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BACKGROUND
For optimal quantitative analysis of small molecules such as steroid hormones, vitamins, 

and biogenic amines, liquid chromatography in combination with triple-quadrupole mass 

spectrometry (LC-MS/MS) is being widely embraced by clinical laboratories as the technique 

of choice 1. In recent years, there has been a rapid transition from LC-MS/MS being applied 

only in specialized laboratories, to widespread adaptation also in routine diagnostic 

laboratories. This progression is driven by the superior analytical specificity of LC-MS/MS 

in comparison to immunoassays, especially for small molecules. Moreover this technique 

enables the simultaneous quantification of several metabolically related biomarkers in one 

panel (multiplexing) and increasingly offers sensitivity that parallels or even surpasses that of 

immunoassays. Factors that contributed to these improvements can be found in the field of 

sample preparation, improved chromatographic strategies and instrumental improvements 1.

One of the compound classes that remain difficult to analyze especially in plasma, are 

biogenic amines. Biogenic amines are an analytical challenge, as they are sensitive to oxidation, 

have poor fragmentation characteristics, and are low in concentration in plasma (pmol/L – 

nmol/L range). Relatively little progress for their mass spectrometric quantification has been 

made in recent years.

Biogenic amines are biologically active compounds containing one or more amine 

groups and are produced from amino acids. Dopamine, norepinephrine, and epinephrine 

are synthesized from tyrosine (Fig. 1), serotonin from tryptophan (Fig. 2), and histamine from 

histidine. They are regarded as the “classic” biogenic amines, and are most notably known for 

their roles as neurotransmitter 2,3. A biogenic amine derived hormone that is drawing increasing 

attention is melatonin which is synthesized from serotonin (Fig. 2). Biogenic amines are involved 

in various physiological functions throughout the body. As biogenic amines are ubiquitous 

and important modulators of a broad array of physiological processes, they are important 

biomarkers from a clinical perspective and thus are frequently measured in clinical laboratories. 

Particularly in the diagnosis and management of neuroendocrine neoplasia, biogenic amines 

and its metabolites are very useful biomarkers.

Figure 1. Schematic representation of catecholamine synthesis and metabolism to their O-methylated 

metabolites. Shown here is the synthesis of catecholamines from phenylalanine and tyrosine and the 

metabolism of the catecholamines to the metanephrines. Abbreviations: PAH, phenylalanine hydroxylase; 

TH, tyrosine hydroxylase; BH4, tetrahydrobiopterin; AADC, aromatic L-amino acid decarboxylase; PLP, 

pyridoxal 5-phosphate; DBH, dopamine β-hydroxylase; Asc, ascorbic acid; PNMT, phenylethanolamine 

N-methyltransferase; SAM, S-adenosyl methionine; COMT, catechol-O-methyltransferase.
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Figure 2. Schematic overview of the serotonin synthesis and metabolism. Shown here is the synthesis of 

serotonin from tryptophan and the metabolism of serotonin to melatonin and to 5-HIAA. Abbreviations: 

TDO, tryptophan 2,3-dioxygenase; IDO, indoleamine 2,3-dioxygenase; TPH1, tryptophan hydroxylase 1; 

TPH2, tryptophan hydroxylase 2; BH4, tetrahydrobiopterin; AADC, aromatic L-amino acid decarboxylase; 

PLP, pyridoxal 5-phosphate; AANAT, arylalkylamine N-acetyltransferase; ASMT, acetylserotonin O-methyl-

transferase; MAO, monoamine oxidase; ALDH, aldehyde dehydrogenase; AOX, aldehyde oxidase, 5-HIAA, 

5-hydroxyindoleacetic acid.

Neuroendocrine tumors comprise tumors that originate from cells that share the similar 

neuroectodermal origin. These tumors have the propensity to produce, amongst others, 

excessive amounts of biogenic amines. The excessive production of specific biogenic 

amines may result in patients suffering from endocrine complaints related to the biogenic 

amine produced. Neuroendocrine tumors comprise mainly tumors originating from the 

gastroenteropancreatic or bronchopulmonary tract. Neuroendocrine tumors originating 

from chromaffin cells of the adrenal medulla and autonomic paraganglia are classified as 

pheochromocytoma when originating intra-adrenal. When originating from extra-adrenal 

sympathetic or parasympathetic paraganglia they are called paraganglioma. Part of the 

neuroendocrine tumors from the gastroenteropancreatic tract or bronchopulmonary tract can 

amongst others produce 5-hydroxytryptophan, and/or serotonin. Pheochromocytomas and 

paragangliomas are characterized by the production and secretion of catecholamines and their 

metabolites the metanephrines. A separate class is a malignant tumor found especially in early 

childhood, neuroblastoma. Neuroblastoma can produce several catecholamines, which are 

primarily metabolized inside the tumor cell. Consequently, neuroblastoma foremost secretes 

catecholamine metabolites, and patients with neuroblastoma rarely experience complaints 

related to catecholamine secretion 4,5.

