uncharacterized 

paradigm for NE tumor cell signaling.  

In another study by Li et al, the metabolomic profile of PC-3 prostate small cell 

neuroendocrine carcinoma cell line was assessed (293). The authors demonstrated 

that glycolytic features were higher in the neuroendocrine cell line, as compared to 

a non-neuroendocrine prostatic cell line, suggesting a distinctive metabolism in 

cancer cells according to histologic tumor type. 

 

1.7.3.2 Pheochromocytomas (PHEO) and paragangliomas (PGL) 

Pheochromocytomas (PHEO) and paragangliomas (PGL) are rare neuroendocrine 

tumors that arise from chromaffin cells of the adrenal medulla and the 

sympathetic/parasympathetic neural ganglia, respectively. The majority of PHEO 

and sympathetic PGL are endocrine active tumors causing clinical symptoms due 

to excess catecholamines secretion (norepinephrine, epinephrine and dopamine, 

and their metabolites) (294). Mutations in succinate dehydrogenase (SDH) genes 

increase the risk of PPGLs and several other tumours, and specifically alterations 

in the B subunit (SDHB) are a risk factor for metastatic disease (295). Previous and 

recent genetic discoveries in PHEO/PGL research have led to the identification of 

PHEO/PGL-related unique metabolic abnormalities or pathways involved in 

oxygen sensing, hypermethylation, DNA repair, up-regulation of specific 

transporters and/or receptors, and particularly, Krebs cycle enzymes (296–298). 

These changes are tightly linked to metabolic reprogramming in PHEO/PGL, which 
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points out the metabolic nature of PHEO/PGL, defining this cancer as a metabolic 

disease. 

In PGL patients with unresolved results of genetic testing, the quantification of 

metabolites in tumor tissue by LC-MS-based metabolomics can guide the 

identification of the underlying driver germline or somatic mutations (299). 

Identifying these driver mutations has relevant implications for the surveillance of 

carriers of germline-variants who are at risk of tumor development or of tumor 

recurrence. 

Initial metabolomic studies of ex-vivo tumors confirmed, as expected, succinate 

accumulation in PGLs associated with SDH gene pathogenic variants. 

Metabolomics have now shown utility in clarifying SDH variants of uncertain 

significance, as well as in the accurate diagnosis of PPGLs associated with fumarate 

hydratase (FH), isocitrate dehydrogenase (IDH), malate dehydrogenase (MDH2) 

and aspartate transaminase (GOT2) (300).  

More specifically, a characteristic metabolite profile involving high 

succinate:fumaratae or  fumarate:malate ratios, or high levels of 2-hydroxyglutarate 

(2HG) in combination with high  D-2-hydroxyglutarate (D-2HG)/L-2-

hydroxyglutarate (L-2HG) ratios can be used to guide detection of SDHx-, FH- and 

IDH1/2-mutations, respectively (301,302). A particular advantage of metabolome-

guided genomics is that tumors with similar phenotypic presentations in terms of 

metabolite accumulation or depletion can be characterized, leading to the 

identification of mechanisms of silencing of known PGL genes or even of novel 

susceptibility genes (303). In this context, a recent study has evaluated the 

metabolomic profiling of PHEOs/ PGLs in a large cohort of patients, both sporadic 

(n=48) and inherited forms (23 cases with SDHx mutation, 7 with VHL mutation, 

5 with a RET mutation, 3 with a NF1 mutation and 1 with a HIF-2α mutation ) by 

high-resolution magic angle spinning (HRMAS) nuclear magnetic resonance 

(NMR) spectroscopy (304). This study clearly showed a different metabolic 

signature in SDHx mutated versus non-SDHx mutated PHEO/PGL. SDHx mutated 

forms presented significantly increased levels of succinate, methionine, glutamine, 

and myoinositol, and decreased levels of glutamate, as compared to non-SDHx 

mutated cases. Thereafter, the metabolomic profile was compared between SDHx 

mutated tumors and sporadic cases, evidencing a higher level of succinate, 
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myoinositol, methionine, glutamine, taurine, and ATP in SDHx-related 

PHEOs/PGLs, while sporadic tumors contained larger amounts of adrenaline, 

noradrenaline, glutamate, ascorbate, and aspartic acid. Thus, the authors suggest the 

existence of a peculiar metabolic signature in SDHx-mutated PHEOs/PGLs, which 

clearly differs from sporadic and other inherited forms of PHEOs/PGLs, paving the 

way for future studies aimed to identify new biomarkers and therapeutic targets in 

this setting.  

 

1.7.3.3 GEP NENs 

To date, only a limited number of genomic, transcriptomic, and proteomic studies 

have been used to detect metabolic alterations present in GEP NENs. In 2013, 

Kinross JM et al, performed the first study which applied NMR metabolomic 

analysis to urine samples of 28 NEN patients, including 8 small bowel, 10 

pancreatic and 10 NENs of other origins  (305). The study included also 17 healthy 

control patients. The metabolomic analysis differentiated NEN and healthy samples 

with accuracy (R2 Y = 0.79, Q2 Y = 0.53, area under the curve [AUC] 0.90), 

showing decreased concentration of creatine, citrate, and hippurate in NEN patients 

with respect to healthy controls. Additionally, the analysis was able to distinguish 

between SI and pancreatic NENs (R2 Y = 0.91, Q2 Y = 0.35), and between functional 

and non-functional NENs (R2 Y = 0.98, Q2 Y = 0.77, AUC 0.6). Furthermore, the 

hippurate metabolism was significantly different (p value <0.0001) in metastatic 

patients compared to non-metastatic ones (R2 Y = 0.72, Q2 Y = 0.41, AUC 0.86). 

These results suggest that NENs present a metabolic profile that differs from 

healthy subjects and, also, that different subgroups of NENs (according to primary 

tumor origin or to the presence of a hormonal syndrome) are associated with 

different metabolic phenotypes. 

A relevant study published in 2015 performed a cross-species integrated analysis 

of multi-omic profiles to stratify pNETs into subtypes with distinctive biological 

and clinical characteristics (306). The authors profiled and compared mRNA and 

miRNA transcriptomes in mouse and human pNETs, and identified different 

subtypes based on gene expression that were associated with distinct clinical 

features such as tumor stage or the presence of a hormonal syndrome. These three 
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subtypes, well-differentiated islet/insulinoma tumors (IT), poorly differentiated 

tumors associated with liver metastases, named metastasis-like primary (MLP), and 

a third specific gene mutation–enriched subtype were identified. Relevant 

differences were observed in the expression of genes involved in glucose uptake 

and glycolysis, such as glucose transporter GLUT2 (SLC2A2), glucose 6-

phosphatase (G6PC2), and glucokinase (GCK), which were upregulated in the IT 

subtype, whereas pyruvate cycling genes (such as pyruvate carboxylase, the lactate 

transporter MCT1 (SLC16A1) and cytoplasmic malic enzyme 1 (Me1)) were 

overexpressed in the MLP subtype. LC-MS-based metabolomic analysis confirmed 

these data, with the identification of distinctive global metabolic profiles among the 

defined groups.   

To date, the most complete metabolic profiling of SI-NENs is represented by a 

study conducted in 2019 by Imperiale A et al. (307). This study analysed 94 tissue 

samples, including 46 SI-NETs, 18 hepatic NET metastases and 30 normal SI and 

liver samples. High-resolution magic angle spinning (HRMAS) NMR spectroscopy 

was used. Differences between primary NETs respect to normal SI tissue and 

primary NETs versus hepatic NET metastases were assessed. Succinate, 

glutathione, taurine, myoinositol and glycerol-phosphocholine were typically more 

abundant in NET samples, whereas normal SI specimens showed higher levels of 

alanine, creatine, ethanolamine and aspartate. Lower concentration of glucose, 

serine and glycine, and increased levels of choline-containing compounds, taurine, 

lactate and alanine, were found in SI-NETs with more aggressive tumors. Higher 

abundance of acetate, succinate, choline, phosphocholine, taurine, lactate and 

aspartate discriminated liver metastases from normal hepatic parenchyma. Higher 

levels of alanine, ethanolamine, glycerol-phosphocholine and glucose were found 

in hepatic NET metastases than in primary SI-NETs. These results suggest the 

existence of a complex metabolic reality possibly influencing tumor development 

and progression, and thereby clinical outcome. 

Taking together all these data indicate that the dynamic analytical assessment of 

serum metabolomics may become a very useful tool for clinical management, 

providing novel potential diagnostic biomarkers, as well as a more accurate patient 

stratification regarding prognosis and treatment outcome, thereby enabling the 

identification of molecular vulnerabilities that shall lead to more effective 
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personalized care. However, the complex interplay within the cancer cells and with 

the hosting environment needs to be unravelled in depth before metabolomic 

profiling can be widely used in clinical practice for the management of NENs. 
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HYPOTHESIS  

Reprogrammed metabolism encompasses the capacity of cells to respond or adapt their 

metabolic signalling to support and enable cell survival in unfavorable or hostile 

conditions. This ability is enhanced in cancer cells in order to improve their adaptive 

phenotype and maintain both viability and uncontrolled proliferation. Metabolic 

flexibility is therefore one of the key hallmarks of cancer, although the pathways involved 

in the metabolic plasticity of each cancer type remain to be elucidated. Metabolites are 

the final products of this adaptation, reflecting the aberrant changes in the genomic, 

transcriptomic and proteomic variability of tumors, and therefore provide useful 

biological and clinical information on cancer initiation and progression. This, together 

with the fact that metabolomics can be easily performed in readily accessible biological 

samples (i.e. plasma, urine), makes metabolic profiling of cancer patients a promising 

tool to characterize the tumor phenotype and identify novel biomarkers of potential 

clinical use. 

Neuroendocrine neoplasms are a very heterogenous family of tumors of increasing 

incidence and challenging clinical management. They originate from the diffuse 

neuroendocrine system and can thus arise from virtually any organ and have the unique 

ability to secrete amines or peptide hormones that produce characteristic clinical 

syndromes that may seriously impair patient’s quality of life and prognosis. Their low 

incidence, wide anatomic distribution and heterogeneous biological behaviour have 

hindered the efforts to decipher the molecular mechanisms involved in tumor 

development and progression. The recent development and increased accessibility to 

“omic” technologies, however, has improved our understanding of the genomic and 

epigenomic events driving NEN pathogenesis. However, metabolomics remains largely 

unexplored in these tumors.  

The hypothesis of this study is that NETs present a distinct metabolomic fingerprint, and 

its profiling shall enable to better characterize the tumor phenotype and identify novel 

biomarkers associated with clinical outcome (prognostic biomarkers). Moreover, 

metabolic tumor phenotyping will facilitate the identification of novel dysregulated 

pathways involved in tumor initiation and progression, thereby unravelling molecular 

vulnerabilities and potential novel therapeutic targets that shall lead to more effective 

personalized care of these patients in the near future.
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OBJECTIVES  

 

The overall objective of this study is to perform a comprehensive metabolic profiling of 

G1-2 extra-pancreatic NETs to better understand metabolic dysregulation in these tumors, 

and identify novel prognostic biomarkers of clinical use, as well as functionally 

characterize molecular pathways with a significant impact on patient’s survival. 

To this aim, the specific objectives of this study are the following: 

 

1.- To identify plasma metabolites with a differential availability in G1-2 extra-pancreatic 

NET patients as compared to non-cancer individuals (controls) significantly associated 

with patient’s survival (prognostic biomarkers). 

 

2.- To evaluate the association between the selected prognostic metabolites and relevant 

clinicopathological variables, such as age, sex, BMI, hormonal syndrome, primary tumor 

site, grade, and concomitant medication. 

 

3.- To assess the independent prognostic value of selected metabolites from other known 

clinicopathological prognostic factors and/or potentially confounding variables 

significantly associated with overall survival of patients with advanced G1-G2 extra-

pancreatic NETs. 

 

4.- To analyze the biological relevance of identified metabolites and dysregulated 

molecular pathways involved to provide further insights into the molecular mechanisms 

underlying NET pathogenesis and clinical behaviour. 
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MATERIAL AND METHODS  

  

4.1 STUDY POPULATION 

The study population included 77 patients with advanced, G1-G2 well-

differentiated neuroendocrine tumors of lung or gastrointestinal origin and 68 non-

cancer individuals with similar distribution of gender, age and body mass index 

(BMI) as the control group. The NET study population belonged to the first cohort 

of patients of the AXINET trial (clinicalTrials.gov Identifier: NCT01744249). This 

trial was a phase II-III, prospective, multicenter, randomized (1:1), double-blind 

study to evaluate the efficacy and tolerability of axitinib and octreotide LAR versus 

placebo and octreotide LAR in patients with advanced G1-G2 neuroendocrine 

tumors (WHO 2010) of non-pancreatic origin. This study enrolled 256 patients, 106 

patients in the first part of the study (Phase II), and 150 additional patients in the 

second part of the study (Phase III). Randomization was stratified by the time from 

diagnosis to study entry (> vs. < 12 months), primary tumor origin and ki-67 index 

(< 5% vs. > 5%). Treatment was continued until disease progression, unacceptable 

toxicity, consent withdrawal or death, whatever occurred first. The main study 

endpoint was progression-free survival (PFS) per investigator assessment. The 

study protocol was approved by the appropriate institutional review board or ethics 

committee at each participating institution. The study was conducted in accordance 

with standards of Good Clinical Practice. All patients provided written informed 

consent before study entry. An additional optional informed consent was required 

for translational studies.   

 

4.1.1 Eligibility criteria for study entry (AXINET trial) 

Patients had to fulfill all of the following eligibility criteria for study entry: 

• Histologically confirmed G1-G2 well-differentiated neuroendocrine tumor (WHO 

2010) of non-pancreatic origin, functioning or non-functioning. 

• Ki-67 index < 20% 

• Metastatic or locally advanced disease not amenable to treatment with curative 

intent. 
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• Clinical and/or radiological disease progression documented in the 12 months 

prior to study entry. 

• Patients should have at least one measurable lesion as defined by RECIST 1.1 

criteria.  

• Patients should not have undergone local or regional ablative procedures 

(embolization, cryoablation, radiofrequency ablation, or others) in the 6 months 

prior to entering the study. 

• Prior treatment with somatostatin analogues and/or interferon allowed 

• Prior treatment allowed with up to 2 antineoplastic systemic treatment lines 

different from SSAs or IFN (systemic treatment included conventional cytotoxic 

chemotherapy or targeted agents including mTOR inhibitors, except for therapy 

targeting VEGF/VEGFR which was not allowed).  

• Adequate organ function. 

• Age ≥ 18 years. 

• ECOG performance status 0-2 

• Life expectancy ≥ 12 weeks 

• At least 4 weeks elapsed from the end of the previous systemic treatment with 

resolution of all treatment-related toxicities to grade ≤ 1 according to NCI CTCAE 

Version 4.0 or to baseline, except for alopecia or properly treated hypothyroidism. 

• No prior evidence of uncontrolled hypertension. Baseline readings of systolic 

blood pressure should be ≤ 150 mm Hg and baseline readings of diastolic pressure 

should be ≤ 90 mm Hg. Patients whose hypertension is adequately controlled with 

antihypertensive therapy are eligible. 

• No other significant comorbidities that may interfere with the patient’s ability to 

receive or adequately tolerate the study treatment. 

• Women (or their partners) should be surgically sterilized or postmenopausal, or 

must agree to use an effective contraceptive method during and for at least 6 

months after receiving study treatment. All fertile women should have a negative 

pregnancy test (serum/urine) within 7 days prior to starting study treatment. Men 

(or their partners) should be surgically sterilized or must agree to use an effective 

contraceptive method during and for at least 6 months after receiving study 

treatment. Lactating women may not participate in this study. 
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• An informed consent document stating that the patient has been informed of all 

pertinent aspects of the trial must be signed and dated prior to study enrolment. 

Patients shall be willing and able to comply with scheduled visits, treatment plans 

(including willingness to take axitinib or placebo according to randomization), 

laboratory tests, and all other study procedures. 

 

 4.1.2 Clinical data collection 

Clinical information was prospectively collected online to electronic case report 

forms (CRFs) from the patient's medical history according to a previously 

elaborated protocol. Registered data quality was assured by onsite monitoring of 

source documents. The following variables were selected for the purpose of this 

study: 

Clinical variables: age, gender, weight, height, performance status (ECOG scale), 

functioning tumor (yes/no), type of hormonal syndrome (in case of functioning 

tumor), concomitant medication  

Pathological variables: 

- Location of the primary tumor: gastrointestinal (esophagus, gastric, pancreas, bile 

duct, small intestine, appendix, colon, rectum) or lung. 

- Tumor differentiation: well-differentiated or poorly differentiated. 

- Proliferative index (Ki-67) 

- WHO classification: NET G1 (Ki-67 < 3%) or G2 (Ki-67 from 3 to 20%) for GEP-

NETs; typical carcinoid (<2 mitoses/mm2 and absence of necrosis) or atypical 

carcinoid (2-10 mitoses/mm2 and/or presence of necrosis) for lung NETs. 

- Tumor stage at diagnosis according to TNM classification (AJCC 7th edition), 

including sites of metastatic disease. 

Blood tests: 

- Blood counts: haemoglobin concentration and absolute leucocyte, neutrophil, 

lymphocyte and platelet counts 

-  Serum chemistry profile:  glucose, creatinine, urea, AST y ALT, total bilirubin, 

alkaline phosphatase (ALP), lactate dehydrogenase (LDH) 

-   Tumor markers: plasma chromogranin A levels, 24h-urinary 5-HIAA. 
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Treatment-related variables and clinical outcome: date of diagnosis, date of 

randomization, dates of treatment initiation and discontinuation, best radiological 

response achieved and date of best response, date of disease progression and date 

of death or last contact if alive. 

 

4.2 MULTIPLATFORM METABOLIC FINGERPRINTING 

Peripheral blood was extracted from NET patients prior to initiation of study 

treatment. Blood samples from NETs and controls were collected in sodium EDTA 

tubes according to standard procedures and fractionated at 3000 rpm for 5 minutes. 

The plasma layer was recovered in sterile cryotubes, frozen and stored until use at 

-80ºC.  

