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SUMMARY
Liquid chromatography in combination with triple-quadrupole mass spectrometry (LC-MS/

MS) is accepted in the field of clinical endocrinology as the analytical technique for improved 

quantitative analysis of small molecules such as steroid hormones, vitamins, and biogenic 

amines. In recent years, there has been a shift towards widespread adaption of LC-MS/MS in 

the field of laboratory medicine. This progression is driven by the superior analytical specificity 

of LC-MS/MS in comparison to immunoassays, especially for small molecules. One of the 

compound classes that remains difficult to analyze especially in plasma, are the biogenic amines. 

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, serotonin from tryptophan, and histamine from histidine. They are regarded as 

the “classic” biogenic amines, and foremost known for their roles as neurotransmitter. Biogenic 

amines are important markers for the diagnosis of neuroendocrine neoplasia.

Neuroendocrine tumors are rare tumors that originate from cells of the endocrine and 

nervous system. One common characteristic of neuroendocrine tumors is that they have 

the ability to take up and metabolize amine precursors. Neuroendocrine tumors arising 

from enterochromaffin cells may occur throughout the gastroenteropancreatic tract or 

bronchopulmonary system. They can produce 5-hydroxytryptophan, and/or serotonin. 

Excessive production of biogenic amines may result in endocrine related complaints. 

Neuroendocrine tumors that arise from chromaffin cells in the adrenal gland are called 

pheochromocytomas. In addition, these tumors may arise in chromaffin cells outside the 

adrenal gland, in extra-adrenal sympathetic paraganglia, consequently called paragangliomas. 

Pheochromocytomas and paragangliomas are genetically very heterogenous with over 

14 different susceptibility genes reported to date 1. Pheochromocytoma can produce 

catecholamines and their metabolites metanephrines, whereas paragangliomas can produce 

dopamine and 3-methoxytyramine. No LC-MS/MS methods are currently available that enable 

the simultaneous profiling of all potentially relevant biogenic amine markers in one profile. New 

approaches allowing simultaneous detection of these amines, their precursors, and metabolites 

would be of great interest. They could potentially aid in the diagnosis and management of 

neuroendocrine tumors.

The aim of this thesis was to develop new approaches for the enhanced mass spectrometric 

detection of neuroendocrine biomarkers.

Chapter 1 is the general introduction and outlines this thesis.

Chapter 2 describes how we developed a sensitive mass spectrometric method 

that simultaneously quantifies all relevant tryptophan-related indoles (tryptophan, 

5-hydroxytryptophan, serotonin, 5-hydroxyindoleacetic acid) in platelet-rich plasma. Direct-

matrix derivatization was used to make the chemical properties of the indoles similar and 

to improve the analytical sensitivity and specificity of the assay. In situ derivatization was 

performed directly in platelet-rich plasma with propionic anhydride at an ambient temperature. 

The derivatized indoles were extracted by online solid-phase extraction and eluted to the 

analytical column for separation followed by mass spectrometric detection. The method was 

validated according to international guidelines. Platelet-rich plasma samples from 68 healthy 

individuals and 40 patients with a neuroendocrine tumor were analyzed for tryptophan, 

5-hydroxytryptophan, serotonin, and 5-hydroxyindoleacetic acid. The method reproducibly 

quantified relevant indoles within 8.5 min, including online sample cleanup. Intra- and interassay 

imprecision was evaluated at 3 different concentrations, and ranged from 2.0% to 12% and 

1.9% to 13%, respectively. The limit of quantification was sufficient to measure endogenous 

concentrations of all four indoles. Healthy individuals and patients with a neuroendocrine 

tumor had different concentrations of platelet-rich plasma 5-hydroxytryptophan, platelet 

serotonin, and platelet-rich plasma 5-hydroxyindoleacetic acid, but platelet-rich plasma 

tryptophan concentrations were the same. Direct-matrix derivatization in platelet-rich plasma 

in combination with LC-MS/MS proved a powerful tool for the simultaneous quantification of 

all tryptophan-related indoles. Multiplexed measurement of relevant indoles may improve the 

biochemical characterization and surveillance of neuroendocrine tumors.