Inherited metabolic disorders in the synthesis, transport and metabolism of biogenic amines 

is another important field of application of the analysis of the catecholamines and indoles. 

These disorders can result in severe neurological symptoms in childhood. Early diagnosis may 

enable therapeutic intervention which may prevent accumulating damage, therefore early 

comprehensive delineation of aberrations in these pathways is crucial 6,7. However, as this is 

not part of this thesis we will not go into further detail.

Currently, no LC-MS/MS method is available that simultaneously quantifies all relevant 

indoles or combines the quantitative analysis of L-DOPA, catecholamines and metanephrines 

in one assay. Most available assays solely quantify one class of compounds such as plasma 

free metanephrines, but not catecholamines, 5-HIAA, but not serotonin. New strategies 

allowing simultaneous detection of combined classes biogenic amines, their precursors, and 

metabolites, are of interest. They could potentially aid in the better and more effective biogenic 

amine related disease states.

Also in the field of chronobiology multi-analyte assays in combination with LC-MS/MS 

would be of added value. Despite the advantages of mass spectrometry in comparison to 

immunoassays, this technique is still only frequently used in the field of chronobiology research. 

This holds specifically true for the circadian rhythm markers cortisol, and melatonin. Cortisol, 

an adrenal cortex derived glucocorticoid hormone, is at the end-point of the hypothalamic-

pituitary-adrenal axis, and adapts the body to stress conditions by mobilizing energy. Melatonin, 

a pineal hormone and metabolite of the tryptophan-serotonin-pathway, is best known for its 

role as a signaling molecule related to the day/night rhythm. Disturbed circadian rhythm and 

sleep is increasingly associated with the development of neurodegenerative, cardiovascular, 

and metabolic disorders 8,9. New approaches for the simultaneous, time-resolved determination 

of these circadian markers are needed to better investigate their relation to these disease states.

SCOPE OF THIS THESIS
The aim of this thesis is to provide novel strategies for the improved mass spectrometric 

quantification of biogenic amines, their precursors and metabolites and explore the potential 

of these new methods in clinical applications.

OUTLINE OF THIS THESIS
Several tryptophan related indole markers have been used in the biochemical characterization 

of NETs, but no mass spectrometry-based method is available that allows their simultaneous 

detection. Therefore, in chapter 2 the aim was to develop and validate a sensitive mass 

spectrometry based method allowing simultaneous quantification of all relevant tryptophan-

related indoles in platelet-rich plasma (PRP) using direct-matrix derivatization. We validated the 
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method according to international guidelines and performed an exploratory study in healthy 

individuals (n = 67) and patients with NETs (n = 40).

The plasma free metanephrines, metabolites of the catecholamines, provide the highest 

diagnostic accuracy for the diagnosis of pheochromocytoma and paraganglioma. Simultaneous 

quantification of catecholamines, their precursors and metabolites would reduce the number 

of tests needed for studying catecholamine metabolism. This may also offer the possibility to 

study the diagnostic accuracy of multi-analyte panels in these tumors. The aim of chapter 3 was 

to develop and validate an LC-MS/MS method for the simultaneous quantification of L-DOPA, 

catecholamines and metanephrines in plasma. A similar derivatization strategy as described in 

chapter 2 was applied. The derivatization step was optimized, and the method was developed 

and validated according to international guidelines and reference intervals were established 

in 115 healthy individuals.

There is increasing evidence that disturbance of the circadian rhythm is involved in the 

etiology of several disease states such as depression, the metabolic syndrome and cancer. 

Cortisol and melatonin are both important circadian markers that are often measured separately, 

whereas it would be more informative and effective to measure them simultaneously. Chapter 

4A describes the development and validation of an LC-MS/MS method for the simultaneous 

quantification of cortisol and melatonin. We combined online solid-phase extraction (SPE) 

with peak focusing to reach a low pmol/L quantification limit for melatonin in plasma and 

saliva. Moreover, we managed to include cortisol which is more than 1000-fold higher present 

in plasma and saliva than melatonin. We investigated the correlation between plasma free 

melatonin, plasma total melatonin and saliva melatonin with LC-MS/MS. The LC-MS/MS 

method developed in chapter 4A was used in chapter 4B to corroborate earlier findings by 

immunoassay that melatonin is stored in platelets. Blood was collected of healthy volunteers, 

from which platelet-rich and platelet-poor plasma were derived and analyzed for melatonin 

by LC-MS/MS and immunoassay.