A multiplatform non-targeted metabolomics approach was performed to provide a 

wide coverage of the metabolome under study. Plasma samples were analyzed 

according to standard protocols through different separation techniques coupled to 

mass spectrometry: capillary electrophoresis 7100 coupled to a MS with time-of-

flight analyzer, TOF-MS 6224 (Agilent Technologies) (CE−MS), HPLC system 

1290 Infinity II coupled with 6545 QTOF MS detector (Agilent Technologies) 

(LC−MS) and GC system 7890A coupled to a mass spectrometer 5975C (Agilent 

Technologies) (GC−MS) (308–310). 

  

4.2.1 Plasma non-targeted analysis by CE–MS 

Plasma samples (100 μL) were mixed with 100 μL of 0.2 M formic acid (with 5 % 

acetonitrile and 0.4 mM methionine sulfone as internal standard). Samples were 

vortex mixed for approximately 1 min and then transferred to a Centrifree Millipore 

(30 kDa) filter and centrifuged (2000 × g, 70 min, 4 °C). The filtered solution was 

transferred directly to a vial for analysis. 

CE−MS analyses were performed using a capillary electrophoresis 7100 (Agilent 

Technologies, Wilmington, USA) coupled to an Accurate-Mass TOF−MS system 

6224 (Agilent Technologies, Wilmington, USA). The coupling was equipped with 

an electrospray ionization source (ESI). 

A new Agilent Technologies fused–silica capillary (50 µm i.d. x 100 cm total 

length) was conditioned with three stages of 30 minutes each of them: 1.0 M NaOH, 
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followed by MiliQ® water and background electrolyte (BGE) (1.0 M formic acid 

in 10% Methanol). Before each analysis, the BGE vial was automatically emptied 

and filled. The capillary was then rinsed for 5 min (950 mbar) with BGE, applying 

a voltage of 30 kV for 10 s in order to displace the buffer ions. Sample injections 

were performed during 50 s with 50 mbar pressure. After each sample injection, the 

BGE was injected for 20 s at 100 mbar pressure. The separation conditions included 

25 mbar of pressure and 30 kV of voltage. Data were acquired in ESI+ with a scan 

rate of 1.00 spectra/sec and the mass range from m/z 74 to 1000. The sheath liquid 

consisted of 50% methanol, 50 % water and 10 µL of reference standards (0.25 µM 

purine, (m/z 121.0509) + 0.25 µM HP-0921 (m/z 922.0098)) using a flow rate of 

0.6 mL/min (1:100 split). The drying gas temperature was maintained at 200°C with 

a flow rate of 10 L/min; the nebulizer pressure was set to 10 psig, voltage 3,500 V, 

fragmentor voltage 125 V, and skimmer 65 V. 

In-source fragmentation was used to fragment molecules and obtain product ions to 

confirm the tentative annotation of the metabolite (in-source collision-induced 

dissociation (IS-CID))(311,312). The samples were re-analyzed using the same 

conditions but increasing up to 200 V the fragment voltage allowing the 

fragmentation of molecules in the ESI source and the mass range from m/z 50 to 

1000. Thus, additional information useful to elucidate the structure with a single-

stage mass analyzer was provided. 

 

4.2.2 Plasma non-targeted analysis by LC–MS 

Samples were treated for plasma deproteinization and metabolites extraction. 100 

µL of plasma was mixed with 300 µL of cold (-20 °C) mixture of MeOH:EtOH 

(1:1, v/v). Samples were vortex-mixed for 1 min, incubated on ice for 5 min and 

centrifuged for 20 min at 16000 x g at 4 °C. The resulting supernatant was then 

transferred directly to a vial for analysis. 

LC−MS analysis was performed on a UHPLC system 1290 Infinity II (313)(Agilent 

Technologies, Waldbronn, Germany) coupled with 6545 QTOF MS detector in 

positive and negative ESI modes. For the separation, a volume of 0.5 µL was 

injected onto a Zorbax Extended-C18 Rapid Resolution column (Agilent 

Technologies, 2.1×50 mm, 1.8 μm) thermostated at 60 °C. The flow rate was 0.6 
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mL/min with a mobile phase composed of water with 0.1% formic acid for A and 

ACN with 0.1% formic acid for B. The chromatography gradient started from 5% 

B for the first min increasing to 80% B in 6.0 min, then to 100% by 11.5 min and 

the starting condition was returned in 0.5 min allowing re-equilibration until 15.0 

min.  

Data were collected in positive and negative ESI ionization modes in separate runs 

and operated in the range from m/z 100 to 1000, and m/z 40 to 1000 for MS analysis 

and MS/MS analysis, respectively. The nozzle voltage was set to 1000 V, and the 

capillary voltage was 3000 V with a scan rate of 1.5 scans/s (positive mode) or -

4000 V with a scan rate of 1.0 scan/s (negative mode). The drying gas was heated 

up to 250 °C and flowed at a rate of 12 L/min, pressure 52.0 psi. Additional heating 

was applied using sheath heated gas up to 370 ºC with a flow of 11 L/min for 

improving the ionization.  

The MS/MS analysis was performed with the same chromatographic and 

spectrometric conditions used for the primary analysis. According to the prior 

determined accurate mass and retention time, ions of interest were targeted by 

collision-induced dissociation (CID) fragmentation on the fly, using a narrow 

isolation width (approx. 1.3 Da). For internal mass correction during data 

acquisition, two reference masses were infused continuously to the system over the 

course of the whole analysis: m/z 121.0509 (protonated purine) and m/z 922.0098 

protonated hexakis (1H,1H,3H-tetrafluoropropoxy) phosphazine (HP-921) in 

positive ionization mode, whereas m/z 112.9856 (proton-abstracted TFA anion) and 

m/z 966.0007 (formate adduct of HP921) for the negative mode. 

 

4.2.3 Plasma non-targeted analysis by GC–MS 

For GC–MS analysis, protein precipitation was performed by treatment with cold 

acetonitrile (1:3) followed by vortex-mix for 2 min and let stand on ice for 5 min. 

Samples were centrifuged at 15,400 x g for 10 min at 4 °C. For methoximation 

reaction, 100 μl of the supernatant were transferred to a GC vial and evaporated to 

complete dryness by Speedvac concentrator (314)(SpeedVac Concentrator System, 

Thermo Fisher Scientific, Waltham, MA) and then, 10 µL of O-methoxyamine 

hydrochloride (15 mg/mL) in pyridine solution was added to the dried sample and 
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thoroughly mixed for 1 min on a vortex mixer.  Methoxymation reaction was carried 

out in darkness at room temperature for 16 h. For silylation process, 10 μL of 

BSTFA/TMCS (99:1) was added as catalyst and vortex-mixed for 5 min. Capped 

vials were heated in an oven for 1 h at 70 °C. Finally, 100 μL of heptane containing 

C18:0 methyl ester (10 mg/L) as internal standard (IS) was added to each sample 

and vortex-mixed prior GC analysis. 

The analysis was performed by GC system (Agilent Technologies 7890A) coupled 

to a mass spectrometer with triple-Axis detector (5975C, Agilent Technologies). 

Two microlitres of derivatized plasma samples were automatically injected by an 

Agilent autosampler (7693) in split mode (split ratio 1:10) through an Agilent ultra-

inert deactivated glass wool split liner. An Agilent GC column DB5-MS (30 m 

length, 0.25 mm i.d, and 0.25 μm film of 95% dimethyl/5% diphenylpolysiloxane) 

with a precolumn (10 m J&W integrated with Agilent 122-5532G) was used for 

compound separation. Carrier gas flow rate (He) was set approximately at 1 mL/min 

after performing Retention Time Locking (RTL) and, injector and transfer line 

temperatures at 250 °C and 280 °C, respectively. The initial column oven 

temperature was set at 60 °C (held for 1 minute), rose to 325 °C at 10 °C/min during 

26.5 min, and hold at this temperature for 10 minutes before cooling down for the 

next injection. MS detection was performed with electron impact ionization (EI) 

with 70 eV of energy and 230 °C in filament source. 

Mass spectra were collected over a mass range of m/z 50–600 at a scan rate of 2 

spectra/s. Internal standard C18:0 methyl ester (10 mg/L) and, for retention index 

determination, a mixture of n-alkanes (C8-C28) dissolved in n-hexane were injected 

prior to the samples.  Data were acquired using Agilent MSD ChemStation 

Software (Agilent Technologies) (315,316).  

The analysis was carried out by randomising the samples for each platform run. For 

equipment performance and reproducibility determination, several replicates were 

analysed from a homogeneous pool containing a small equal amount of all the 

samples (Quality Controls, QC). These QCs were treated like the rest of the 

samples. They were injected at the beginning of the batch (10 injections) to 

equilibrate the system and every ten samples to monitor the stability of the analysis  
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4.3 DATA PROCESSING 

The raw data obtained by CE−MS were processed with MassHunter Profinder 

software version B.08.00 (317), applying the Molecular Feature Extraction (MFE) 

to clean of background noise and unrelated ions. Coeluting adducts of the same 

feature (+H+, +Na+, and neutral loss of water) were searching by MFE where all 

the features (ions) were aligned across the samples using mass and retention time 

(RT). Therefore, a final spectrum for each compound group was built to continue 

with the next step, the re-extraction of the batch files. Batch Recursive Feature 

Extraction (RFE) refines the quality of the target list for the Find by Ion (FbI) 

function by improving the quality of the final list of compounds. By RFE, using 

both the mass and the RT of the previous MFE results, a final compound group list 

was generated, and the verification of the correct integration of extracted ion 

chromatogram was inspected for each feature, through all the samples, one by one. 

The raw data collected by LC−MS were reprocessed by the molecular feature 

extraction (MFE) with Mass Hunter Qualitative (B.06.00, Agilent Software). The 

MFE algorithm enables us to clean data background noise and creates a final list of 

possible components. As a way of finding coeluting adducts of the same feature, 

data were reprocessed using DA Reprocessor Offline Utilities B.05.00 (Agilent) for 

ions such as [M]+, [M+H]+, [M+Na]+ in positive ionization, [M−H]-, 

[M+HCOOH-H]−, [M+Cl]- in negative ion mode, and neutral loss of water in both 

polarities. Data were aligned and filtered using Mass Profiler Professional software 

(B.14.9 Agilent Software).  

GC−MS data treatment started with a thorough inspection of the total ion 

chromatograms (TIC) of experimental samples with examination of the overall 

quality of analytical performance. Raw data files were converted to the appropriate 

format for quantitative analysis through MassHunter Workstation GC-MS 

Translator (B.04.01). Agilent MassHunter Unknowns Analysis Tool 7.0 was used 

for deconvolution and metabolite identification. The assignment of a chemical 

identity was done by searching via two specific libraries: Fiehn, 2008 version, and 

“in house” plasma spectral library from CEMBIO based on Fiehn and NIST 

(National Institute of Standards and Technology, library 2.2 version 2014) libraries. 

This identity was granted comparing their retention indices and retention times, and 

spectrum extracted after deconvolution with each compound included in the 
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libraries. Afterward the data was aligned with MassProfiler Professional (B.14.9 

Agilent Software) (318) and exported to Agilent MassHunter Quantitative Analysis 

(B.07.00) for target ion assignation and obtaining the abundance of compounds with 

the inspection of the correct integration of peaks. Finally, the data matrix with the 

final abundance of each metabolite was generated. 

To ensure valid measurements, data matrix obtained after data reprocessing for each 

platform were filtered according to the variation in the abundance of the compounds 

in QC samples, expressed as standard deviation relative, and only those with 

RSD<30% were kept. 

 

4.3.1 Data analysis  

The three hyperparameters that determine the accuracy of the within-batch effects 

elimination were: i) the tolerance threshold (ε) 5% of the median of distribution of 

QC values, ii) the penalty term (C) median of the distribution of QC samples and 

iii) the kernel width (γ) logspace (0,3) 20 values.  

OPLS-DA models were validated for every platform using response of permutation 

test through 999 permutations. This test assesses whether the specific classification 

of individuals in the two designed groups is significantly better than any other 

random classification into two arbitrary groups. Permutation tests show the validity 

and degree of overfitting for model. The R2 and Q2 distribution is compared to the 

original (unperturbed)) data when the Y data is randomly permutated. At the same 

time, the X data is left intact. The resulting validation plot represents on the y-axis 

the R2 and Q2 values of the original and permuted models, while the x-axis 

represents the correlation coefficients between both models. The points were fitted 

via the regression line. Model validity should have higher R2 and Q2 values of the 

original models than of the permutated models (319). 

4.3.2 Annotation and compound identification 

An initial tentative identification of features from LC−MS and CE−MS based on 

the m/z of the compounds showing significant differences in class separation was 

performed by CEU Mass Mediator tool (311). Tentative annotation covered, beside 

the accurate mass matching with the mass error set to 10 ppm for LC−MS and 20 

ppm for CE−MS, isotopic distribution determination and manual checking of the 
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possible ions and adducts. For CE−MS, fragments, dimers or ringing artefacts were 

removed from the dataset as described in Godzien et al. (308) Spectra at high 

fragmentor voltage (200 V) were used to confirm CE−MS annotations. As a result, 

fragmentation spectra were obtained and ion-source fragmentation characteristic 

patterns were studied. For this purpose, an in-house database created by CEMBIO 

of 515 fragments has been used together with its ions, adducts and multimers, which 

is available in CEU Mass Mediator (CMM) (320) and includes a relative migration 

time library. 

To confirm the annotation of the compounds, LC−MS/MS analysis was carried out, 

repeating the experiment. The data independent analysis (DIA) was performed with 

the same chromatographic and spectrometric conditions used for the primary 

analysis. According to the prior determined accurate mass and retention time, ions 

of interest were targeted by collision-induced dissociation (CID) fragmentation, 

using a narrow isolation width (approx. 1.3 Da). Precursor ions were targeted with 

different fixed collision energies at 20 and 40eV, for separate runs to obtain 

collision energy-specific MS/MS spectra.  

The identification of each metabolite was achieved by manual MS/MS spectra 

interpretation. Comparison of the fragmentation pattern based on fragmentation 

mechanism and mass differences, was done against the MS/MS from standard 

compound when available or spectral matching with spectra available in Metlin 

database (321) and MetFrag (322) for in silico fragmentation for computer assisted 

identification of metabolite mass spectra. 

 

4.4 STATISTICAL ANALYSIS OF CLINICAL VARIABLES 

Descriptive statistics were used to characterize the most relevant clinical, 

biochemical and pathological features of the study population. The association of 

categorical variables was assessed by the chi-squared test or Fisher’s exact test, 

when appropriate. The distribution of quantitative variables among study groups 

was evaluated by parametric (Student's t) or non-parametric (Kruskal-Wallis or 

Mann-Whitney) tests as required for each variable. 

Overall survival (OS) was calculated from the date of randomization into the study 

to the date of death from any cause or of last contact in living patients. Progression-
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free survival (PFS) was calculated from the date of treatment initiation within the 

AXINET trial to the date of disease progression or the last contact in patients 

without progression. The Kaplan-Meier product limit method was used to estimate 

PFS and OS, and differences observed among patient subgroups were assessed by 

the log-rank test. Statistical significance was established at P ≤ 0.05.  

The prognostic value for PFS and OS was analyzed for each identified metabolite 

(N=155) with a differential availability in NET patients (P<0.05) when compared 

to non-cancer individuals, considering their expression as a continuous variable, by 

univariate Cox regression method collected in the package of R survival (323) 3.2-

7. The adjusted p-value for multiple testing was estimated by the False Discovery 

Rate (FDR) method (324,325). We also evaluated the potential prognostic impact 

of identified metabolites considered as categorical variables, with the median value 

as the cut-off point (> or ≤ median), using the Kaplan-Meier estimator and log-rank 

test to assess the statistical significance. Metabolites with a significant impact 

(P<0.05) on PFS or OS were selected (N=35) for further association analyses. The 

potential association of selected metabolites (N=35) with most relevant 

clinicopathological features (gender, age, BMI, grade, primary tumor origin and 

tumor functionality) and most common concomitant medications was assessed by 

the Chi-square or Fisher’s exact tests, as appropriate. Drug classes selected for 

association analyses were those taken by >10% of patients at study entry, and 

included the following: antihypertensives, analgesics, nonsteroidal anti-

inflammatory drugs, diuretics, antiaggregants, anxiolytics, H2-receptor blockers, 

and lipid-lowering medications.  Statistical significance was established at P<0.05.  

To evaluate the independent prognostic value of selected metabolites both for PFS 

and OS, adjusted for other potential confounding variables such as gender, age, 

BMI, grade, tumor functionality, primary tumor location (gastroenteric, pulmonary 

or other) and concomitant medication if appropriate, a multivariate analysis was 

performed using the Cox proportional hazards method. All analyses were 

performed using SPSS software version 21 and R software version. 3.6.1. 
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4.5 METABOLITE PATHWAY ANALYSIS (MPA) AND METABOLITE SET 

ENRICHMENT ANALYSIS (MSEA).  

In order to identify aberrant molecular pathways in NET patients we analysed our 

data by Metabolite Pathway Analysis (MPA) and Metabolite SetEnrichment 

Analysis (MSEA) using MetaboAnalyst (326) 4.0 platform 

(http://www.metaboanalyst.ca/). The databases of reference employed were KEGG 

homo sapiens (Oct 2019) and SMPD (327). 

 

 

4.6 HEATMAP AND HIERARCHICAL CLUSTERING 

Heatmaps were conducted with the log10 value of each metabolite levels in the 

plasma samples. Unsupervised hierarchical clustering was performed for 

metabolites and patients using Pearson correlation and average as linkage method. 

Both were conducted using the Morpheus Software (328) (Broad Institute; 

https://software.broadinstitute.org/morpheus). 
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RESULTS   

 

5.1 BASELINE CHARACTERISTICS OF THE STUDY POPULATION 

The study population included 77 plasma samples from patients with advanced G1-

G2 extra-pancreatic neuroendocrine tumors enrolled in the AXINET trial 

(EUDRACT:2011-001550-29) and 68 non-cancer individuals, as control cohort. 

The most relevant clinicopathological characteristics of the NET study population 

are summarized in Table 1.  