In Chapter 3 a similar derivatization procedure with propionic anhydride is used 

for the simultaneous mass spectrometric quantification of L-DOPA, catecholamines and 

metanephrines in plasma. No LC-MS/MS method has been published that describes the 

simultaneous quantification of L-DOPA, the catecholamines and their 3-O-methylated 

metabolites (metanephrines) in plasma. Combined analysis of L-DOPA, catecholamines 

and metanephrines could support and simplify further biochemical characterization of the 

neuroendocrine tumors such as pheochromocytomas and (head and neck) paraganglioma. 

Derivatization was performed directly in plasma using propionic anhydride at ambient 

temperature. The derivatized products were extracted by online solid-phase extraction and 

eluted to an analytical column for separation. Following this, mass spectrometric detection 

was performed in selected reaction monitoring mode. The method was validated according 

to international guidelines. Optimization experiments showed that dilution of propionic 

anhydride 1:4 (v/v) in acetonitrile in combination with 50 µL plasma resulted in the highest mass 

spectrometric signal for each analyte. Direct plasma derivatization resulted in stable derivatives 

and increased sensitivity by a factor of 4-30 in comparison to a previous LC-MS/MS method for 

plasma metanephrines in our laboratory. For all analytes, intra-assay and inter-assay coefficients 

of variation were < 8.2 %. Lower limits of quantification were 1.0 nmol/L, 0.02 nmol/L, 0.01 

nmol/L, 0.03 nmol/L, 0.01 nmol/L, 0.05 nmol/L and 0.04 nmol/L for L-DOPA, dopamine, 
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noradrenaline, adrenaline, 3-methoxytyramine, normetanephrine, and metanephrine. The 

new method correlated excellent with a HILIC-LC-MS/MS for plasma metanephrines (R2 > 0.99), 

and correlated well with an HPLC with electrochemical detection for plasma catecholamines 

(R2 > 0.85). Reference intervals established in supine position were: L-DOPA 5.0 – 34, dopamine 

0.024 – 0.18, noradrenaline 0.68 – 4.0, adrenaline 0.029 – 0.32, 3-methoxytyramine < 0.036, 

normetanephrine 0.17 – 0.79 and metanephrine 0.068 – 0.28 nmol/L, respectively. Our work 

shows for the first time that the catecholamines and metanephrines that are present in sub-

nanomolar concentrations in plasma can be derivatized in situ without any preceding sample 

extraction. Propionylation of catecholamines and metanephrines significantly improves their 

mass spectrometric quantification.

In Chapter 4, part A we present an LC-MS/MS method that simultaneously quantifies the 

circadian markers cortisol and melatonin. Cortisol is an adrenal cortex derived glucocorticoid 

hormone, which is secreted in a pulsatile pattern under control of the hypothalamic-pituitary-

adrenal axis. Melatonin, a pineal hormone and metabolite of the tryptophan-serotonin-

pathway, is best known for its role as a signaling molecule for the length of light exposure 

during day and night. Disturbance of the circadian rhythm is associated with cancer, metabolic 

and psychiatric disorders. Previously, cortisol and melatonin were analyzed separately, primarily 

using immunoassays. Here we describe the validation and application of a high-throughput 

LC-MS/MS method for the combined analysis of cortisol and melatonin in plasma and saliva. 

We used this method to analyze total plasma, free plasma (as obtained by equilibrium dialysis) 

and saliva cortisol and melatonin in healthy adults. Validation results for plasma and saliva 

cortisol and melatonin were well within the international validation criteria. We observed no 

difference between saliva collected by passive drooling or the Salivette device. We noted a 

difference in saliva vs. free plasma melatonin. We observed on average 36% (95% CI: 4%– 60%) 

higher salivary melatonin levels in comparison to free plasma melatonin, suggestive of local 

production of melatonin in the salivary glands. The novel outcome of this study is probably due 

to the high precision of our LC-MS/MS assay. This result illustrates the added value of accurate 

and sensitive mass spectrometry based methods for the quantification of neuroendocrine 

biomarkers.