In chapter 5 we aimed at investigating the biological variation of the major metabolite 

of melatonin, 6-sulfatoxymelatonin by LC-MS/MS. Measuring 6-sulfatoxymelatonin excretion 

into urine collected over 24 hours gives a reliable estimate of total daily melatonin production. 

Information on the biological variation is relevant for the design and interpretation of 

epidemiological studies. To substantiate previous studies and support future research regarding 

the role of melatonin, a reproducible and fast high-throughput LC-MS/MS method for urinary 

6-sulfatoxymelatonin was developed and validated. Excretion of 6-sulfatoxymelatonin into 24 

hours urine was measured in 240 healthy individuals. The biological variation study included 

ten individuals that collected 24 hours urine once a week for a period of nine weeks.

Limited data is available on plasma free serotonin concentrations in humans. Serotonin in 

blood is primarily stored in platelets, only a low percentage circulates in free form. Only plasma 

free serotonin is available for receptor binding and as such plays an important role in several 

pathophysiological processes. Selective serotonin reuptake inhibitors (SSRIs) are widely used 

for treating depression, although the exact pharmacological action is unclear despite extensive 

research. It is known that SSRIs block the uptake of serotonin into platelets, but no information 

is available on plasma free serotonin concentrations in patients using SSRIs. In chapter 6 we 

aimed to investigate plasma free serotonin concentrations in patients using SSRIs and healthy 

individuals. The LC-MS/MS method for indoles was used to analyze plasma free serotonin in 

64 SSRIs users and 64 age- matched controls.

Data obtained in preclinical models showed that serotonin stimulates tumor angiogenesis 

and tumor growth. To explore whether serotonin plays a role in cancer patients, we determined 

platelet serotonin concentrations by LC-MS/MS in patients with metastatic renal cell carcinomas 

and pancreatic neuroendocrine tumors and compared results with those obtained in healthy 

individuals in chapter 7.

Neuroendocrine tumors can produce various peptide hormones and most prominently 

serotonin. Patients with serotonin-producing NETs can suffer from niacin deficiency (vitamin 

B3), which can result in pellagra. This is caused by increased serotonin production from 

tryptophan in NETs. The deficiency is easily and effectively relieved upon administration of 

niacin or nicotinamide in these patients, but data on niacin status in these patients is limited. 

In chapter 8 we describe a study to assess the niacin status before and after nicotinamide 

supplementation in NET patients. An LC-MS/MS method for the determination of the major 

urinary metabolite of niacin, N1-methylnicotinamide was developed and used to determine 

reference intervals for niacin status in healthy volunteers. Moreover the niacin status in NET 

patients was assessed before and after nicotinamide supplementation to determine niacin 

status and the efficacy of niacin supplementation.

The results of this thesis are summarized, and future perspectives are given in chapter 9. 

The summary in Dutch is provided in chapter 10.

1



14 15

General introduction and outline of the thesis

REFERENCES
1. Jannetto PJ, Fitzgerald RL. Effective use of mass spectrometry in the clinical laboratory. Clin Chem. 

2016;62(1):92-8.

2. Eisenhofer G, Kopin IJ, Goldstein DS. Catecholamine metabolism: A contemporary view with 

implications for physiology and medicine. Pharmacol Rev. 2004;56(3):331-349.

3. Carlsson A. Perspectives on the Discovery of Central Monoaminergic Neurotransmission. Annu Rev 

Neurosci. 1987;10(1):19-40.

4. Oberg K, Modlin IM, De Herder W, et al. Consensus on biomarkers for neuroendocrine tumour disease. 

Lancet Oncol. 2015;16(9):e435-46.

5. Shohet J, Foster J. Neuroblastoma. BMJ. 2017;357:j1863.

6. Marecos C, Ng J, Kurian MA. What is new for monoamine neurotransmitter disorders? J Inherit Metab 

Dis. 2014;37(4):619-626.

7. Ng J, Papandreou A, Heales SJ, Kurian MA. Monoamine neurotransmitter disorders--clinical advances 

and future perspectives. Nat Rev Neurol. 2015;11(10):567-84.

8. Abbott SM, Knutson KL, Zee PC. Health implications of sleep and circadian rhythm research in 2017. 

Lancet Neurol. 2018;17(1):17-18.

9. Potter GDM, Skene DJ, Arendt J, Cade JE, Grant PJ, Hardie LJ. Circadian rhythm and sleep disruption: 

causes, metabolic consequences, and countermeasures. Endocr Rev. 2016;37(6):584-608.

1


	Chapter 1