Globally, we included 49 patients with neuroendocrine tumors of GEP origin, 19 of 

pulmonary origin, 7 of unknown primary and 2 from other primary sites. Among 

patients with GEP tumors, 1 was of gastric origin, 1 of duodenal origin, 39 of small 

intestine, 2 of colon, and 6 of rectum. All tumors were well-differentiated, 31.2% 

had non-functioning tumors, 32.5% were grade 1 (G1) and over two thirds (67.5%) 

were grade 2 (G2). The median time from diagnosis to study entry was 14.1 months 

(range: 0.1-223.1 months).  

Forty percent of patients had not received any prior systemic therapy, whereas 

44.2% and 15.6% had received one or more prior lines of treatment, respectively. 

Among pre-treated patients, 40 of them had received SSA, 10 chemotherapy, 4 

interferon and 8 everolimus. One third (33.4%) of patients had undergone a surgical 

resection of the primary tumor.  

The median age at diagnosis was 63 years (range: 37 to 83 years), and the majority 

of patients were male (54.5%). The median BMI of NET patients was 25.9 (range 

17.2- 52.5). About one third of patients (36.4%) presented a normal weight (BMI 

18.5–24.9), 33.8% had overweight (BMI 25.0–29.9) and 24.7% obesity (BMI>30). 

The distribution of gender, age and body mass index (BMI) was similar in the NET 

and control cohorts, as detailed in Table 2.  

Most relevant biochemical abnormalities observed in NET patients (urinary 5-

HIAA, and plasma chromogranin A, LDH, ALT, AST, glycemia, creatinine and 

urea) are summarized in Table 3. The general neuroendocrine plasma biomarker 

chromogranin A was elevated in 71.4% of cases and in 59.7% of patients the 

elevation was greater than two times the upper limit of normal. 5-HIAA was 
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elevated in 66.2% of patients and greater than two times the upper limit of normal 

in 55.8%. One third of patients presented hyperglycemia, and the majority of 

patients had renal and liver function tests within the normal range. 
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     Table 1. Clinico-pathological characteristics of the study population.  
 

Features N (%) 

Age (years)   

Median value (range) 63 (38-83) 

BMI   

Median value (range) 25.9 (17.2- 52.5) 

BMI   

Underweight (BMI < 18.5) 1 (1.3%) 

Normal weight (BMI 18.5–24.9) 28 (36.4%) 

Overweight (BMI 25.0–29.9) 26 (33.8%) 

Obesity (BMI>30) 19 (24.7%) 

Unknown 3 (3.9%) 

Gender  

Female 34 (45.5%) 

Male 42 (54.5%) 

ECOG  

0 49 (63.6%) 

1 28 (36.4%) 

Localization of primary tumor   

Gastric 1 (1.3%) 

Duodenum 1 (1.3%) 

Jejunum-ileum 39 (50.6%) 

Colon 2 (2.6%) 

Rectum 6 (7.8%) 

Lung 19 (24.7%) 

Unknown primary 7 (9.1%) 

Others 2 (2.6%) 

Grade   

G1 (Ki-67<3%) 25 (32.5%) 

G2 (Ki-67 3-20%) 52 (67.5%) 

Ki67 (%)  

≤5 51 (66.2%) 

>5 26 (33.8%) 

Functioning Tumor   

Yes (Carcinoid Syndrome) 24 (31.2%) 

No  53 (68.8%) 

Time from diagnosis to study entry   

≤12 months 33 (40.3%) 

>12 months 44 (57.1%) 

Prior systemic treatment  

No 31 (40.3%) 

1 line 34 (44.2%) 

≥ 2 lines 12 (15.6%) 

Prior SSA  

Yes 40 (51.9%) 

No 37 (48.9%) 

  



 Results 

 

118 
 
 

Features N (%) 

Prior Chemotherapy  

Yes  10 (13.0%) 

No 67 (87.0%) 

Prior PRRT  

Yes  0 (0.0%) 

No 77 (100%) 

Prior Interferon  

Yes  4 (5.2%) 

No 73 (94.8%) 

Prior Everolimus  

Yes  8 (10.4%) 

No 69 (89.6%) 

Prior Radiotherapy  

Yes  2 (2.6%) 

No 75 (97.4%) 

Prior Locoregional Therapy  

Yes  8 (10.4%) 

No 69 (89.6%) 

Prior Surgery  

Yes  34 (44.2%) 

No 43 (55.8%) 

Exitus  

Yes 39 (50.6%) 

No 38 (49.4%) 

BMI: Body Mass Index, SSA: Somatostatin analogues, PRRT: Peptide receptor radionuclide therapy 

 
 

 

 

 

Table 2. Distribution of age, gender and body mass index in NET and control patients. 
 

 
Neuroendocrine Tumors 

(Study Cohort) 

N= 77 

Non-cancer Individuals 

(Control Cohort) 

N= 68 

Gender (N (%))   

Female 35 (45.5%) 41 (60.3%) 

Male 42 (54.5%) 27 (39.7%) 

Age (years)   

Median value (range) 63 (37-83) 61.7 (38-83) 

BMI   

Median value (range) 25.9 (17.2-52.5) 

 

26.8 (20.7–35.9) 

 
BMI: Body Mass Index 
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Table 3. Biochemical parameters of the NET cohort. 

 Blood parameter N (%) 

Chromogranin A > ULN   

Yes 55 (71.4%) 

No 13 (16.9%) 

Unknown 9 (11.7%) 

Chromogranin A > 2xULN   

Yes 46 (59.7%) 

No 22 (28.6%) 

Unknown 9 (11.7%) 

5-HIAA > ULN   

Yes 51 (66.2%) 

No 14 (18.2%) 

Unknown 12 (15.6%) 

5-HIAA > 2xULN   

Yes 43 (55.8%) 

No 22 (28.6%) 

Unknown 12 (15.6%) 

LDH > ULN   

Yes 14 (18.2%) 

No  54 (70.1%) 

Unknown  9 (11.7%) 

Alkaline Phosphatase >ULN   

Yes 11 (14.4%) 

No  61 (79.1%) 

Unknown  5 (6.5%) 

AST > ULN   

Yes 7 (9.1%) 

No  70 (90.9%) 

ALT > ULN  

Yes 8 (10.4%) 

No  69 (89.6%) 

Glycemia > ULN   

Yes 25 (32.5%) 

No 51 (66.2%) 

Unknown 1 (1.3) 

Creatinine > ULN  

Yes 8 (10.4%) 

No 69 (89.6%) 

Urea > ULN  

Yes 11 (14.3%) 

No 65 (84.4%) 

Unknown 1 (1.3%) 

ALT: Alkaline Phosphatase; AST: aspartate aminotransferase; 5-HIAA: 5-Hydroxyindoleacetic acid;  
ULN: Upper Limit of Normal 
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5.2 SURVIVAL ANALYSIS BY CLINICO-PATOLOGICAL FEATURES 

With a median follow-up of 46 months (range: 2-96), 55 (71.4%) patients had 

progressed and 39 (50.6%) had died. The median progression free survival (PFS) 

was 13.7 months (range: 2.4-93.7) and the 1-year PFS rate was 55.8%. The median 

OS was 49.0 months (range: 2.4-96.4), and 53.5% were alive at 5 years (5-year OS). 

The 1-year PFS rate from study entry was significantly higher for patients that had 

received no prior systemic therapy (76.8 %) than for those that had been treated 

with 1 (56.0%) or more than 1 (25.0%) prior lines of treatment (p=0.01). PFS was 

also greater for patients with a shorter time from diagnosis to study entry (1-year 

PFS rate of 69.7 % vs. 45.5 % for patients with 12 months or less versus more than 

12 months, respectively, p=0.02). PFS (% at 1 year) per primary tumor site was 

greater for small bowel NETs (62.5%), followed by NETs from other 

gastrointestinal sites (gastric, colorectal) (55.6%), the lung (52.6%) or those of 

unknown origin (42.9%). The 5-year OS rate after study entry was significantly 

greater in women than in men (69.8 % vs. 40.1%, p=0.05) and for patients naïve 

from previous systemic therapy (67.7 % vs. 23.5% vs. 33.3% for patients with 0, 1 

or more than 1 prior lines of therapy, respectively; p=0.001). There were no 

statistically significant differences in patient survival based on age or grade, 

although survival rates were numerically higher in younger patients and low grade 

tumors (G1). In addition, no significant survival differences were observed by BMI, 

presence or not of a hormonal syndrome, or chromogranin A and 5-HIAA levels. 

All these data are summarized in Table 4. 
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Table 4. Univariate PFS and OS analysis by clinico-pathological features. 
 

  PFS (% at 1 y) OS (% at 5 y) 

 

Feature 

 

N 

 

Median 
(months) 

 

% HR P 

 

Median 
(months) 

 

% HR P 

      

All patients 77 13.7 55.8 %   49.0 57.1 %   

Gender     0.43    0.05 

Female 34 18.5 61.9 % 0.76  NA 69.8 % 0.50  

Male 42 13.0 57.6 %   45.9 40.1 %   

Age     0.25    0.28 

≤ median value 39  27.4 61.5% 0.50  76.2 59.6 % 0.70  

> median value 38  11.9 50.0%   54.5 46.4 %   

BMI      0.63    0.26 

Underweight  
(BMI < 18.5) 

1 8.4 0.0 % 2.22 0.44 81.9  100.0 % 0.00 0.97 

Normal weight 

(BMI 18.5–24.9) 
28  11.7 46.4 % REF  43.6 28.6 % REF  

Overweight  
(BMI 25.0–29.9) 

26  13.7 61.5% 0.74 0.46 68.6 50.0% 0.55 0.09 

Obesity  

(BMI>30) 
19  17.1 63.2% 0.71 0.45 76.2 52.6% 0.52 0.10 

Tumor location     0.23    0.30 

Small Intestine  40  17.1 64.1 % REF  76.2 58.0 % REF  

Lung 19  12.3 55.6 % 1.26 0.47 NA 56.1 % 1.13 0.73 

GI other 9 16.5 55.6 % 1.26 0.47  33.8 33.3 % 1.72 0.29 

Unknown 7  9.6 57.1 % 1.29 0.59 NA 64.3 % 0.55 0.42 

Other 2  4.4 0.0 % 5.69 0.02 5.1 0.0 % 2.89 0.11 

Time from dx to 

study entry  
    0.02    0.27 

≤ 12 months 33  28.1 69.7 %   76.2 61.1 %   

> 12 months 44 11.7 45.5 % 1.88  52.5 48.0 % 1.43  

Prior systemic 

treatment 
    0.010    0.001 

No 31  NA 76.8% REF  NA 67.7 % REF  

1 line 34  27.4 56.0% 2.29 0.003 37.0 23.5 % 2.70 0.03 

> 1 line 12  8.0 25.0% 4.19 0.14 43.6 33.3 % 1.57 0.64 

Ki67 (%)     0.34    0.65 

<5  39 17.2 59.0% REF  77.8 54.7% REF   

5-9 23  18.2 60.9% 0.70 0.43 54.5 43.6% 1.38 0.36 

10-20 15  8.8 46.7% 1.42 0.36 76.2 39.6% 1.78 0.68 
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  PFS (% at 1 y) OS (% at 5 y) 

 

Feature 

 

N 

 

Median 
(months) 

 

% 
HR P 

 

Median 
(months) 

 

% 
HR P 

Grade      0.48    0.65 

G1 25  21.0 68.0 % 0.81  68.8 53.8 % 0.85  

G2 52  11.9 50.0%   76.2 53.0 %   

Hormonal Sd       0.31    0.77 

Yes 24 13.0 54.2 % 1.33  68.6 55.9 % 0.90  

No 53 14.4 56.6 %   76.2 52.6 %   

Crg-A > ULN      0.16    0.74 

Yes 55  14.4 54.5 % 1.77  76.2 53.3 % 1.16  

No 13  50.8 76.9 %   77.8 68.4 %   

5HIAA > ULN      0.53    0.99 

Yes 51  14.4 58.8 % 1.27  77.8 60.5 % 0.99  

No 14  21.0 64.3 %   NA 54.2 %   

BMI: Body Mass Index; Crg-A: Chromogranin A; dx: diagnosis; 5HIAA: 5-Hydroxyindoleacetic acid; 

Sd: Syndrome; ULN: Upper Limit of Normal 
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5.3 METABOLIC PROFILE OF NEUROENDOCRINE TUMORS 

5.3.1 Plasma metabolomic profiling of patients with NETs.   

The metabolite fingerprint was assessed using a multiplatform LC-MS, GC-MS and 

CE-MS approach to analyze the plasma of 77 patients with advanced NETs and of 

68 non-cancer individuals (controls). Data obtained was used for multivariate 

analysis of unsupervised principal components (PCAs) to verify system stability, 

performance and reproducibility of sample treatment procedures, as priorly 

reported (329). For multivariate analysis in each platform, unsupervised PCA 

models were built to observe natural clustering of NETs and controls, and OPLS-

DA models were also conducted to model differences between groups (Figure 5, A-

D). Clear separation between NETs and non-cancer individuals for all analytical 

techniques were shown in the applied models. After data processing as previously 

described, univariate statistical analysis revealed the following individually 

significant differential metabolites between NETs and controls: 75 compounds in 

CE–MS, 150 in LC–MS ESI (+), 296 in LC–MS ESI (-) and 19 in GC–MS (330). 

These variables were annotated and/or identified as described in "Annotation and 

compound identification" in the material and methods section. The integration of 

metabolic data acquired by different analytical platforms resulted in 155 identified 

metabolites with a differential availability in NET patients as compared to non-

cancer individuals (p<0.05). Metabolite identification of some specific metabolites 

(arginine, glutamine, phenylalanine, among others) across more than one analytical 

platform significantly increases the confidence of metabolite identification 

(Supplementary Table 1).  

 

 

 

 

 

 



 Results 

 

124 
 
 

 

Figure 5. OPLS-DA supervised models and permutation tests in NET and non-cancer 

patients. Supervised models show a clear separation between NET patients and non-cancer 

individuals. A-D) OPLS-DA score plots and permutation tests of OPLS-DA models for 

each platform through 999 permutations. Panel A for CE-MS data (R2 = 0.872, Q2 = 

0.843); panel B, LC−MS/ESI(+) data (R2 = 0.954, Q2 = 0.871); panel C, LC−MS/ESI(-) 

data (R2 = 0.885, Q2 = 0.788); and panel D, GC-MS data (R2 = 0.781, Q2 = 0.744). Red 

dots, NETs (N= 77); blue dots, non-cancer individuals (N= 68). 
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5.3.2 Prognostic impact of differential metabolites in NET patients.  

We assessed the prognostic impact of the 155 identified metabolites with a 

differential availability in NET patients (p<0.05), when compared to non-cancer 

individuals. Each metabolite was analysed both as a continuous and as a dichotomic 

variable (categorized as high or low according to their median value) to explore 

their potential impact on patient´s survival. Thirty-four metabolites were 

significantly associated with PFS (N=16) and/or OS (N=27). The metabolites that 

correlated with PFS were the following: Cys-Gly disulphide, Glu-Hyp, Glu-Lys/Ɛ-

Glu-Lys, Glu-Lys/Ɛ-Glu-Lys 2, methionine S-oxide, suberylglycine, pyranose 

(glucose/altrose/galactose/talose), eicosapentaenoic acid, 3-hydroxy-5-

octenoylcarnitine, LPA (13:0), LPC (22:1), LPE (22:6), PG (28:0), 3-

hydroxydodecanoic acid, urocanate nicotinamide N-oxide, 5-hydroxyindoleacetic 

acid. The following metabolites were associated with OS: dimethyl-arginine 

(symmetric), Glu-Hyp, Glu-Lys/Ɛ-Glu-Lys 2, pyroglutamine, Ser-Ala, 

suberylglycine, Thr-Gly,  pyranose (glucose/altrose/galactose/talose), 

eicosapentaenoic acid, MG(20:0), N-palmitoyl glutamic acid, 3-hydroxy-5-

octenoylcarnitine, 3-hydroxy-5-tetradecenoylcarnitine, linoleyl carnitine, LPC 

(16:0)-OH, LPC (22:1), methylimidazole, urocanate nicotinamide N-oxide, 5-

hydroxyindoleacetic acid, N-(4-coumaroyl)-homoserine lactone, 4-methylcatechol, 

1-methyladenosine, SM (36:0), biliverdin, cholestane-3.7.12.24.25-pentol, 

cortisone acetate, ecdysone 25-O-D-glucopyranoside. There were 9 metabolites 

associated with both PFS and OS: Glu-Hyp, Glu-Lys/Ɛ-Glu-Lys 2, suberylglycine, 

pyranose (glucose/altrose/galactose/talose), eicosapentaenoic acid, 3-hydroxy-5-

octenoylcarnitine, LPC (22:1), urocanate nicotinamide N-oxide and 5-

hydroxyindoleacetic acid. The association significance of these 34 metabolites with 

PFS and/or OS is detailed in Table 5. Table 6 summarizes PFS-rates at 1 year and 

OS-rates at 5 years by metabolite abundance classified as “low” or “high” according 

to their median values.  

The main characteristics of the 34 selected metabolites according to the Human 

Metabolome Database (HMDB) (www. hmdb.ca) are provided in Supplementary 

Table 2.   
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Table 5. Metabolites with significant impact on PFS and OS evaluated as continuous or 

categorized variables according to median values. 