Using this newly developed LC-MS/MS method we conducted a study to verify the presence 

of melatonin in platelets as described in Chapter 4, part B. Platelets contain numerous 

biologically active compounds which are linked to several vessel trauma related processes such 

as angiogenesis in preclinical models. A previously published study demonstrated the storage 

of melatonin in platelets using an immunoassay. As melatonin thus could contribute to the 

above described processes, we wanted to confirm the storage of melatonin in platelets using 

a sensitive and specific LC-MS/MS method. The difference between melatonin concentrations 

analyzed in platelet-rich plasma and platelet-poor plasma served as proxy for concentration 

of melatonin in platelets Melatonin concentrations were analyzed in platelet-rich plasma and 

platelet-poor plasma obtained from 19 healthy volunteers by ELISA and LC-MS/MS. A Wilcoxon 

signed-rank test was performed to assess if the melatonin concentrations measured in platelet-

rich plasma and platelet-poor plasma were different. Results for melatonin concentrations 

obtained by LC-MS/MS or ELISA were compared using Passing-Bablok regression. Comparison 

of the ELISA with the LC-MS/MS method showed poor agreement for melatonin concentrations 

both in platelet-rich plasma and platelet-poor plasma. No indication was found for storage of 

melatonin in platelets by either LC-MS/MS or ELISA (P = 0.89 and P = 0.53 for the LC-MS/MS and 

ELISA analysis, respectively). In this study we could find no evidence for melatonin storage in 

platelets. Future studies that intend to investigate the role of melatonin should ensure the use 

of properly validated methods.

The major urinary metabolite of melatonin, 6-sulfatoxymelatonin, is a reliable estimate for 

melatonin production over the day. We developed an LC-MS/MS method for the quantification 

of 6-sulfatoxymelatonin in urine described in Chapter 5.

Currently, 6-sulfatoxymelatonin is mainly analyzed by immunoassays, which are known to 

be vulnerable to cross-reactivity and may suffer from poor reproducibility notably for small 

molecules. We validated and applied an LC-MS/MS method for urine 6-sulfatoxymelatonin 

analysis to improve this and determined its urinary excretion in healthy individuals 

and established the biological variation of this metabolite for the first time. The online 

solid phase extraction in combination with LC-MS/MS method was validated following 

international validation guidelines. This method served to investigate the urinary excretion 

of 6-sulfatoxymelatonin in 240 healthy individuals. Furthermore, biological variation of 

6-sulfatoxymelatonin in a day portion, night portion and 24 hour urine collection of 10 healthy 

individuals was established. Validation results for urinary 6-sulfatoxymelatonin were well within 

the preset validation criteria, with an observed interassay coefficient of variation of < 5.4%, and 

quantification limit of 0.2 nmol/L. Excretion of 6-sulfatoxymelatonin in 24 hour urine showed 

an age related decrease, F(5, 234) = 13.9 (P < 0.001), confirming previous studies that also 

showed decreasing 6-sulfatoxymelatonin concentrations with age. The within-subject variation 

for 6-sulfatoxymelatonin in the day and night portion was 39.2 and 15.1%, respectively and 

12.2% in the 24 h collection. The between-subject variation was 39.1 and 37.9% in the day and 

night portion, respectively and 36.8% in the 24 h collection. Thus the biological variation for 

6-sulfatoxymelatonin excretion in urine is high between-subjects and lower within-subjects. 

This implies that future epidemiological studies should take into account the considerable 

biological and between-subject variation of urinary 6-sulfatoxymelatonin excretion and 
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perform repeated measurements of 6-sulfatoxymelatonin in 24 hour urine instead of single 

measurements.

In chapter 2 we described the distribution of platelet serotonin concentrations in healthy 

individuals and patients with neuroendocrine tumors. There is another patient group in 

which platelet serotonin concentrations differ when compared to healthy individuals. 