 

 PFS OS 

 Continuous Median Continuous Median 

 P FDR P FDR P FDR P  FDR 

Amino acids, peptides, 

and analogues 
        

Cys-Gly disulphide 0.026 0.586 X X X X X X 

Dimethyl-Arginine 

(symmetric) 
X X X X 0.002 0.108 0.0113 0.342 

Glu-Hyp 0.034 0.624 0.042 0.561 0.033 0.399 X X 

Glu-Lys/Ɛ-Glu-Lys 0.019 0.586 0.016 0.508 X X X X 

Glu-Lys/Ɛ-Glu-Lys 2 0.023 0.586 0.002 0.168 X X 0.016 0.365 

Methionine S-oxide X X 0.000 0.099 X X X X 

Pyroglutamine X X X X 0.041 0.419 X X 

Ser-Ala* X X X X X X 0.037 0.436 

Suberylglycine 0.024 0.586 0.027 0.561 0.022 0.399 X X 

Thr-Gly* X X X X X X 0.037 0.436 

Carbohydrates and  

CH conjugates 
        

PYRANOSE 

(glucose/altrose 

/galactose /talose) 

X X 0.043 0.561 X X 0.033 0.436 

Fatty Acyds         

Eicosapentaenoic acid  0.020 0.586 X X 0.023 0.399 0.045 0.436 

MG(20:0) X X X X 0.023 0.399 0.024 0.421 

N-palmitoyl glutamic 

acid* 
X X X X X X 0.027 0.421 

3-Hydroxy-5-

octenoylcarnitine 
0.026 0.586 0.008 0.462 0.000 0.071 0.002 0.255 

3-Hydroxy-5-

tetradecenoylcarnitine* 
X X X X X X 0.027 0.421 

Linoleyl carnitine X X X X 0.037 0.412 X X 

Glycerophospholipids         

LPC (16:0)-OH  X X X X X X X X 

LPA (13:0) 0.041 0.648 0.034 0.561 X X X X 

LPC (22:1) 0.010 0.586 0.013 0.508 0.002 0.108 0.015 0.365 

LPE (22:6) X X 0.046 0.561 X X X X 

PG (28:0) X X 0.047 0.561 X X X X 
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 PFS OS 

 Continuous Median Continuous Median 

 P FDR P FDR P FDR P  FDR 

Hydroxy acids and 

derivatives 
        

3-Hydroxydodecanoic 

acid 
0.036 0.624 X X X X X X 

Imidazoles         

Methylimidazole X X X X 0.030 0.399 X X 

Urocanate 

Nicotinamide N-oxide  
X X 0.029 0.561 0.048 0.443 0.010 0.342 

Indoles and derivatives         

5-Hydroxyindoleacetic 

acid 
X X 0.046 0.561 X X X X 

Lactones         

N-(4-Coumaroyl)-

homoserine lactone  
X X X X 0.004 0.124 0.004 0.255 

Phenols         

4-Methylcatechol  X X X X 0.031 0.399 X X 

Purine nucleosides         

1-Methyladenosine X X X X 0.000 0.017 0.004 0.255 

Sphingolipids         

SM (36:0) X X X X X X X X 

Steroids and steroid 

derivatives 
        

Biliverdin X X X X X X X X 

Cholestane-

3.7.12.24.25-pentol 
X X X X 0.026 0.399 X X 

Cortisone acetate  X X X X 0.043 0.419 X X 

Ecdysone 25-O-D-

glucopyranoside 
X X X X 0.025 0.399 X X 

CH: carbohydrates; FDR: false discovery rate. OS: Overall Survival. PFS: Progression free survival 
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Table 6. PFS and OS by metabolite abundance classified as “Low” or “High” by the 

median value. 

  PFS (% at 1 year) OS (% at 5 years) 

 N 
Median 

(months) 
% HR P  

Median 

(months) 
% HR P  

Amino acids, peptides 

and analogues 
         

Cys-Gly disulphide           

Low 37 10.9 43.2 % 1.7 0.1 77.8 54.4 % 1.0 0.9 

High 40 18.8 67.5 %   66.3 53.0 %   

Dimethyl-Arginine 

(symmetric) 
         

Low 36  17.2  58.3 % 0.9 0.8 81.9 68.2 % 0.4 0.009 

High 41  13.7 53.7 %   45.5  40.0 %   

Glu-Hyp          

Low 38  26.4 60.5 % 0.6 0.2 81.9 66.7 % 0.5 0.05 

High 39  12.4 51.3 %   45.5  40.7 %   

Glu-Lys/Ɛ-Glu-Lys          

Low 38  25.8 60.5 % 0.6 0.2 81.9 62.4 % 0.6 0.2 

High 39  12.4  51.3 %   54.5 44.9 %   

Glu-Lys/Ɛ-Glu-Lys 2          

Low 37  28.1 64.9 % 0.5 0.09 NA 64.5 % 0.5 0.08 

High 40  11.5  47.5 %   52.4 42.6 %   

Methionine S-oxide          

Low 38  27.8 63.2 % 0.4 0.03 NA 63.4 % 0.6 0.1 

High 39  11.9  48.7 %   45.9  44.0 %   

Pyroglutamine          

Low 38  13.1 56.4 % 0.9 0.8 81.9 66.2 % 0.5 0.04 

High 39  13.7  55.3 %   43.6 41.1 %   

Ser-Ala*          

Low 36  16.6 61.1 % 0.7 0.3 77.8 60.3 % 0.7 0.2 

High 41  12.4  51.2 %   56.9 47.1 %   

Suberylglycine          

Low 38  24.7 60.5 % 0.6 0.2 NA 67.7 % 0.5 0.06 

High 39  12.3  51.3 %   49.0  39.3 %   

Thr-Gly*          

Low 36  16.6 61.1 % 0.7 0.3 77.8 60.3 % 0.7 0.2 

High 41  12.4  53.7 %   56.9  47.1 %   

Carbohydrates/carbo

hydrate conjugates 
         

PYRANOSE 

(glucose/altrose 

/galactose/talose) 

         

Low 34  17.2 67.6 % 0.4 0.04 76.2 62.8 % 0.5 0.03 

High 39  11.5 43.6 %   45.5 42.5 %   
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  PFS (% at 1 year) OS (% at 5 years) 

 N 
Median 

(months) 
% HR P  

Median 

(months) 
% HR P  

Fatty Acyls          

Eicosapentaenoic 

acid 
         

Low 37  27.4 62.2 % 0.7 0.3 NA 60.8 % 0.9 0.7 

High 40  11.9  50.0 %   56.9 47.8 %   

MG (20:0)          

Low 69  13.7 62.5 % 0.9 0.9 72.7 56.2 % 0.4 0.03 

High  8  12.4 55.1 %   37.0 29.2 %   

N-palmitoyl 

glutamic acid* 
         

Low 38  18.5 56.4 % 0.7 0.4 77.8 63.7 % 0.5 0.05 

High 39  13.0 55.3 %    43.6  42.9 %   

3-hydroxy-5-

octenoylcarnitine 
         

Low 38  26.4 71.1 % 0.5 0.05 NA 75.3 % 0.3 0.001 

High 39  9.7 41.0 %   41.7 31.2 %   

3-Hydroxy-5-

tetradecenoylcarniti

ne* 

         

Low 38  18.5 56.4 % 0.7 0.4 77.8 63.7 % 0.5 0.05 

High 39  13.0  55.3 %   43.6 42.9 %   

Linoleyl carnitine          

Low 37  18.2 59.5 % 0.9 0.8 NA 63.9 % 0.6 0.1 

High 40  12.3  52.5 %   54.5 43.6 %   

Glycerophospholipids          

LPC (16:0)-OH          

Low 37  25.8 62.2 % 0.6 0.2 77.8 67.5 % 0.6 0.1 

High 40  11.9  50.0 %   49.0 40.6 %   

LPA (13:0)          

Low 55  14.5 58.2 % 0.8 0.7 77.8 59.5 % 0.5 0.04 

High 22  11.7  50.0 %   41.7 38.6 %   

LPC (22:1)          

Low 34  27.4 62.9 % 0.8 0.5 81.9 76.5 % 0.3 0.001 

High 38  11.7 47.4 %   45.9 34.3 %   

LPE (22:6)          

Low 37  25.8  62.2 % 0.7 0.4 81.9 63.8 % 0.6 0.1 

High 40  11.8 50.0 %   54.5 43.6 %   

PG (28:0)          

Low 37  24.7  67.6 % 0.7 0.3 81.9 60.0 % 0.7 0.2 

High 40  11.7 45.0 %   56.9 47.6 %   
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  PFS (% at 1 year) OS (% at 5 years) 

 N 
Median 

(months) 
% HR P  

Median 

(months) 
% HR P  

Hydroxy acids and 

derivatives 
         

3-Hydroxydodecanoic 

acid 
         

Low 37  12.4 60.0 % 1.0 0.9 56.9 47.0 % 1.5 0.1 

High 40  14.5 51.4 %   77.8  59.2 %   

Imidazoles          

Methylimidazole          

Low 36  13.0 55.6 % 0.9 0.7 81.9 67.4 % 0.4 0.01 

High 41  13.7  56.1 %   43,6 41.1 %   

Urocanate 

Nicotinamide N-

oxide 

         

Low 38  24.7 60.5 % 0.6 0.1 NA 61.6 % 0.6 0.1 

High 39  12.4 51.3 %   49.0 45.4 %   

Indoles and 

derivatives 
         

5-

Hydroxyindoleacetic 

acid 

         

Low 38  25.8 60.5 %  0.7 0.4 NA 63.6 % 0.5 0.08 

High 39  12.4 51.3 %   45.5 43.4 %   

Lactones          

N-(4-Coumaroyl)-

homoserine lactone 
         

Low 38  17.2 55.3 % 1.1 0.6 NA 72.0 % 0.4 0.01 

High 39  13.7 56.4 %   43.6  34.8 %   

Phenols          

4-Methylcatechol          

Low 38  11.9 50.0 % 1.5 0.1 81.9 64.0% 0.6 0.1 

High 39  21.0 61.5 %   45.9 43.4%   

Purine nucleosides          

1-Methyladenosine           

Low 38  18.1 56.4 % 0.8 0.7 81.9 74.3 % 0.3 0.001 

High 39  13.7 55.3 %   39.5  33.2 %   

Sphingolipids          

SM (36:0)          

Low 36  10.9 44.4 % 1.5 0.2 45.9 41.8 % 1.7 0.07 

High 41  25.8  65.9 %   NA 63.6 %   

Steroids and steroid 

derivatives 
         

Biliverdin          

Low 37  26.4 64.9 % 0.7 0.3 81.9 74.3 % 0.4 0.004 

High 40  11.7 47.5 %   41.7 34.5 %   
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  PFS (% at 1 year) OS (% at 5 years) 

 N 
Median 

(months) 
% HR P  

Median 

(months) 
% HR P  

Cholestane-

3,7,12,24,25-pentol 
         

Low 38  18.2 57.9 % 0.9 0.7 81.9 62.6 % 0.6 0.09 

High 39  13.0 53.8 %   52.5 43.9 %   

Cortisone acetate          

Low 38  11.4 44.7 % 1.5 0.2 45.9 44.1 % 1.6 0.1 

High 39  18.1 66.7 %   77.8  62.7 %   

Ecdysone 25-O-D-

glucopyranoside 
         

Low 37  13.7 60.0 % 0.9 0.8 54.5 47.4 % 1.4 0.2 

High 40  13.7 51.4 %   81.9  59.5 %   

HR: Hazard Ratio, OS: Overall Survival, PFS: Progression free survival 
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5.3.3 Association of prognostic metabolites with clinical features and 

concomitant drugs in NET patients 

We explored the potential associations between each prognostic metabolite and 

relevant clinical variables (gender, age, BMI, tumor grade, primary tumor site, 

presence or not of a hormonal syndrome) and concomitant drugs administered to 

more than 10% of patients at the time of study entry (analgesics, non-steroidal anti-

inflammatory agents (NSAIDS), antihypertensives, diuretics, antiaggregants, 

anxiolytics, H2-receptor blockers and lipid-lowering agents). Fourteen metabolites 

were associated with at least one clinical characteristic and 14 metabolites were 

associated with at least one drug class.  

Specifically, pyroglutamine (p=0.002), LPA(13:0) (p=0.011), methylimidazole 

(p=0,000), 4-methylcatechol (p=0.030) and SM(36:0) (p=0.045) were associated 

with gender; eicosapentaenoic acid (p=0.001), LPC(16:0)-OH (p=0.016), 

LPE(22:6) (p=0,004) and methylimidazole (p=0.029) were associated with age; 

dimethyl-arginine symmetric (p=0.005), suberylglycine (p=0.020), LPC(22:1) 

(p=0.017) and 1-methyladenosine (p=0.036) were associated with BMI; 

cholestane-3,7,12,24,25-pentol (p=0.025) and ecdysone 25-O-D-glucopyranoside 

(p=0.025) were associated with grade; LPC(22:1) (p=0.050) was associated with 

primary tumor site; and methylimidazole (p=0.049) was associated with the tumor 

functionality (Table 7).  

Regarding concomitant medication, Glu-Hyp (p=0.040), Ser-Ala (p=0.015) and 

LPE(22:6) (p=0.033) were associated with analgesics;  SM(36:0) (p=0.040) was 

associated with NSAIDS; 4-methylcatechol (p=0.029) was associated with 

antihypertensives; pyranoses (glucose/altrose/galactose/talose) (p=0.005) were 

associated with diuretics; methylimidazole (p=0.040) and cortisone acetate 

(p=0.023) were associated with antiaggregants; eicosapentaenoic acid (p=0.002) 

was associated with anxiolytics; LPC(22:1) (p=0.055), 5-hydroxyindoleacetic acid 

(p=0.007), N-(4-coumaroyl)-homoserine lactone (p=0.033) and biliverdin 

(p=0.058)  were associated with H2-receptor blockers; and dimethyl-arginine 

(symmetric) (p=0.050), LPA(13:0) (p=0.007) and N-(4-coumaroyl)-homoserine 

lactone (p=0.029) were associated with lipid-lowering agents.
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Table 7. Association of prognostic metabolites with relevant clinical features and concomitant drugs in NET patients. 

 Clinical variables Concomitant Drug Classes 

Compound Sex Age BMI Grade 
Primary 

site 
Functioning Analgesic NSAIDS Antihypertensive Diuretic Antiaggregant Anxiolytic 

H2- 

receptor 

blockers  

Lipid-

lowering 

agents 

Amino acids, 

peptides, and 

analogues 

      

       

 

Dimethyl-Arginine 

(symmetric) 
  0.005    

       
0.050 

Glu-Hyp       0.040        

Pyroglutamine 0.002      
        

Ser-Ala*       0.015 
       

Suberylglycine   0.020    
    

    

Carbohydrates and 

carbohydrate 

conjugates 

      

   

     

PYRANOSES 
(glucose/altrose 

/galactose /talose) 
      

   

0.005     

Fatty Acyls       
    

    

Eicosapentaenoic 

acid 
 0.001     

    
 0.002   

Glycerophospholipids       
        

LPC (16:0)-OH  0.016     
        

LPA (13:0) 0.011      
       

0.007 

LPC (22:1)   0.017  0.050  
      

0.055 
 

LPE (22:6)  0.004     0.033 
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 Clinical variables Concomitant Drug Classes 

Compound Sex Age BMI Grade 
Primary 

site 
Functioning Analgesic NSAIDS Antihypertensive Diuretic Antiaggregant Anxiolytic 

H2- 

receptor 

blockers  

Lipid-

lowering 

agents 

Imidazoles       
    

  
  

Methylimidazole 0.000 0.029    0.049 
    

0.040  
  

Indoles and 

derivatives 
      

      
 

 

5-Hydroxy-

indoleacetic acid 
      

      
0.007 

 

Lactones       
      

  

N-(4-Coumaroyl)-

homoserine lactone 
      

      
0.033 0.029 

Phenols       
  

 
     

4-Methylcatechol 0.030      
  

0.029 
     

Purine nucleosides       
        

1-Methyladenosine   0.036    
        

Sphingolipids       
 

 
      

SM(36:0) 0.045      
 

0.040 
      

Steroids and steroid 

derivatives 
      

      
 

 

Biliverdin       
      

0.058 
 

Cholestane-

3.7.12.24.25-pentol 
   0.025   

        

Cortisone acetate       
    

0.023 
   

Ecdysone 25-O-D-

glucopyranoside 
   0.025   
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5.3.4 Multivariate analysis confirms selected metabolites as independent 

prognostic factors in NET patients 

Multivariate analyses were performed for each of the 34 metabolites significantly 

associated with PFS (16) and/or OS (27) (see section 3.2), adjusted by gender, age 

(as continuous variable), grade, primary tumor site, and time from randomization 

to study entry (as continuous variable). In addition, BMI, tumor functionality and 

concomitant drugs were also included in the model only for metabolites for which 

a significant association was identified (see section 3.3). In the PFS multivariate 

analysis, Glu-Hyp (p=0.018), Glu-Lys/Ɛ-Glu-Lys 2 (p=0.006), Methionine S-oxide 

(p=0.012), 3-hydroxy-5-octenoylcarnitine (p=0.018) and PG (28:0) (p=0.050) 

demonstrated to be independent prognostic factors (Table 8). In the OS multivariate 

model, Glu-Hyp (p=0.011), Glu-Lys/Ɛ-Glu-Lys 2 (p=0.004), MG(20:0) (p=0.054), 

N-palmitoyl glutamic acid (p=0.045), 3-hydroxy-5-octenoylcarnitine (p=0.001), 3-

hydroxy-5-tetradecenoylcarnitine (p=0.045), LPC (22:1) (p=0.002), 5-

hydroxyindoleacetic acid (p=0.041), 1-methyladenosine (p=0.006), biliverdin 

(p=0.019) and ecdysone 25-O-D-glucopyranoside (p=0.051) retained independent 

statistical significance (Table 9). Thus, 5 and 11 metabolites showed an independent 

impact on patients’ outcomes in terms of PFS and OS, respectively. Three of them, 

Glu-Hyp, Glu-Lys/Ɛ-Glu-Lys 2 and 3-hydroxy-5-octenoylcarnitine, showed a 

significant impact on both PFS and OS. PFS and OS curves for these 13 

independent prognostic metabolites are depicted in Figure 6.   
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Table 8. Metabolites with significant impact on PFS (univariate and multivariate analysis). 

 Univariate Multivariate 

 Continuous Median Median 

 P FDR P FDR P HR 

Amino acids, peptides, and analogues       

Cys-Gly disulphide 0,026 0,586 X X 0,186 1,503 

Glu-Hyp 0,035 0,624 0,042 0,561 0,018 0.486 

Glu-Lys/Ɛ-Glu-Lys 0,019 0,586 0,016 0,508 0,085 0,577 

Glu-Lys/Ɛ-Glu-Lys 2 0,023 0,586 0,002 0,168 0,006 0,411 

Methionine S-oxide X X 0,000 0,099 0,012 0,448 

Suberylglycine 0,0248 0,586 0,027 0,561 0,353 0,757 

Carbohydrates and carbohydrate conjugates       

PYRANOSE 

(glucose/altrose /galactose /talose) 
X X 0,043 0,561 0,577 0,836 

Fatty Acyls       

Eicosapentaenoic acid 0,020 0,586 X X 0,767 0,906 

3-hydroxy-5-octenoylcarnitine 0,026 0,586 0,008 0,462 0,018 0,508 

Glycerophospholipids       

LPA (13:0) 0,041 0,648 0,035 0,561 0,066 0,571 

LPC (22:1) 0,010 0,586 0,013 0,508 0,069 0,546 

LPE (22:6) X X 0,046 0,561 0,315 0,715 

PG (28:0) X X 0,047 0,561 0,050 0,560 

Hydroxy acids and derivatives       

3-Hydroxydodecanoic acid 0,036 0,624 X X 0,564 0,840 

Imidazoles       

Urocanate 

Nicotinamide N-oxide 
X X 0,029 0,561 0,210 0,702 

Indoles and derivatives       

5-Hydroxyindoleacetic acid X X 0,046 0,561 0,170 0,603 

FDR: false discovery rate; OS: Overall Survival; PFS: Progression free survival 
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Table 9. Metabolites with significant impact on OS (univariate and multivariate analysis). 

 Univariate Multivariate 

 Continuous Median Median 

 P  FDR P  FDR P  HR 

Amino acids, peptides, and 

analogues 
    

  

Dimethyl-Arginine (symmetric) 0.002 0.108 0.011 0.352 

 
0.228 

 

 
0.620 

 

Glu-Hyp 0.033 0.399 X X 

 

0.011 

 

 

0.393 

Glu-Lys/Ɛ-Glu-Lys 2 X X 0.016 0.365 

 

0.004 

 

 

0.353 

Pyroglutamine 0.041 0.419 X X 

 

0.270 
 

 

0.656 

Ser-Ala* X X 0.037 0.436 
 

0.694 

 

 
0.870 

Suberylglycine 0.022 0.399 X X 

 

0.222 

 

 

0.651 

Thr-Gly* X X 0.037 0.436 

 

0.518 

 

 

0.802 

Carbohydrates and carbohydrate 

conjugates 
    

  

PYRANOSE 

(glucose/altrose /galactose /talose) 
X X 0.033 0.436 

 

0.554 
 

 

0.802 

Fatty Acyls     
  

Eicosapentaenoic acid  0.023 0.399 0.045 0.436 

 

0.596 

 

 

0.809 

MG(20:0) 0.0238 0.399 0.024 0.421 

 

0.054 

 

 

0.359 

N-palmitoyl glutamic acid* X X 0.027 0.421 

 

0.045 

 

 

0.493 

3-hydroxy-5-octenoylcarnitine 0.000 0.071 0.002 0.255 

 
0.001 

 

 
0.292 

3-Hydroxy-5-

tetradecenoylcarnitine* 
X X 0.027 0.421 

 

0.045 

 

 

0.493 

Linoleyl carnitine 0.037 0.412 X X 

 

0.259 

 

 

0.668 

Glycerophospholipids     
  

LPC (16:0)-OH X X X X 
 

0.650 

 

 
0.853 

 

LPC (22:1) 0.002 0.108 0.015 0.365 

 

0.002 

 

0.293 
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Univariate Multivariate 

 Continuous Median Median 

 P  FDR P  FDR P  HR 

Imidazoles     
  

Methylimidazole 0.030 0.399 X X 

 

0.278 

 

 

0.646 

Urocanate 

nicotinamide N-oxide  
0.048 0.443 0.010 0.352 

 

0.071 
 

 

0.573 

Indoles and derivatives     
  

5-Hydroxyindoleacetic acid X X X X 

 

0.041 

 

 

0.471 

Lactones     
  

N-(4-Coumaroyl)-homoserine 

lactone  
0.004 0.124 0.004 0.255 

 

0.098 
 

 

0.514 

Phenols     
  

4-Methylcatechol  0.031 0.399 X X 

 

0.529 

 

 

0.789 

Purine nucleosides     
  

1-Methyladenosine 0.000 0.017 0.004 0.255 

 

0.006 

 

 

0.348 

Sphingolipids     
  

SM (36:0) X X X X 

 

0.247 

 

 

1.511 

Steroids and steroid derivatives     
  

Biliverdin X X X X 

 

0.019 

 

 

0.417 

Cholestane-3,7,12,24,25-pentol 0.026 0.399 X X 

 
0.258 

 

 
0.663 

Cortisone acetate  0.043 0.419 X X 

 

0.654 

 

 

1.175 

Ecdysone 25-O-D-

glucopyranoside 
0.025 0.399 X X 

 

0.051 

 

 

2.039 

FDR: false discovery rate, OS: Overall Survival, PFS: Progression free survival 
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Figure 6. Kaplan-Meier survival curves of the 13 metabolites with an independent impact 

on patient’s survival in terms of PFS and/or OS. The selected metabolites are grouped 

according to their biochemical nature: A) Amino acids, peptides and analogues (Glu-Hyp, Glu-

Lys/Ɛ-Glu-Lys 2 and Methionine S-oxide); B) Fatty acids (MG (20:0), N-palmitoyl glutamic 

acid, 3-hydroxy-5-octenoylcarnitine and 3-hydroxy-5-tetradecenoylcarnitine); C) 

Glycerophospholipids (LPC (22:1) and PG (28:0)); D) Steroids and steroid derivatives 

(biliverdin and ecdysone 25-O-D-glucopyranoside); E) Purine nucleosides (1-methyladenosine 

and F) Indoles and derivatives (5-hydroxyindoleacetic acid); P-values are reported where 

significant at the corresponding univariant cox regression analysis. 
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5.4 PROGNOSTIC METABOLITES IDENTIFY NOVEL DYSREGULATED 

ONCOGENIC PATHWAYS IN NET PATIENTS.  

We performed a functional analysis with the 34 prognostic metabolites to identify 

enriched signalling pathways in NET patients. Metabolite Set Enrichment Analysis 

(MSEA) showed several enriched molecular pathways in NETs. These pathways 

are related to alpha linolenic and linoleic acid, porphyrin, methionine and 

tryptophan metabolism (Figure 7A). Additionally, we performed a MSEA of the 13 

metabolites with an independent impact on PFS and/or OS (Figure 7B) that showed 

two main enriched pathways related to porphyrin and tryptophan metabolism. 

Metabolite Pathway Analysis (MPA) with all 34 prognostic metabolites showed 

that histidine metabolism, sphingolipid metabolism, porphyrin metabolism, 

biosynthesis of unsaturated fatty acids, glycerophospholipid metabolism and 

tryptophan metabolism were the most commonly dysregulated pathways in NET 

patients (Figure 8A). MPA performed with the 13 selected independent metabolites 

confirmed that methionine, porphyrin and tryptophan metabolisms were the most 

relevant dysregulated pathways in these patients (Figure 8B). The 5 metabolites 

with a significant impact on PFS were associated with methionine and tryptophan 

metabolism, whereas the 11 metabolites with a significant impact on OS were 

associated with porphyrin and tryptophan metabolism. Consistently, pathway 

analysis performed only with the 3 common metabolites with a significant impact 

on both PFS and OS evidenced a relevant dysregulation of tryptophan metabolism. 
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Figure 7. Metabolite Set Enrichment Analysis (MSEA) of selected plasma metabolites in 

patients with advanced NETs. A) MSEA of the 34 prognostic metabolites significantly 

associated with PFS and/or OS in univariate analysis, and B) MSEA of the 13 metabolites 

with an independent impact on PFS and/or OS in multivariate analysis. The x-axis represents 

the fold enrichment of each metabolite set and the bar colour indicates the raw P-value. 
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Figure 8. Metabolite Pathway Analysis (MPA) of selected plasma metabolites in patients 

with advanced NETs. A) MPA of the 34 prognostic metabolites significantly associated with 

PFS and/or OS in univariate analysis, and B) MPA of the 13 metabolites with an 

independent impact on PFS and/or OS in multivariate analysis. Metabolite Pathway Analysis 

(MPA) representing the significantly enriched pathways (FDR < 0.05) by availability of selected 

metabolites in plasma of NET patients. The x-axis indicates the impact of matched metabolites of 

our dataset on the pathway from the topology analysis. The -log 10 (p-value) is plotted in the y-

axis and shows the pathway enrichment significance. Circle size represents the impact factor of 

matched metabolites in the pathway, and circle colour the pathway enrichment significance (p-

value). 
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5.5 HEATMAP OF SELECTED METABOLITES AND IMPACT ON SURVIVAL  

To identify metabolite profiles that define biological and prognostic subgroups of 

NET patients, we performed an unsupervised analysis of the 13 selected metabolites 

with an independent impact on PFS and/or OS. First, we performed the 

unsupervised heatmap cluster plot of the 5 metabolites with an independent impact 

on PFS which identified 2 distinct clusters, a smaller one (cluster 1) encompassing 

26 NET patients and the other one (cluster 2) including the remaining 51 patients 

(Figure 9A, left side). These clusters did not seem related to classical clinical 

features such as primary tumor site, tumor function or grade as illustrated in Figure 

9A. Remarkably, the identified clusters presented a significant impact on PFS, with 

a PFS rate at 1 year of 64.7% vs 38.5% for cluster 2 versus cluster 1 (HR:0.56, 

p=0.045) (Figure 9A, right side).  Second, we performed an unsupervised heatmap 

cluster plot of the 11 metabolites with an independent impact on OS, that identified 

4 different clusters: cluster 1 was the smallest subgroup with only 4 patients, cluster 

2 encompassing 12 patients, cluster 3 included the majority of cases (n=52), and 

cluster 4 included the remaining 9 patients (Figure 9B, left side). No clear 

association was found between metabolic clusters and most relevant clinical 

features as depicted in Figure 9B.  Cluster 4 was associated with an improved OS 

when compared with the other 3 clusters (Figure 9B, right side) of borderline 

statistical significance at univariate analysis (HR:0.14, p=0.073). OS rate at 5 years 

was 50.0%, 63.6%, 45.5% and 88.9% for clusters 1, 2, 3 and 4, respectively. 

Finally, we performed an unsupervised heatmap of the 3 selected metabolites with 

an independent impact both on PFS and OS (Figure 10, upper side), that stratified 

patients in 3 prognostic groups (Figure 10). In terms of PFS, outcome was 

significantly different by metabolic cluster, with PFS rates at 1 year of 47.4%, 

15.4% and 71.1% for clusters 1, 2 and 3, respectively (p=0.003). Regarding OS, 

cluster 3 was associated with the best prognosis, with OS rates at 5 years of 32.5%, 

27.7% and 69.7% for clusters 1, 2 and 3, respectively (p=0.003). Multivariate 

analysis including age, gender, grade, functionality, primary tumor location, and 

time from randomization to study entry as covariables confirmed the metabolite 

clusters as a significant independent predictor of outcome both for PFS and OS 

(p=0.012 and p=0.007, respectively) (Table 10).  
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Figure 9. Heatmap of the the 5 selected metabolites with an independent impact on PFS A) and of 

the 11 selected metabolites with an independent impact on OS B) and their Kaplan-Meiers survival 

graphs. A) Unsupervised hierarchical heatmaps of the 5 metabolites with impact on PFS. All samples 

(n=77) are shown in columns and metabolites in rows. Hierarchical clustering was performed on rows and 

columns using One minus Pearson correlation metric and average as linkage method. Individual values are 

coded as colors, ranging from blue (row minimum) to red (row maximum). This heatmap showed two 

clusters with a significant impact on progression-free survival at the univariant analysis. B) Unsupervised 

hierarchical heatmaps of the 11 selected metabolites with impact on OS. All samples (n=77) are shown in 

columns and metabolites in rows. Hierarchical clustering was performed on rows and columns using One 

minus Pearson correlation metric and average as linkage method. Individual values were coded as colors, 

ranging from blue (row minimum) to red (row maximum). This heatmap showed four clusters, with the 

fourth cluster presenting the best OS. P-values are reported at the corresponding univariant cox regression 

analysis. 
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Figure 10. Heatmap of the 3 selected metabolites with an independent impact both on PFS 

and OS and their Kaplan-Meiers survival curves. Unsupervised hierarchical heatmap of the 3 

metabolites with a significant impact on PFS and OS. All samples (n=77) are shown in columns 

and metabolites in rows. Hierarchical clustering was performed on rows and columns using One 

minus Pearson correlation metric and average as linkage method. Individual values are coded as 

colours, ranging from blue (row minimum) to red (row maximum). The three clusters clearly 

stratified patients in terms of PFS and OS, with cluster 3 representing the subgroup of patients 

with the best outcomes. P-values are reported at the corresponding univariant cox regression 

analysis. 
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Table 10. Multivariate analysis assessing the impact of the 3-metabolite cluster on PFS 

and OS. 

 

 PFS OS 

Feature HR P HR P 

Metabolic Cluster (3 metabolites)  0,012  0,007 

   Cluster 3 “good prognosis” REF -- REF -- 

   Cluster 1 “intermediate prognosis” 1,559 0,201 2,901 0,001 

   Cluster 2 “poor prognosis” 3,720 0,001 3,960 0,021 

Gender (male vs female) 0,639 0,146 0,270 0,002 

Age 1,011 0,464 1,017 0,295 

Primary tumor location   0,311  0,480 

   Small bowel REF -- REF -- 

   GI other 1,033 0,943 1,749 0,253 

   Lung 1,425 0,366 1,065 0,906 

   Unknown primary 1,583 0,377 0,689 0,655 

   Other 4,738 0,056 3,549 0,139 

Grade (G2 vs G1) 1,036 0,914 0,858 0,701 

Functioning (no vs yes) 1,216 0,575 1,096 0,829 

Time from randomization to study entry 1,007 0,041 0,999 0,857 

G1: Grade 1; G2: Grade 2; OS: Overall Survival, PFS: Progression free survival; REF: reference. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 Discussion 

 

149 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. DISCUSSION 

 

 



 Discussion 

 

150 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 Discussion 

 

151 
 
 

DISCUSSION  

 

Neuroendocrine neoplasms (NENs) comprise a heterogeneous family of rare 

tumours with steadily increasing incidence and prevalence (1–3). NENs display a 

wide anatomic distribution and a great biological heterogeneity, facts that have 

complicated their study and, consequently, their clinical management.  Although 

relevant advances have been recently achieved in the molecular characterization of 

NENs, metabolomics remains largely unexplored. Metabolic flexibility is one of 

the key hallmarks of cancer and metabolites are the final products of this adaptation 

(270). Metabolites thus reflect the aberrant changes in the genomic, transcriptomic 

and proteomic variability of tumors and provide useful biological information on 

cancer initiation and progression (331–333). Moreover, the metabolomic profile 

can be easily performed in readily accessible biological samples (plasma, urine), 

making metabolic profiling of cancer patients a promising tool to characterize the 

tumor phenotype and identify novel biomarkers of potential clinical use. Systems 

medicine approaches integrating high-throughput “-omic” technologies into 

diagnostic platforms have indeed enabled the detailed analysis of metabolic 

networks (known as metabolomics) in several cancers of high incidence, prevalence 

and mortality (334–337), but these do not include neuroendocrine neoplasms 

(NENs).  

In this context, the overall objective of our work was to perform a comprehensive 

metabolic profiling of G1-2 extra-pancreatic NETs to better understand metabolic 

dysregulation in these tumors, and identify novel prognostic biomarkers of clinical 

use, as well as to functionally characterize molecular pathways with a significant 

impact on patient’s survival. To this aim, we analyzed the metabolomic fingerprint 

by means of a multiplatform untargeted approach (LC-MS, GC-MS and CE-MS) 

in plasma samples of 77 advanced extra-pancreatic NETs and of 68 non-oncologic 

individuals (control cohort), matched per age, gender and body mass index (BMI).  

The integrated analysis of metabolic data acquired by the different analytical 

platforms enabled the identification of 155 compounds with differential availability 

in plasma of NETs compared with controls. We then analyzed the prognostic value 

of these 155 metabolites and identified 34 metabolites significantly associated with 
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patients’ outcome (PFS and/or OS).  Functional analysis performed with the 34 

prognostic metabolites by MSEA revealed enriched pathways involved alpha 

linolenic and linoleic acid, porphyrin, methionine and tryptophan metabolism. 

Moreover, MPA confirmed porphyrin and tryptophan metabolism as relevant 

dysregulated metabolic pathways, and also identified the biosynthesis of 

unsaturated fatty acids, and histidine, sphingolipid and glycerophospholipid 

metabolism as additional pathways implicated in NET prognosis.  

This is to our knowledge the most comprehensive metabolic profiling study 

performed to date in NETs. The results of this work demonstrate that NET patients 

have a distinct metabolomic profile that reflects the molecular dysregulation of 

these neoplasms and provides new relevant information on disease biology of 

potential clinical application. Indeed, we have identified a set of 34 metabolites that 

may be used as prognostic biomarkers to improve patient stratification beyond 

classical clinical and pathological prognostic factors, and pathway analysis of these 

set of prognostic metabolites have enabled the identification of dysregulated 

pathways involved that may facilitate the development of new therapeutic strategies 

in the future. 

In particular, 10 of these 34 metabolites are related to an essential pathway involved 

in the metabolic shift of cancer cells, the tricarboxylic acid cycle (TCA cycle): 3 

belong to the amino acids, peptides and analogues class (Glu-Hyp, Glu-Lys/Ɛ-Glu-

Lys and Glu-Lys/Ɛ-Glu-Lys 2), 1 belongs to the carbohydrates and carbohydrate 

conjugates group (pyranose (glucose/altrose/galactose/talose)) and 6 to the fatty 

acids class (eicosapentaenoic acid, MG(20:0), N-palmitoyl glutamic acid, 3-

hydroxy-5-octenoylcarnitine, 3-hydroxy-5-tetradecenoylcarnitine, and linoleyl 

carnitine). Several studies support that the TCA cycle plays an important role in 

tumorigenesis in different tumor types by sustaining mitochondrial metabolism 

(338,339). Cancer cells can adapt to the availability of various fuels, as well as to 

microenvironmental conditions like hypoxia and acidosis, thanks to the metabolic 

versatility provided by this mitochondrial input, that confers the cancer cell a 

survival advantage (340).  Consistent with this, in our study higher levels of 

glutamine, glucose and fatty acids, which represent the main fuel of the TCA cycle, 

are associated with decreased survival. The relevance of the TCA cycle 
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dysregulation in NETs is also supported by a previous study by Imperiale et al. 