Patients that use specific antidepressants, i.e. selective serotonin reuptake inhibitors, have 

very low platelet serotonin levels. In the synaptic cleft, selective serotonin reuptake inhibitors 

block serotonin reuptake by neurons. These drugs block the serotonin transporter which 

also transports serotonin into the platelets. If the serotonin transporters are blocked in users 

of selective serotonin reuptake inhibitors, the platelet serotonin concentrations decrease. 

Blocking the serotonin transporter could have consequences for clearance of serotonin from 

the circulation and thus the free circulating fraction of serotonin. Despite the importance 

of circulating free serotonin in several pathophysiological processes, there is only scarce 

information available about plasma free serotonin concentrations in humans using selective 

serotonin reuptake inhibitors. Chapter 6 describes a study in which we measured plasma free 

and platelet serotonin concentrations, plasma tryptophan and plasma 5-hydroxyindoleacetic 

acid concentrations in 64 users of selective serotonin reuptake inhibitors and 64 age-

matched healthy controls. Participants received drug and diet restrictions and pre-analytical 

conditions were optimized by careful blood collection, rapid sample handling, and high 

speed centrifugation. Median concentrations of plasma free and platelet serotonin were 10-

fold and 14-fold lower in users of selective serotonin reuptake inhibitors users, in comparison 

to the 64 matched controls. Patients using higher dose selective serotonin reuptake inhibitors 

or inhibitors with higher affinity for the serotonin transporter had lower plasma free and 

platelet serotonin concentrations. Compared to controls, users of selective serotonin reuptake 

inhibitors had similar median plasma tryptophan concentrations, but slightly higher plasma 

5-hydroxyindoleacetic acid concentrations. Users of selective serotonin reuptake inhibitors 

had low platelet serotonin and low plasma free serotonin. This could not be explained by 

lower concentrations of its precursor tryptophan, and only partially by increased breakdown 

of serotonin to 5-hydroxyindoleacetic acid.

Serotonin is known for its role as angiogenic factor and stimulation of tumor cell 

proliferation in preclinical models. Platelets can be involved in tumor growth as well, and 

are the main circulating source for serotonin. Therefore, in Chapter 7 we studied platelet 

serotonin concentrations in patients with metastatic renal cell carcinomas and pancreatic 

neuroendocrine tumors and compared the concentrations with healthy individuals. 

Platelet serotonin, plasma tryptophan and kynurenine concentrations were measured 

using LC-MS/MS. We observed 2-fold lower platelet serotonin concentrations in patients 

with renal cell carcinoma and pancreatic neuroendocrine tumors compared to matched 

healthy individuals. Plasma kynurenine/tryptophan ratios, a read-out for indoleamine-2,3-

dioxygenase or tryptophan-2,3-dioxygenase activity, were 1.5-fold higher in patients with 

renal cell carcinoma and pancreatic neuroendocrine tumors than in healthy individuals. 

Platelet serotonin concentrations are lower in patients with renal cell carcinoma and 

pancreatic neuroendocrine tumors than in healthy controls. This may be caused by enhanced 

indoleamine-2,3-dioxygenase activity in tumor tissue.

In patients with serotonin-producing neuroendocrine tumors, tryptophan can be 

extensively consumed for serotonin synthesis. This can result in tryptophan deficiency, and 

consequently also in vitamin B3 deficiency. Tryptophan is namely not only the precursor of 

serotonin, but also for niacin (vitamin B3) as it is a product of the kynurenine pathway. The 

metabolically active form of vitamin B3, nicotinamide adenine dinucleotide, NAD+ is critical for 

normal cellular metabolism. Niacin deficiency may lead to severe symptoms and complaints, 

including pellagra. Pellagra is characterized by the four Ds: dermatitis, diarrhea, dementia, 

and death. Symptoms such as pellagra indicative of tryptophan or niacin deficiency have been 

reported in patients with serotonin-producing neuroendocrine tumors. Supplementation 

with niacin or nicotinamide results in quick and substantial improvement of symptoms in 

these patients.

In Chapter 8 we describe a study in which we retrospectively investigated the vitamin B3 

status in 42 patients with a serotonin-producing neuroendocrine tumor. Patients were identified 

who had been given oral vitamin B3 (nicotinamide) supplementation for tryptophan deficiency 

and/or pellagra-associated symptoms. Presupplementation plasma tryptophan concentrations 

and vitamin B3 status based on the urinary vitamin B3 metabolite N1-methylnicotinamide before 

(n = 42) and after the start of the supplementation (in 34 paired samples) were assessed. N1-

methylnicotinamide was analyzed with a new developed LC-MS/MS method and reference 

values for urinary N1-methylnicotinamide concentrations were determined in 133 healthy 

individuals. Plasma tryptophan concentrations in patients with a neuroendocrine tumor were 

31.8 ± 9.7 μmol/L (reference interval 40.0–70.0 µmol/L). Prior supplementation urinary N1-

methylnicotinamide concentrations were lower in patients (median 17.9 μmol/24 hour, range 

2.6–70.3) compared to healthy controls (median 43.7 μmol/24 hour, range 9.5–169.3, p < 0.0001) 

and below normal in 45% of the patients. The nicotinamide supplementation increased urinary 

N1-methylnicotinamide concentrations to high normal concentrations (median 55.5 μmol/24 

hour, range 7.4–489.0). Nicotinamide supplementation resulted in normal niacin status in 

86% of the patient with a niacin-deficiency. Nicotinamide supplementation normalized the 

vitamin B3 in the majority of the patients with a vitamin B3-deficient serotonin-producing 

neuroendocrine tumor.

9



178 179

Summary and future perspectives 

FUTURE PERSPECTIVES
In this thesis we describe the development and application of novel LC-MS/MS methods for 

the analysis of biogenic amines that make use of direct-matrix derivatization. We illustrated 

the clinical use of these new methods in several studies. The methods are more sensitive, 

specific, and allow the simultaneous measurement of markers which are otherwise difficult 

to combine. Moreover, the oxidation sensitive analytes are stabilized by the derivatization 

procedure. These new methods enable the use of a smaller sample volume. Together with the 

constantly improving sensitivity of mass spectrometer instruments this opens up several new 

avenues. Analysis of biogenic amines from dried bloodspots or dried plasma spots become a 

possibility, just like low volume samples from animal models (eg. mice, rats), or in vitro models 

(cells, tissue) or even samples derived from organ-on-a-chip technology.

The direct matrix derivatization method may allow the development of one comprehensive 

LC-MS/MS method that combines all clinically relevant biogenic amines, precursors and 

metabolites. Currently, laboratories are analyzing e.g. 5-HIAA in urine separately from 

metanephrines in urine, and separately from the acidic catecholamine metabolites. The 

introduction of a single LC-MS/MS method for all these analytes would lead to a reduction 

of the number of different assays in the laboratory. As these assays are mostly low-volume 

tests (with respect to the number of tests requested), this would be highly efficient in regard 

to the required technician’s time, but also the analysis time on the mass spectrometer. 

However, most importantly, this quantitative profiling of all biogenic amines and related 

analytes can potentially provide new insights in the diagnosis and surveillance of patients 

with neuroendocrine tumors. This multidimensional approach of quantitative profiling in 

combination with sophisticated machine learning algorithms, may allow new insights into 

the pathophysiology of neuroendocrine tumors and their treatment. Currently, a prospective 

study is running at our hospital to determine the added value of the indole profile compared 

to single analytes for the diagnosis of gastroenteropancreatic neuroendocrine tumors. The 

developed methods presented here are not only relevant for use in laboratory medicine, but 

are also useful for research in catecholamine or serotonin metabolism. As mentioned before, for 

research performed in animal models like mice and rats, or in vitro models the newly developed 

methods will be of great value, as only 50 µL of sample (or less) is used to achieve picomolar 

sensitivity, as opposed to older methods where 0.5 – 1.0 mL plasma was needed.