(304) In this study, the metabolic profile of 46 small intestinal NET primary tumors 

and 18 liver NET metastasis assessed by 1H-NMR spectroscopy, as compared to 

30 normal small intestine and liver samples, suggested alterations of  different 

metabolites related to the TCA cycle in NETs, such as a higher abundance of 

succinate, and an up-regulation of choline-containing compound metabolism, 

suggesting either accumulation or excess depletion of these metabolites for aberrant 

cell membrane turnover. In line with these observations, it is well known the 

importance of TCA cycle alterations in the tumorigenesis of PHEOs and PGLs. 

SDH catalyse sequential steps in the TCA cycle (341) and SDH mutations are 

associated with hereditary predisposition syndromes that increase the risk to 

develop this subgroup of rare NETs. Evidence from several studies support the 

utility of metabolomic profiling in this setting, providing relevant information about 

functionality of the SDH complex and other Krebs cycle enzymes also involved in 

the pathogenesis of these tumors, such as fumarate hydratase (FH) and isocitrate 

dehydrogenase (IDH), through measurements of precursor and product metabolites 

involved in the TCA cycle (299,300,302). Moreover, authors propose incorporation 

of metabolome data into the PPGLs diagnostics algorithm to guide genetic testing 

and variant interpretation and to help identify rare cases with pathogenic variants in 

FH and IDHx. 

Our study also demonstrated a characteristic lipidome in NETs, mainly represented 

by the enrichment of glycerophospholipids (5 of 34 prognostic metabolites), fatty 

acids (6 of the 34 selected metabolites) and steroids/steroid derivatives (4 of the 

34). More specifically, oxidized lysoglycerophospholipids (oxLPCs) were found 

with increased abundances in NETs indicating a strong oxidative stress in these 

tumors (329). Increasing evidence is arising supporting the role of oxidized lipids 

in cancer metabolism, paving the way for new and exciting therapeutic 

opportunities, together with a more profound comprehension of the metabolic 

wiring of cancer cells (342–344). However, further knowledge of the dependence 

of cancer cells on oxidized lipids will be necessary to refine rational approaches to 

develop new therapeutic strategies that target lipid catabolism. 



 Discussion 

 

154 
 
 

In addition, some of the 34 selected metabolites may contribute to the angiogenesis 

switch that is another hallmark of cancer (345). Targeting angiogenesis has been 

successfully explored as a therapeutic strategy in a wide spectrum of solid tumors, 

including NETs. NETs are typically vascularized tumors and angiogenesis 

dysregulation play an essential role in the development and progression of these 

tumors (346). In our study, greater arginine’s abundance correlated with a worse 

survival. Arginine is the main source of nitric oxide, which is deeply involved in 

the regulation of angiogenesis, cancer initiation and progression, but also restricts 

cancer proliferation and invasion, and contributes to the anti-tumor immune 

response (347). Therefore, and consistent with the results of our study, the 

regulation of nitric oxide via the synthesis and availability of its precursor, arginine, 

is strongly linked to cancer biology. Moreover, biliverdin also contribute to 

angiogenesis through the upregulation of VEGFA, VEGFC, IL-1β and IL-8 

(348,349). In our series, a greater abundance of biliverdin was associated with a 

worse prognosis. Overall, these findings further support the relevant role that 

angiogenesis plays in the pathogenesis of NETs.  

To further assess the independent prognostic value of the 34 identified metabolites, 

we performed a multivariate analysis to adjust for other potentially confounding 

factors, including clinicopathological variables of known prognostic value (age, 

sex, tumor grade, primary tumor location, time from randomization to study entry) 

and other variables potentially associated with metabolite abundance (BMI, sex, 

hormonal syndrome and concomitant medication). Thirteen of 34 metabolites 

retained statistical significance in the multivariate analysis (p<0.05), 5 had an 

independent impact on  PFS (Glu-Hyp (p=0.018), Glu-Lys/Ɛ-Glu-Lys 2 (p=0.006), 

methionine S-oxide (p=0.012), 3-hydroxy-5-octenoylcarnitine (p=0.018) and PG 

(28:0) (p=0.050)), and 11 were independently associated with OS (Glu-Hyp 

(p=0.011), Glu-Lys/Ɛ-Glu-Lys 2 (p=0.004), MG(20:0) (p=0.054), N-palmitoyl 

glutamic acid (p=0.045), 3-hydroxy-5-octenoylcarnitine (p=0.001), 3-hydroxy-5-

tetradecenoylcarnitine (p=0.045), LPC (22:1) (p=0.002), 5- hydroxyindoleacetic 

acid (p=0.041), 1-methyladenosine (p=0,006), biliverdin (p=0.019) and ecdysone 

25-O-D-glucopyranoside (p=0.051)). Three of them, Glu-Hyp, Glu-Lys/Ɛ-Glu-Lys 

2 and 3-hydroxy-5-octenoylcarnitine, had a significant impact both on PFS and OS.  
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We then performed two exploratory unsupervised clustering analyses, one with the 

5 metabolites associated with PFS and another one with the 11 metabolites 

associated with OS, that stratified NET patients into 2 and 4 clusters, respectively. 

PFS was significantly better in cluster 2 versus cluster 1 (PFS at 1 year: 64.7% vs 

38.5%, HR:0.56, p=0.045). Metabolite clusters also identified a subgroup of 

patients (cluster 4) that was associated with improved OS when compared with the 

other 3 clusters that was of borderline statistical significance (OS rate at 5 years: 

50.0%, 63.6%, 45.5% and 88.9% for clusters 1, 2, 3 and 4, respectively, HR:0.14, 

p=0.073). 

Finally, we performed an unsupervised clustering of the 3 common metabolites 

with an independent impact on both PFS and OS, that stratified patients in 3 distinct 

prognostic groups: 1) Cluster 3 was associated with good prognosis (PFS rate at 1 

year of 71.1% and OS rate at 5 years of 69.7%); 2) Cluster 1 was associated with 

intermediate prognosis (PFS rate at 1 year of 47.4% and OS rate at 5 years of 

32.5%), and 3) Cluster 2 was associated with poor prognosis (PFS rate at 1 year of 

15.4% and OS rate at 5 years of 27.7%) (p=0.003 for PFS and OS). Multivariate 

analysis confirmed metabolic clusters were independently associated with both PFS 

(p=0.012) and OS (p=0.007).   

MSEA and MPA of the 13-metabolite signature identified methionine, porphyrin 

and tryptophan metabolism as the most relevant dysregulated pathways in these 

patients. PFS metabolites (N=5) were associated with methionine and tryptophan 

metabolism, and OS metabolites (N=11) were associated with porphyrin and 

tryptophan metabolism. Thus, tryptophan metabolism was common to both clinical 

outcomes, which was confirmed by pathway analysis performed only with the 3 

metabolites with a significant impact on both PFS and OS. 

Porphyrin metabolism is a key dysregulated pathway in cancer (350,351). An 

aberrant porphyrin metabolism has been demonstrated in several tumor types, such 

as hepatocellular carcinoma (352), acute lymphoblastic leukaemia, non-Hodgkin's 

lymphoma and Hodgkin's disease (353). Porphyrin-induced oxidative stress is 

thought to be the major mechanism of porphyrin-mediated cell damage, primarily 

caused by reactive oxygen species generated through type I/II photosensitized 

reactions of porphyrins (354). Furthermore, porphyrin accumulation has been 
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reported to cause significant lipid peroxidation (355) thereby compromising cell 

survival. Porphyrins have also demonstrated to cause a cellular energy imbalance 

by aggregating key glycolytic enzymes, leading to mitochondrial dysfunction with 

a deep effect on cell growth (356). Moreoever, some recent evidence has suggested 

an antiproliferative effect of porphyrins in NETs (357,358). Indeed, cationic 

porphyrins decreased cell viability and induced apoptosis in human small intestinal 

NET and medullary thyroid carcinoma cell lines (36-37).   

In our study, some of the selected metabolites, Glu-Hyp (glutamyl-hydroxyproline) 

and biliverdin, are associated with porphyrin metabolism. The first one, Glu-Hyp, 

which is involved in the porphyrin biosynthesis pathway, is a source of glutamate 

to erythrocytes and it is important for the amino acid glutathione synthesis (359). 

In our series, a higher abundance of this metabolite was associated with a worse 

survival. The second one, biliverdin, is a heme derivative that is converted to the 

powerful antioxidant molecule bilirubin by the biliverdin reductase-A (BVR-A), 

the main isoform of BVR (a dual-specificity kinase upstream activator of the 

insulin/insulin growth factor-1 (IGF-1) and mitogen-activated protein kinase 

(MAPK) signalling pathways). Up-regulation of BVR-A occurs as an adaptive 

response to oxidative stress and inflammation (360). Therefore, BVR-A has been 

hypothesized to have a cytoprotective activity (361). The conversion of biliverdin 

to bilirubin by BVR has been demonstrated to determine cell protection due to 

direct and indirect antioxidant actions of bilirubin (362). In our study, high levels 

of biliverdin resulted associated with worse survival, indirectly confirming a 

protective role for BVR. Therefore, further studies are needed to determine the 

relevance and significance of porphyrin metabolism dysregulation in NET patients.  

A second dysregulated pathway which emerged from our MPA and MSEA analyses 

was methionine metabolism. Methionine is an essential amino acid that plays a key 

role in mammalian metabolism.  Besides its essential role in protein synthesis, 

methionine is also involved in epigenetic regulation (DNA methylation), nucleotide 

biosynthesis, cell detoxification (glutathione), membrane lipid homeostasis, and 

several other signalling pathways controlled by methylation. The role of this 

pathway in the metabolic shift of cancer cells is well established. In addition to the 

Warburg effect, other metabolic changes occur in cancer cells to maintain their 
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long-term survival, and the dependence on methionine is one of them, known as the 

Hoffman effect. Cancer cells are not able to proliferate when methionine is replaced 

with its metabolic precursor, homocysteine, as a consequence of an increased 

demand for methionine-derived metabolites. However, tumor cells are able to 

synthesize methionine from homocysteine, suggesting that their dependence on 

exogenous methionine reflects a general need for altered metabolic flow through 

methionine-related pathways (363). Interesting preclinical data from breast cancer 

described that methionine sulfoxide reductase A (MsrA), enzyme responsible for 

reversing the oxidation of methionine, functioning as  ROS scavenger, was down-

regulated in neoplastic breast cells (364). The reduction of MsrA levels results in 

an increase in cell proliferation and extracellular matrix degradation, leading to a 

more aggressive cellular phenotype, both in vivo and in vitro. Authors explain that 

the underlying molecular mechanisms involve increased ROS levels, resulting in a 

reduction of phosphatase and tensin homolog deleted on chromosome ten (PTEN) 

protein, and an activation of the phosphoinositide 3-kinase pathway (PI3K). They 

also observed that MsrA down-regulation induced VEGF up-regulation, enhancing 

thereby tumoral angiogenesis. Consistent with these findings, we have found that 

higher levels of methionine S-oxide correlated with a poor outcome of NET 

patients,  suggesting that the regulation of methionine availability could be a useful 

strategy in limiting cancer growth (363). Methionine S-oxide is the oxide derivative 

of methionine that is a biomarker of  many relevant biological processes such as 

oxidative stress (365), inflammation (366), necrosis (367) and hypoxia (368), and 

has been implicated in a wide spectrum of human diseases including cancer (369–

372) . 

The third main dysregulated pathway identified in our study was the tryptophan 

metabolism. Tryptophan catabolism has been firmly established as a powerful 

mechanism of innate and adaptive immune tolerance, thereby maintaining immune 

homeostasis and preventing autoimmunity.  Dysregulation of this pathway has been 

involved in different types of cancers (373,374), including NETs. The most relevant 

identified mechanism is related to its roll in tumor immune evasion (375,376). The 

enzyme indoleamine-2,3-dioxygenase (IDO), expressed in tumor cells or antigen-

presenting cells, which has a fundamental role in tryptophan catabolism, has been 

identified as an essential suppressor of antitumor immune responses through 
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tryptophan depletion and accumulation of immunosuppressive tryptophan 

catabolites. This has been documented in several types of gastrointestinal 

malignancies such as colorectal, gastric, pancreatic, esophageal, and GI stromal 

tumors (377), bladder cancer (378), clear cell renal cell carcinoma (379) and 

gynaecological cancers (380).  

More specifically, tryptophan metabolism plays a crucial role in NETs. Serotonin 

(5-hydroxytryptamine, 5-HT), a biogenic monoamine, is the most relevant 

metabolically active substance in functioning NETs and is produced from the 

essential amino acid tryptophan (381). Excess tumor production and secretion of 

serotonin causes the carcinoid syndrome (CS), that is characterized by flushing and 

diarrhea, and less commonly carcinoid heart disease, bronchoconstriction and 

pellagra. Approximately 20% of NET patients present CS, most commonly small 

intestinal NETs, with a negative impact on patients’ outcomes and quality of life 

(13). In patients with NET and CS, the metabolism of tryptophan is altered, with 

approx. 60% of all dietary tryptophan being consumed by tumor cells for serotonin 

synthesis (382). Tryptophan depletion may cause pellagra due to niacin deficiency 

in severe cases. 

5-Hydroxyindoleacetic acid, also known as 5-hydroxyindole-3-acetate or 5-HIAA, 

is the primary metabolite of serotonin degradation in the liver. Notably, the urine 

quantitation of 5-HIAA is the most sensitive and specific test for the diagnosis of 

CS (13,20). The prognostic role of this biomarker has been extensively evaluated 

(383). Higher 5-HIAA doubling time was associated with a higher risk of 

progression and mortality in NET patients (384). Other studies have also confirmed 

the independent negative prognostic value of 5-HIAA in this setting (385). 

Consistent with the existing literature data, in our study higher levels of 5-HIAA 

were associated with a worse prognosis of NET patients. Moreover, higher values 

of MG (20:0), that has been shown to induce serotonin secretion in preclinical 

models (386), were also associated with a worse prognosis in our series.  

Interestingly, recent data have linked carnitine and tryptophan metabolism (387). 

Tryptophan degradation enhances carnitine palmitoyltransferase I activity and fatty 

acid oxidation, and also exerts fatty acid-dependent effects in human alloreactive 

CD4+ T-cells. L-carnitine is an essential metabolite, critical for the bidirectional 
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transport of long-chain fatty acids and the acyl coenzyme A between the cytosol 

and the mitochondria, which has been considered a bottleneck in the metabolism 

control of cancer cells (388,389). Recent reports suggest that the carnitine system 

is essential for the metabolic adaptation of cancer cells, which obtain energy from 

beta-oxidation of lipids. Thus, low levels of carnitine in plasma of NET patients 

may be related to an active carnitine system in tumor mitochondria and the 

upregulation of beta-oxidation pathways, a process which results in the 

esterification of L-carnitine to form acylcarnitine derivatives. Additional functions 

of the carnitine system, besides its essential role in the mitochondrial metabolism 

of fatty acids, also includes the removal of excess acyl groups from the body and 

the modulation of coenzyme A homeostasis. Acylcarnitines are therefore not only 

by-products of the enzymatic carnitine transfer system, but also provide indirect 

evidence of altered mitochondrial metabolism. In our study, greater abundance of 

both 3-hydroxy-5-tetradecenoylcarnitine and 3-hydroxy-5-octenoylcarnitine, an O-

acylcarnitine, were associated with a worse prognosis. Our data, in agreement with 

the existing literature, suggest that NET tumor cells not only utilize the precursors 

of carnitine biosynthesis but also increase carnitine expenditure, producing 

increased levels of these acylcarnitine derivatives. 

One of the strengths of our study is that it was performed in plasma samples of a 

homogeneous population of 77 patients with G1-2 advanced extra-pancreatic 

NETs, uniformly and prospectively collected and analyzed. Moreover, 

identification of some metabolites (arginine, glutamine, phenylalanine, among 

others) across more than one analytical platform, and their validation through a 

target analysis with a different analytical platform in the same cohort (330) 

significantly increases the confidence of metabolite identification. Furthermore, the 

robust statistical analysis performed allowed the reliable identification of 13 

metabolites with a significant impact on PFS and/or OS, independent of other well 

stablished clinical and pathological prognostic factors, thereby enabling further 

stratification of patients in 3 distinct prognostic groups to further assist physicians 

in clinical decisions. However, the results of our study should be further 

investigated in an independent NET patient cohort to validate our results. In 

addition, metabolomic profiling of patients with exocrine tumors of similar tissue 

origin (lung and gastrointestinal carcinomas) and also of patients with NETs of 
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other primary sites (i.e. pancreatic NETs) would also help validate the described 

metabolic prognostic signature, and confirm its potential prognostic value for 

advanced low-grade NETs. Moreover, complementary -omic approaches, such as 

exome, transcriptome or methylome tumor profiling of these patients are needed to 

further understand the underlying mechanisms involved in metabolic dysregulation 

in NETs. In particular, the metabolomic profile could be combined with 

complementary analytical approaches in plasma, such as cell-free nucleic acids 

profiling, that might be particularly useful for early diagnostics and patient 

stratification for personalized clinical management. Plasma -omic profiling has the 

additional advantage of providing a dynamic characterization of disease biology, 

which could be eventually utilized, beyond accompanying diagnostics, for targeted 

prevention or screening, individualized treatment strategies, therapeutic monitoring 

and prediction of patient´s outcome.  
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CONCLUSIONS 

 

1. A comprehensive plasma metabolomic profiling was performed in a prospective 

cohort of 77 patients with advanced G1-2 extra-pancreatic NETs (study cohort) and 

68 non-cancer individuals (controls) through a multiplatform LC-MS, GC-MS and 

CE-MS untargeted metabolomic approach. The integration of metabolic data 

acquired by different analytical platforms resulted in 155 identified metabolites 

with a differential availability in NET patients (p<0.05), when compared to non-

cancer individuals.  

 

2. Among the 155 differential compounds identified, 34 metabolites were 

significantly associated with PFS (16) and/or OS (27). Multivariate analysis 

confirmed 13 of these metabolites were significantly associated with PFS (5) and/or 

OS (11) (p <0.05), independent from other known prognostic or confounding 

factors such as age, gender, tumor grade, primary tumor location, time from 

diagnosis to study entry, BMI, tumor functionality and concomitant medication.  

 

3. The unsupervised clustering analysis of the 3 metabolites with an independent 

impact on both PFS and OS (Glu-Hyp, Glu-Lys/Ɛ-Glu-Lys 2 and 3-hydroxy-5-

octenoylcarnitine) revealed 3 clusters that stratified patients in 3 distinct prognostic 

groups: 1) Cluster 3 was associated with good prognosis (PFS rate at 1 year of 

71.1% and OS rate at 5 years of 69.7%); 2) Cluster 1 was associated with 

intermediate prognosis (PFS rate at 1 year of 47.4% and OS rate at 5 years of 

32.5%), and 3) Cluster 2 was associated with poor prognosis (PFS rate at 1 year of 

15.4% and OS rate at 5 years of 27.7%) (p=0.003 for PFS and OS). Multivariate 

analysis confirmed metabolic clusters were independently associated with both PFS 

(p=0.012) and OS (p=0.007).  

 

4. Metabolite Set Enrichment Analysis (MSEA) and Metabolite Pathway Analysis 

(MPA) of the 13-metabolite signature identified methionine, porphyrin and 

tryptophan metabolism as the most relevant dysregulated pathways associated with 

the prognosis of NET patients.  
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5. The results of our study demonstrate that NET patients have a distinct 

metabolomic profile that provides new relevant information on disease biology of 

potential clinical application. Indeed, we have identified a metabolomic signature 

that improves the prognostic stratification of patients beyond classical prognostic 

factors for clinical decisions.  In addition, new enriched metabolic pathways 

identified may open innovative avenues of clinical research that may foster the 

development of new therapeutic strategies. Nevertheless, further prospective 

studies are needed to confirm our results and validate these encouraging data. 
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Table 1. List of statistically significant annotated metabolites discriminating between the plasma profiles of NET patients (N=77) and controls (N=68) 

with their statistical characteristics after UVDA and MVDA (percentage of change, p-value, p(corr) and VIP) and analytical descriptors (measured mass and its 

deviation from the theoretical one, experimental retention time, analytical platform on which it has been detected, identification source where DB corresponds 

to database result, confidence level for identification according to the metabolomics standards initiative and its corresponding Human Metabolome Database 

(HMDB) code (http://www.hmdb.ca/)). (* = Multiple identification options) 

Compound Formula 
Mass 

(Da) 

RT 

(min) 
% change P- value p(corr) VIP 

Mass 

error 

(ppm) 

Analytical 

platform 

Identificatio

n source 

Confidence 

level 

HMDB 

Code 

Amines 

Triethylamine C6H15N 101.1204 10.28 -53 0.0009   0 CE-MS DB 3 HMDB0032539 

Amino acids, peptides, and analogues 

Arginine C6H14N4O2 174.1131 9.98 243 4.58E-35 -0.80 2.33 15 
CE-MS 

LC-MS(+) 
DB 2 HMDB0000517 

Arg-Val C11H23N5O3 273.1822 9.95 66 0.0004   8 CE-MS DB 3 HMDB0028722 

Aspartate C4H7NO4 133.0375 13.80 -32 4.98E-13   2 CE-MS DB 2 HMDB0000191 

Cys-Gly C5H10N2O3S 178.0412 12.19 -29 8.00E-09   0 CE-MS DB 3 HMDB0000078 

Cys-Gly disulfide C8H15N3O5S2 297.0455 12.19 -41 1.39E-08 0.49 1.63 1 CE-MS DB 3 HMDB0000709 

Cysteineglutathione disulfide C13H22N4O8S2 426.0912 13.95 -37 7.40E-06   8 CE-MS DB 3 HMDB0000656 

Dimethyl-Arginine (symmetric) C8H18N4O2 202.1428 10.67 25 0.0006   1 CE-MS DB 2 HMDB0003334 

GalactosylhydroxyLys C12H24N2O8 324.1558 11.49 42 0.0014   8 CE-MS DB 3 HMDB0000600 

gamma-Glu-orn * C10H19N3O5 261.1335 11.30 34 0.0103   4 CE-MS DB 3 HMDB0002248 

Glu-Ala* C8H14N2O5 218.0904 14.40 135 4.38E-14   1 CE-MS DB 3 HMDB0006248 

Glu-Arg C11H21N5O5 303.1554 11.49 87 6.28E-14 -0.52 1.55 4 CE-MS DB 3 HMDB0028813 

Glu-Asp C9H14N2O7 262.0801 3.78 54 0.0036   7 LC-MS(-) MSMS 2 HMDB0030419 

Glu-hyp C10H16N2O6 260.0993 12.98 37 5.12E-07   6 CE-MS DB 3 HMDB0011161 

Glu-Lys/Ɛ-Glu-Lys C11H21N3O5 275.1481 12.32 67 1.20E-09   2 CE-MS DB 3 HMDB0029154 

Glu-Lys/Ɛ-Glu-Lys C11H21N3O5 275.1481 11.37 58 1.55E-07   2 CE-MS DB 3 HMDB0029155 

Glutamine C5H10N2O3 146.0691 1.34 69 0.0006   1 
LC-MS(+) 

LC-MS(-) 
MSMS 2 HMDB0000641 

http://www.hmdb.ca/)
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Compound Formula 
Mass 

(Da) 

RT 

(min) 
% change P- value p(corr) VIP 

Mass 

error 

(ppm) 

Analytical 

platform 

Identificatio

n source 

Confidence 

level 

HMDB 

Code 

Glu-Val C10H18N2O5 246.1217 14.68 48 0.0009   1 
CE-MS 

LC-MS(+) 
DB 3 HMDB0028832 

Glycine C2H5NO2 75.0320 9.75 32 0.0202   - GC-MS Fiehn 2 HMDB0000123 

Gly-Pro C7H12N2O3 172.0831 15.89 -20 0.0275   10 CE-MS DB 3 HMDB0000721 

Homocitrulline C7H15N3O3 189.1118 13.52 44 0.0027   3 CE-MS DB 3 HMDB0000679 

Iminodiacetic acid C4H7NO4 133.0375 12.87 -37 0.0158   - 
GC-MS 

CE-MS 
Fiehn 2 HMDB0011753 

Indoleacetyl glutamine C15H17N3O4 303.1219 1.70 203 1.43E-06 -0.58 2.05 2 
LC-MS(-) 

LC-MS(+) 
DB 3 HMDB0013240 

Leu-hyp C11H20N2O4 244.1423 2.00 87 0.0018   2 LC-MS(-) DB 3 HMDB0028867 

Leu-Phe C15H22N2O3 278.1630 2.14 
Presented 
in cancer 

group 

3.54E-05 -0.60 2.45 0 LC-MS(-) DB 3 HMDB0013243 

Lys-Asp* C10H19N3O5 261.1335 11.30 34 0.0103   4 CE-MS DB 3 HMDB0028947 

Methionine S-oxide C5H11NO3S 165.0478 14.06 110 3.30E-09   11 CE-MS DB 2 HMDB0002005 

N2-Methyl-lysine C7H16N2O2 160.1208 10.67 -77 6.97E-09   2 CE-MS DB 2 HMDB0002038 

N2-Methylproline C6H11NO2 129.0791 14.59 -43 0.0031   1 CE-MS DB 2 HMDB0059649 

N6-Acetyl-hydroxy-lysine* C8H16N2O4 204.1103 12.78 -55 0.0002   3 CE-MS DB 3 HMDB0033891 

N-acetyl-lysine  C8H16N2O3 188.1155 13.70 20 0.0002   3 CE-MS DB 2 HMDB0000206 

Ornithine C5H12N2O2 132.0906 9.66 -39 5.58E-19 0.65 1.65 6 CE-MS DB 2 HMDB0000214 

Phenylalanine C9H11NO2 165.0770 13.88 -58 0.0050   12 
CE-MS 

GC-MS 
DB 2 HMDB0000159 

Pipecolic acid C6H11NO2 129.0790 10.14 49 0.0307   - GC-MS Fiehn 2 HMDB0000716 

Pyroglutamine C5H8N2O2 128.0583 11.48 68 1.41E-05   2 CE-MS DB 3 HMDB0062558 

Ser-Ala* C6H12N2O4 176.0789 13.07 -38 1.37E-08   4 CE-MS DB 3 HMDB0029032 

Ser-hyp* C8H14N2O5 218.0904 14.40 135 4.38E-14   1 CE-MS DB 3 HMDB0029040 

Ser-Val* C8H16N2O4 204.1103 12.78 -55 0.0002   3 CE-MS DB 3 HMDB0029052 

Stearoyl-tyrosine* C27H45NO4 447.3349 5.15 -66 9.67E-17 0.75 3.74 1 LC-MS(+) DB 3 HMDB0062343 

Suberylglycine C10H17NO5 231.1106 1.19 

Presented 

in cancer 
group 

0.0001 -0.73 3.82 1 LC-MS(-) DB 3 HMDB0000953 
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Compound Formula 
Mass 

(Da) 

RT 

(min) 
% change P- value p(corr) VIP 

Mass 

error 

(ppm) 

Analytical 

platform 

Identificatio

n source 

Confidence 

level 

HMDB 

Code 

Thr-Ala C7H14N2O4 190.0954 13.83 90 5.09E-11   0 CE-MS DB 3 HMDB0029054 

Thr-Gly* C6H12N2O4 176.0789 13.07 -38 1.37E-08   4 CE-MS DB 3 HMDB0029061 

Trp-Phe C20H21N3O3 351.1582 2.32 74 3.73E-11 -0.63 1.56 1 LC-MS(-) DB 3 HMDB0029090 

Val-Leu C11H22N2O3 230.1616 12.83 51 0.0012   6 CE-MS DB 3 HMDB0029131 

Benzene and substituted derivatives 

Mandelic acid C8H8O3 152.0473 2.28 335 0.0037   3 LC-MS(-) DB 3 HMDB0000703 

3-phenylprop-2-en-1-
yloxysulfonic acid 

C9H10O4S 214.0299 2.77 118 0.0005   2 LC-MS(-) DB 3 HMDB0135284 

Carbohydrates and carbohydrate conjugates 

Allose  C6H12O6 180.0633 17.10 139 1.32E-14 0.62 1.44 - GC-MS Fiehn 2 HMDB0001151 

Glucose C6H12O6 180.0633 17.45 174 1.98E-15 0.62 1.64 - GC-MS Fiehn 2 HMDB0000122 

Glycerol C3H8O3 92.0473 9.28 45 0.0000   - GC-MS Fiehn 2 HMDB0000131 

Mannitol C6H14O6 182.0790 17.59 196 0.0017   - GC-MS Fiehn 2 HMDB0000765 

Phenylglucuronide C12H14O7 270.0739 0.93 308 0.0052 -0.52 2.37 2 LC-MS(-) DB 3 HMDB0060014 

PYRANOSE 
(glucose/altrose /galactose 

/talose) 

C6H12O6 180.0633 17.24 194 1.61E-16 0.63 1.71 - GC-MS Fiehn 2  

Carboximidic acids and derivatives 

Acetylspermidine C9H21N3O 187.1671 9.15 38 6.27E-06   7 CE-MS DB 3 HMDB0001276 

Carboxylic acids and derivatives 

1-Aminocyclohexanecarboxylic 

acid 
C7H13NO2 143.0944 13.89 -32 0.0366   1 CE-MS DB 3 HMDB0038249 

di-Hydroxymelatonin* C13H16N2O4 264.1110 1.34 46 0.0268   2 LC-MS(-) DB 3 HMDB0061136 

Edetic Acid C10H16N2O8 292.0906 0.24 35 0.0001   1 LC-MS(+) DB 3 HMDB0015109 

Isocitric acid 

Citric acid 
C6H8O7 192.0270 0.23 64 5.83E-05   0 LC-MS(-) MSMS 2 

HMDB0000193 

HMDB0000094 

Diazines/ Pyrimidines and pyrimidine derivatives 

5,6-Dihydrothymine C5H8N2O2 128.0570 12.22 56 0.0169   12 CE-MS DB 3 HMDB0000079 

Fatty Acyls 

3-carboxy-4-methyl-5-propyl-2-

furanpropanoic acid (CMPF) 
C12H16O5 240.0998 3.78 69 0.004   2 LC-MS(+) MSMS 2 HMDB0061112 
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Compound Formula 
Mass 

(Da) 

RT 

(min) 
% change P- value p(corr) VIP 

Mass 

error 

(ppm) 

Analytical 

platform 

Identificatio

n source 

Confidence 

level 

HMDB 

Code 

8-amino-7-oxo-nonanoic acid* C9H17NO3 187.1208 2.06 418 0.0220   2 LC-MS(-) DB 3  

Arachidonic acid C20H32O2 304.2402 7.13 62 1.59E-05   1 LC-MS(-) MSMS 2 HMDB0001043 

beta-Phenylalanoyl-CoA* 
C30H45N8O17P3

S 
914.1836 2.83 73 7.07E-03   1 LC-MS(-) DB 3  

beta-Phenylalanoyl-CoA* 
C30H45N8O17P3

S 
914.1836 3.62 65 8.78E-03   0 LC-MS(-) DB 3  

DG(31:0) C34H66O5 554.4910 8.18 -37 0.0008   0 LC-MS(+) DB 3 HMDB0093505 

Docosapentaenoic acid C22H34O2 330.2558 7.25 75 6.87E-09 -0.55 1.51 1 LC-MS(-) DB 3 HMDB0006528 

Dodecenedioic acid C12H20O4 228.1362 3.50 191 9.87E-08 -0.60 2.24 2 LC-MS(-) DB 3 HMDB0000933 

Eicosapentaenoic acid C20H30O2 302.2246 6.77 65 3.88E-04   2 LC-MS(-) DB 3 HMDB0001999 

Eicosatrienoic acid C20H34O2 306.2558 7.39 82 1.85E-10   1 LC-MS(-) DB 3 HMDB0010378 

Eicosenoic acid C20H38O2 310.2871 8.34 79 2.75E-10 -0.51 1.50 1 LC-MS(-) DB 3 HMDB0002231 

Glucosylgalactosylhydroxylysine C18H34N2O13 486.2093 12.38 46 1.73E-05   7 CE-MS DB 3 HMDB0000585 

HETE C20H32O3 320.2351 5.92 

Presented 

in cancer 

group 

1.24E-05 -0.63 2.64 0 LC-MS(-) MSMS 2 HMDB0060101 

MG(18:2) C21H38O4 354.2770 6.81 116 0.0007   2 LC-MS(+) MSMS 2 HMDB0011538 

MG(20:0) C23H46O4 386.3396 7.79 -86 1.30E-12   5 LC-MS(+) DB 3 HMDB0072859 

N-palmitoyl glutamic acid* C21H39NO5 385.2828 4.13 62 0.004   0 LC-MS(+) DB 3  

Oleic acid C18H34O2 282.2559 20.47 67 0.0013   - 
GC-MS 

LC-MS(+) 
Fiehn 2 HMDB0000207 

Vaccenic acid C18H34O2 282.2559 20.56 23 0.0158   - GC-MS Fiehn 2 HMDB0041480 

3-hydroxy-5-octenoylcarnitine C15H27NO5 301.1889 4.23 

Presented 

in cancer 
group 

3.57E-02 -0.72 3.96 3 LC-MS(-) DB 3  

3-Hydroxy-5-

tetradecenoylcarnitine* 
C21H39NO5 385.2828 4.13 62 0.004   0 LC-MS(+) DB 3 HMDB0013330 

9-Decenoylcarnitine C17H31NO4 313.2232 12.99 -15 0.0325   7 CE-MS DB 3 HMDB0013205 

Arachidonoylcarnitine* C27H45NO4 447.3349 5.15 -66 9.67E-17 0.75 3.74 1 LC-MS(+) DB 3 HMDB0062343 

α-Linolenyl carnitine C25H43NO4 421.3192 4.91 -41 1.79E-08 0.53 2.26 0 LC-MS(+) DB 3 HMDB0006319 

Linoleyl carnitine C25H45NO4 423.3349 5.14 -59 4.03E-16 0.73 3.40 0 LC-MS(+) DB 3 HMDB0006469 
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Compound Formula 
Mass 

(Da) 

RT 

(min) 
% change P- value p(corr) VIP 

Mass 

error 

(ppm) 

Analytical 

platform 

Identificatio

n source 

Confidence 

level 

HMDB 

Code 

Vaccenylcarnitine 
Elaidic carnitine 

C25H47NO4 425.3504 5.43 -41 1.41E-08 0.51 2.40 1 LC-MS(+) MSMS 2 
HMDB0006351 
HMDB0006464 

Flavonoids 

Anthraniloyl-CoA 
C28H41N8O17P3

S 
886.1523 0.23 186 3.47E-21 -0.69 2.39 3 LC-MS(-) DB 3  

Glycerolipids 

11-Oxo-androsterone 
glucuronide 

C25H36O9 480.2359 3.43 -45 8.06E-06 0.53 2.06 1 LC-MS(-) DB 3 HMDB0010338 

Glycerophospholipids 

LPC(16:0)-OH C24H50NO8P 511.3274 4.12 25 0.008   0 
LC-MS(+) 

LC-MS(-) 
MSMS 2  

LPC(16:0)-OH C24H50NO8P 511.3274 4.21 37 0.0005   0 
LC-MS(+) 

LC-MS(-) 
MSMS 2  

LPC(18:0)-OH C26H54NO8P 539.3587 4.71 27 0.0100   0 
LC-MS(+) 

LC-MS(-) 
MSMS 2  

LPC(18:2)-OH C26H50NO8P 535.3274 4.41 

Presented 

in cancer 

group 

2.19E-06   0 
LC-MS(+) 

LC-MS(-) 
MSMS 2  

LPA(13:0) C16H33O7P 368.1963 5.23 -57 4.95E-03 0.56 2.29 7 LC-MS(-) DB 3 HMDB0114760 

LPC(22:1) C30H60NO7P 577.4107 6.99 66 2.14E-05   2 LC-MS(-) MSMS 2 HMDB0010399 

LPE(16:0) C21H44NO7P 453.2855 5.65 25 0.008   0 LC-MS(+) MSMS 2 HMDB0011473 

LPE(20:5) C25H42NO7P 499.2699 5.08 179 2.80E-06   0 LC-MS(+) MSMS 2 HMDB0011489 

LPE(20:5) C25H42NO7P 499.2699 5.16 55 0.001   0 
LC-MS(+) 