There is a renewed interest in dried bloodspot testing, as this is a minimally invasive 

sampling technique and patients could sample themselves at home 2. For certain drugs, 

sampling by bloodspot is already daily practice 2. In the field of laboratory medicine, dried 

bloodspot sampling is not common yet, with the exception of newborn screening, where it 

already is used routinely. One of the reasons for this delay is that the majority of the clinical 

chemistry parameters are routinely measured in plasma instead of whole blood. Another 

disadvantage of dried bloodspot sampling is that it suffers from fluctuations in hematocrit. 

A blood sample with a low hematocrit results in a bigger spot, conversely a high hematocrit 

gives a small spot 3. So far, the lack of a simple approach to overcome the hematocrit issue 

prevents widespread use of the dried bloodspot 4. Few microsampling devices are available 

that automatically collect a plasma sample from whole blood without any centrifugation 5,6. 

There is one commercial microsampling device on the market which precisely collects 7.6 µL 

plasma from a drop of whole blood 5. Plasma migrates through size discriminating membranes 

which prevent red blood cells from passing through. It was shown that plasma could be 

reproducibly collected in this way 5. The amount of plasma prepared by this device is only ~6.5 

times less than the 50 µL of plasma we use for our metanephrines analysis. Together with the 

continuous advancement of mass spectrometer instruments it should be feasible to measure 

metanephrines in dried plasma spots reliably in the not too distant future. This development 

would be relevant to patients diagnosed with pheochromocytoma or paraganglioma carrying 

certain germline mutations (SDHx mutations), as these patients have a lifelong risk of tumor 

persistence or recurrence 7. Long-term follow-up is recommended in these patients. Home 

sampling via dried plasma spots would be helpful to the patient, as there is less need to travel 

and it would be cost-effective 8. It would be of great benefit to those patient groups to first 

collect a fingerprick sample and send this by regular mail to a specialized center to have it 

checked for plasma metanephrines. This would be an advancement over existing venipuncture 

procedures and subsequent costly shipment on dry-ice.

The developed method as described in chapter 4 for the simultaneous analysis of cortisol 

and melatonin enables the analysis of two important circadian markers. The circadian rhythm 

(the approximate 24 hour cycle) of these markers is regulated by the suprachiasmatic nucleus 
9. A normal circadian rhythm gives a peak of plasma cortisol concentrations in the morning 

right after awakening, and are negligible at midnight or nadir, whereas plasma melatonin 

concentrations peak at midnight and are lowest in the late afternoon. The secretion of 

cortisol and melatonin into the periphery conveys the time-of-day message into all tissues 

and is crucial for the synchronization of the neuroendocrine and autonomic nervous system 
10. Additionally, besides its circadian rhythm, cortisol is secreted in a more dynamic, pulsatile 

pattern by the adrenal gland. Rhythms that show a period of less than 24 hours are called 

“ultradian”. It was shown that the pulsatile cortisol secretion submits a distinct different 

message than the continuous exposure to cortisol 16–20. Until now little attention is paid to 

these dynamic processes. This might be due to the fact that dynamic measurements are 

more difficult, and more expensive to analyze than the widely accepted static measurements. 

Microdialysis would be a suitable technique to use for these dynamic measurements. 
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Microdialysis is a well-established technique to monitor free, unbound analyte concentrations 

in the extracellular fluid or essentially any tissue. Until now patients had to be submitted to 

hospital to perform these analyses in a clinical setting. A recent study showed the application 

of an ambulatory microdialysis device in the analysis of subcutaneous free cortisol in men 
24. With this microdialysis device it is possible to collect dialysate subcutaneously in people 

that are conducting their day-to-day activities up to 48 hours. Over the course of 24 hours, 

72 separate samples are collected of 20 µL each. To analyze these samples, highly sensitive 

and automatable methods are required, as limited sample volume is available and to keep 

analysis costs low. The application of the newly developed LC-MS/MS method for cortisol and 

melatonin in combination with microdialysis sampling methods, can potentially give a whole 

new insight and perspective of these markers in relation to normal physiology, pathology, and 

glucocorticoid replacement therapy, thus reinventing these “old” biomarkers.
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