LC-MS(-) 
MSMS 2 HMDB0011489 

LPE(22:6) C27H44NO7P 525.2855 5.37 28 0.001   0 LC-MS(+) MSMS 2 HMDB0011526 

LPE(22:6) C27H44NO7P 525.2855 5.45 39 0.0005   0 LC-MS(+) MSMS 2 HMDB0011496 

LPE(P-16:0) C21H44NO6P 437.2906 5.83 36 0.002   0 LC-MS(+) DB 3 HMDB0011152 

LPI(16:1) C25H47O12P 570.2805 5.51 97 2.63E-03   1 LC-MS(-) MSMS 2  

LPS(18:0) C24H48NO9P 525.3066 6.71 104 9.62E-06   2 LC-MS(-) MSMS 2  

PC(32:0) C40H80NO8P 733.5622 10.47 51 3.91E-07   2 LC-MS(+) DB 3 HMDB0007871 

PC(38:2) C46H88NO8P 813.6247 11.94 39 0.0004   0 LC-MS(+) MSMS 2 HMDB0007987 

PC(38:5) C46H82NO8P 807.5778 9.82 -28 5.05E-05   2 LC-MS(+) MSMS 2 HMDB0008156 
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Compound Formula 
Mass 

(Da) 

RT 

(min) 
% change P- value p(corr) VIP 

Mass 

error 

(ppm) 

Analytical 

platform 

Identificatio

n source 

Confidence 

level 

HMDB 

Code 

PE(34:2) 
PE(O-34:3) 

C39H74NO7P 699.5203 10.25 -33 0.001   1 LC-MS(+) MSMS 2 HMDB0011343 

PE(38:6) C43H74NO8P 763.5151 9.31 -31 0.0087   1 LC-MS(+) MSMS 2 HMDB0009294 

PG(20:2) C26H49O9P 536.3114 7.41 -58 3.44E-11 0.59 2.33 4 LC-MS(-) DB 3  

PG(28:0) C34H67O10P 666.4471 7.64 115 8.69E-15 -0.61 2.75 5 LC-MS(+) DB 3 HMDB0116681 

PS(39:5) C45H78NO10P 823.5363 10.46 25 1.60E-07   5 LC-MS(+) DB 3  

Hydroxy acids and derivatives 

3-Hydroxydodecanedioic acid C12H22O5 246.1467 2.79 

Presented 

in cancer 

group 

2.42E-06 -0.68 2.97 0 LC-MS(-) MSMS 2 HMDB0000413 

3-Hydroxydodecanoic acid C12H24O3 216.1725 4.62 

Presented 

in cancer 
group 

2.32E-11 -0.72 2.79 2 LC-MS(-) MSMS 2 HMDB0000387 

Imidazoles 

Methylimidazole C4H6N2 82.0538 11.48 64 6.41E-06   9 CE-MS DB 3  

Urocanate 
Nicotinamide N-oxide 

C6H6N2O2 138.0435 11.02 24 0.001   4 CE-MS DB 3 
HMDB0034174 
HMDB0002730 

Imidazopyrimidines / Purines and purine derivatives 

Hypoxanthine C5H4N4O 136.0402 14.19 -34 8.20E-06   13 CE-MS DB 2 HMDB0000157 

Indoles and derivatives 

3-Indoleacetic acid C10H9NO2 175.0633 17.94 131 2.62E-07   - GC-MS Fiehn 2 HMDB0000197 

5-Hydroxyindole C8H7NO 133.0527 0.76 37 3.82E-02   1 LC-MS(-) DB 3 HMDB0059805 

5-Hydroxyindoleacetaldehyde C10H9NO2 175.0633 2.51 150 2.63E-05 -0.51 2.55 1 LC-MS(+) MSMS 2 HMDB0004073 

5-Hydroxyindoleacetic acid C10H9NO3 191.0582 0.80 
Presented 
in cancer 

group 

3.28E-08   0 LC-MS(+) MSMS 2 HMDB0000763 

Lactones 

N-(4-Coumaroyl)-homoserine 

lactone 
C13H13NO4 247.0845 1.34 55 0.0006   2 LC-MS(+) DB 3  

Organic acids and derivatives 

(Homo)2-aconitate* C8H10O6 202.0477 0.26 -75 7.87E-59 0.84 2.98 11 LC-MS(-) DB 3  

Lactic acid C3H6O3 90.0317 6.06 -77 4.72E-36 -0.92 2.58 - GC-MS Fiehn 2 HMDB0001311 
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Compound Formula 
Mass 

(Da) 

RT 

(min) 
% change P- value p(corr) VIP 

Mass 

error 

(ppm) 

Analytical 

platform 

Identificatio

n source 

Confidence 

level 

HMDB 

Code 

Pyruvic acid C3H4O3 88.0160 5.89 -58 1.06E-14 -0.69 1.78 - GC-MS Fiehn 2 HMDB0000243 

Succinylacetoacetate* C8H10O6 202.0477 0.26 -75 7.87E-59 0.84 2.98 11 LC-MS(-) DB 3 HMDB0240258 

Organic sulfuric acids and derivatives 

Indoxylsulfuric acid C8H7NO4S 213.0095 1.00 42 3.47E-02   1 LC-MS(-) MSMS 2 HMDB0000682 

p-Phenolsulfonic acid C6H6O4S 173.9986 0.65 174 3.45E-03   1 LC-MS(-) MSMS 2 HMDB0060015 

Organonitrogen compounds 

Phosphocholine C5H14NO4P 183.0660 5.37 32 0.003   1 LC-MS(+) MSMS 2  

Organooxygen compounds 

4-Hydroxycyclohexylcarboxylic 
acid 

C7H12O3 144.0786 0.76 789 5.08E-10 -0.71 2.99 1 LC-MS(-) DB 3 HMDB0001988 

Acetyl-N-formyl-5-
methoxykynurenamine 

(AFMK)* 

C13H16N2O4 264.1110 1.34 46 0.0268   2 LC-MS(-) DB 3 HMDB0004259 

Phenols 

4-Methylcatechol C7H8O2 124.0524 1.23 -43 1.68E-02   2 LC-MS(-) DB 3 HMDB0000873 

Prenol lipids 

Retinol C20H30O 286.2296 7.04 34 0.0003   2 LC-MS(+) MSMS 2 HMDB0000305 

Purine nucleosides 

1-Methyladenosine  C11H15N5O4 281.1132 12.49 41 3.68E-16 -0.58 1.20 3 CE-MS DB 2 HMDB0003331 

Pyridines and derivatives 

Norcotinine C9H10N2O 162.0790 11.48 34 0.0039   2 CE-MS DB 3 HMDB0001297 

Piperideine C5H9N 83.0739 13.77 28 0.0239   5 CE-MS DB 3  

Serotonine C10H12N2O 176.0954 11.40 228 0.0007   3 CE-MS DB 2 HMDB0001046 

Quinolines and derivatives 

8-Hydroxycarteolol C16H24N2O4 308.1732 13.90 -31 0.0246   1 CE-MS DB 3 HMDB0060990 

Quinoline C9H7N 129.0578 2.51 99 0.0008   1 LC-MS(+) DB 3 HMDB0033731 

Sphingolipids 

Cer(35:0) C35H69NO3 551.5277 11.39 58 4.24E-08   3 LC-MS(-) DB 3  

Cer(36:1) C36H71NO3 565.5434 11.74 42 0.0003   1 LC-MS(+) DB 3 HMDB0004950 
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Compound Formula 
Mass 

(Da) 

RT 

(min) 
% change P- value p(corr) VIP 

Mass 

error 

(ppm) 

Analytical 

platform 

Identificatio

n source 

Confidence 

level 

HMDB 

Code 

SM(36:0) C41H85N2O6P 732.6145 10.14 41 0.0014   1 LC-MS(+) MSMS 2 HMDB0012087 

Sphingosine-1-phosphate C18H38NO5P 379.2488 5.02 -30 2.17E-08 0.50 2.06 0 LC-MS(+) MSMS 2 HMDB0000277 

Steroids and steroid derivatives 

12a-Hydroxy-3-oxocholadienic 

acid 
C24H34O4 386.2457 4.27 144 3.66E-06 -0.54 2.12 0 LC-MS(-) MSMS 2 HMDB0000385 

Biliverdin C33H34N4O6 582.2478 4.73 300 1.47E-16 -0.72 2.62 0 LC-MS(-) DB 3 HMDB0001008 

Hydroxy-3-oxo-4-cholestenoate C27H42O4 430.3083 5.53 54 2.78E-06    LC-MS(+) 

LC-MS(-) 
MSMS 2  

Calcitroic acid C23H34O4 374.2457 7.39 84 6.25E-11 -0.54 1.76 6 LC-MS(-) DB 3 HMDB0006472 

Chenodeoxycholic acid 3-

glucuronide* 
C30H48O10 568.3248 4.33 94 2.10E-03   1 LC-MS(-) DB 3  

Cholestane-3,7,12,24,25-pentol C27H48O5 452.3501 7.77 -56 3.81E-10 0.56 2.03 2 LC-MS(-) DB 3 HMDB0000483 

Cholestane-3,7,12,25-tetrol-3-
glucuronide 

C33H56O10 612.3873 4.71 97 4.89E-05   0 LC-MS(-) DB 3 HMDB0010355 

Cortisone acetate C23H30O6 402.2042 3.86 63 5.89E-04   9 LC-MS(-) DB 3 HMDB0015459 

Dehydroepiandrosterone 3-

glucuronide 

Dehydroisoandrosterone 3-
glucuronide 

C25H36O8 464.2410 3.91 -51 1.01E-05   2 LC-MS(-) DB 3 
HMDB0010348 

HMDB0010327 

Deoxycholic acid 3-glucuronide* C30H48O10 568.3248 4.33 94 2.10E-03   1 LC-MS(-) DB 3 HMDB0002596 

ecdysone 25-O-D-

glucopyranoside 
C33H54O11 626.3666 4.41 88 1.02E-04   1 LC-MS(-) DB 3  

Pregnanediol C21H36O2 320.2715 6.35 -51 4.21E-05   0 LC-MS(-) DB 3 HMDB0004025 

Pregnanolone sulfate C21H34O5S 398.2127 3.64 55 5.27E-03   0 LC-MS(-) DB 3 HMDB0240591 

Ursodeoxycholic acid C24H40O4 392.2927 4.34 188 3.93E-02 -0.51 2.35 1 LC-MS(-) MSMS 2 HMDB0000946 

Ursodeoxycholic acid 3-sulfate C24H40O7S 472.2494 3.75 130 4.38E-03 -0.54 2.36 1 LC-MS(-) DB 3 HMDB0002642 

Sterol Lipids 

24-Hydroxygeminivitamin D3 C32H54O5 518.3971 6.79 -37 2.82E-07   1 LC-MS(+) DB 3  

Tetrapyrroles and derivatives 

Bilirubin C33H36N4O6 584.2635 3.85 674 3.79E-08 -0.68 2.63 4 
LC-MS(-) 
LC-MS(+) 

MSMS 2 HMDB0000054 
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Table 2. List of the 34 annotated metabolites significantly associated with NET patients prognosis (N=77) with their statistical characteristics after UVDA and MVDA (percentage of 

change, p-value, p(corr) and VIP) and analytical descriptors (measured mass and its deviation from the theoretical one, experimental retention time, analytical platform on which it has been 

detected, identification source where DB corresponds to database result, confidence level for identification according to the metabolomics standards initiative and its corresponding Human 

Metabolome Database (HMDB) code (http://www.hmdb.ca/)). (* = Multiple identification options) 

Compound Formula 
Mass 

(Da) 

RT 

(min) 
% change P- value p(corr) VIP 

Mass 

error 

(ppm) 

Analytical 

platform 

Identification 

source 

Confidence 

level 

HMDB 

Code 

Amino acids, peptides, and analogues 

Cys-Gly disulphide C8H15N3O5S2 297.0455 12.19 -41 1.39E-08 0.49 1.63 1 CE-MS DB 3 HMDB0000709 

Dimethyl-Arginine (symmetric) C8H18N4O2 202.1428 10.67 25 0.0006   1 CE-MS DB 2 HMDB0003334 

Glu-hyp C10H16N2O6 260.0993 12.98 37 5.12E-07   6 CE-MS DB 3 HMDB0011161 

Glu-Lys/Ɛ-Glu-Lys C11H21N3O5 275.1481 12.32 67 1.20E-09   2 CE-MS DB 3 HMDB0029154 

Glu-Lys/Ɛ-Glu-Lys C11H21N3O5 275.1481 11.37 58 1.55E-07   2 CE-MS DB 3 HMDB0029155 

Methionine S-oxide C5H11NO3S 165.0478 14.06 110 3.30E-09   11 CE-MS DB 2 HMDB0002005 

Pyroglutamine C5H8N2O2 128.0583 11.48 68 1.41E-05   2 CE-MS DB 3 HMDB0062558 

Ser-Ala* C6H12N2O4 176.0789 13.07 -38 1.37E-08   4 CE-MS DB 3 HMDB0029032 

Suberylglycine C10H17NO5 231.1106 1.19 

Presented 

in cancer 

group 

0.0001 -0.73 3.82 1 LC-MS(-) DB 3 HMDB0000953 

Thr-Gly* C6H12N2O4 176.0789 13.07 -38 1.37E-08   4 CE-MS DB 3 HMDB0029061 

Carbohydrates and carbohydrate conjugates 

PYRANOSE 

(glucose/altrose /galactose 

/talose) 

C6H12O6 180.0633 17.24 194 1.61E-16 0.63 1.71 - GC-MS Fiehn 2  

Fatty Acyds 

Eicosapentaenoic acid C20H30O2 302.2246 6.77 65 3.88E-04   2 LC-MS(-) DB 3 HMDB0001999 

MG(20:0) C23H46O4 386.3396 7.79 -86 1.30E-12   5 LC-MS(+) DB 3 HMDB0072859 

N-palmitoyl glutamic acid* C21H39NO5 385.2828 4.13 62 0.004   0 LC-MS(+) DB 3  

3-hydroxy-5-octenoylcarnitine C15H27NO5 301.1889 4.23 

Presented 

in cancer 
group 

3.57E-02 -0.72 3.96 3 LC-MS(-) DB 3  

http://www.hmdb.ca/)
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Compound Formula 
Mass 

(Da) 

RT 

(min) 
% change P- value p(corr) VIP 

Mass 

error 

(ppm) 

Analytical 

platform 

Identification 

source 

Confidence 

level 

HMDB 

Code 

3-Hydroxy-5-
tetradecenoylcarnitine* 

C21H39NO5 385.2828 4.13 62 0.004   0 LC-MS(+) DB 3 HMDB0013330 

Linoleyl carnitine C25H45NO4 423.3349 5.14 -59 4.03E-16 0.73 3.40 0 LC-MS(+) DB 3 HMDB0006469 

Glycerophospholipids 

LPC(16:0)-OH C24H50NO8P 511.3274 4.12 25 0.008   0 
LC-MS(+) 
LC-MS(-) 

MSMS 2  

LPA(13:0) C16H33O7P 368.1963 5.23 -57 4.95E-03 0.56 2.29 7 LC-MS(-) DB 3 HMDB0114760 

LPC(22:1) C30H60NO7P 577.4107 6.99 66 2.14E-05   2 LC-MS(-) MSMS 2 HMDB0010399 

LPE(22:6) C27H44NO7P 525.2855 5.37 28 0.001   0 LC-MS(+) MSMS 2 HMDB0011526 

PG(28:0) C34H67O10P 666.4471 7.64 115 8.69E-15 -0.61 2.75 5 LC-MS(+) DB 3 HMDB0116681 

Hydroxy acids and derivatives 

3-Hydroxydodecanoic acid C12H24O3 216.1725 4.62 

Presented 

in cancer 

group 

2.32E-11 -0.72 2.79 2 LC-MS(-) MSMS 2 HMDB0000387 

Imidazoles 

Methylimidazole C4H6N2 82.0538 11.48 64 6.41E-06   9 CE-MS DB 3  

Urocanate 

Nicotinamide N-oxide 
C6H6N2O2 138.0435 11.02 24 0.001   4 CE-MS DB 3 

HMDB0034174 

HMDB0002730 

Indoles and derivatives 

5-Hydroxyindoleacetic acid C10H9NO3 191.0582 0.80 

Presented 

in cancer 

group 

3.28E-08   0 LC-MS(+) MSMS 2 HMDB0000763 

Lactones 

N-(4-Coumaroyl)-homoserine 
lactone 

C13H13NO4 247.0845 1.34 55 0.0006   2 LC-MS(+) DB 3  

Phenols 

4-Methylcatechol C7H8O2 124.0524 1.23 -43 1.68E-02   2 LC-MS(-) DB 3 HMDB0000873 

Purine nucleosides 

1-Methyladenosine  C11H15N5O4 281.1132 12.49 41 3.68E-16 -0.58 1.20 3 CE-MS DB 2 HMDB0003331 

Sphingolipids 

SM(36:0) C41H85N2O6P 732.6145 10.14 41 0.0014   1 LC-MS(+) MSMS 2 HMDB0012087 
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Compound Formula 
Mass 

(Da) 

RT 

(min) 
% change P- value p(corr) VIP 

Mass 

error 

(ppm) 

Analytical 

platform 

Identification 

source 

Confidence 

level 

HMDB 

Code 

Steroids and steroid derivatives 

Biliverdin C33H34N4O6 582.2478 4.73 300 1.47E-16 -0.72 2.62 0 LC-MS(-) DB 3 HMDB0001008 

Cholestane-3,7,12,24,25-pentol C27H48O5 452.3501 7.77 -56 3.81E-10 0.56 2.03 2 LC-MS(-) DB 3 HMDB0000483 

Cortisone acetate C23H30O6 402.2042 3.86 63 5.89E-04   9 LC-MS(-) DB 3 HMDB0015459 

ecdysone 25-O-D-
glucopyranoside 

C33H54O11 626.3666 4.41 88 1.02E-04   1 LC-MS(-) DB 3  
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