
 

 

 University of Groningen

Development and applications of novel strategies for the enhanced mass spectrometric
quantification of biogenic amines
van Faassen, Martijn

DOI:
10.33612/diss.134196271

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2020

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
van Faassen, M. (2020). Development and applications of novel strategies for the enhanced mass
spectrometric quantification of biogenic amines. [Thesis fully internal (DIV), University of Groningen].
University of Groningen. https://doi.org/10.33612/diss.134196271

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://doi.org/10.33612/diss.134196271
https://research.rug.nl/en/publications/3a9ad48b-b78d-4bec-abf5-6ad84009c24f
https://doi.org/10.33612/diss.134196271


CHAPTER 7

Marloes A.M. Peters1, Martijn J.R. van Faassen2, Sophie J. van Asselt1, Grietje 

Bouma1, Coby Meijer1, Annemiek M.E. Walenkamp1, Elisabeth G.E. de Vries1, 

Ido P. Kema2, Sjoukje F. Oosting1,*

1Department of Medical Oncology, University Medical Center Groningen, University 

of Groningen, The Netherlands.
2Department of Laboratory Medicine, University Medical Center Groningen, 

University of Groningen, The Netherlands.

Platelet serotonin
concentrations are lower

in renal cell carcinoma and
pancreatic neuroendocrine

tumor patients compared
to healthy individuals:
a role for indoleamine

2,3-dioxygenase?



138 139

Platelet serotonin concentrations are lower in RCC and pNET patients compared to healthy individuals

ABSTRACT
Background: Serotonin stimulates tumor angiogenesis and tumor growth in preclinical models. 

Indoleamine 2,3-dioxygenase (IDO) converts serotonin’s precursor tryptophan to kynurenine. 

To evaluate if serotonin can also play a role in cancer patients, we compared platelet serotonin 

concentrations in patients with highly vascular metastatic renal cell carcinomas (RCC) and 

pancreatic neuroendocrine tumors (pNET) to healthy individuals, and explored causes of low 

platelet serotonin concentrations.

Methods: Platelet serotonin and plasma tryptophan and kynurenine concentrations were 

measured using high performance liquid chromatography combined with tandem mass 

spectrometry. Platelet vascular endothelial growth factor A (VEGF-A) was analyzed with 

enzyme-linked immunosorbent assay.

Results: We observed 2-fold lower platelet serotonin concentrations in 20 RCC and 20 pNET 

patients than in 20 matched healthy individuals per group. Platelet serotonin and VEGF-A 

concentrations did not correlate. Plasma kynurenine/tryptophan ratios, a read-out for IDO 

activity, were 1.5-fold higher in RCC and pNET patients than in healthy individuals.

Conclusion: Platelet serotonin concentrations are lower in RCC and pNET patients than in 

healthy controls. This may be caused by enhanced IDO activity. Future studies are needed 

to evaluate whether serotonin plays a role in tumor angiogenesis and tumor behavior in 

cancer patients.

INTRODUCTION
Tumor behavior is dictated by tumor cell characteristics, the microenvironment, and host 

responses. Examples of host responses are activation and direction of immune cells and 

platelets to the tumor microenvironment 1,2. The physiological functions of platelets include 

initiation of tissue repair and promotion of wound healing. Platelets can also be involved in 

tumor growth by releasing their content after adherence to the activated vascular wall 3,4. 

Platelets are the main circulating reservoir for serotonin 5. Akin to the handling of serotonin, 

platelets store vascular endothelial growth factor A (VEGF-A) and other pro- and anti-angiogenic 

factors and release these substances upon activation 6.

Serotonin (5-hydroxytryptamine or 5-HT) is a neurotransmitter and hormone, which is 

produced from the essential amino acid tryptophan in the central nervous system and in the 

gastrointestinal tract. Via indoleamine 2,3-dioxygenase (IDO), tryptophan can also be converted 

to kynurenine and subsequently 3-hydroxykynurenine 7,8. In the lung and liver, serotonin is 

degraded to 5-hydroxyindoleacetic acid (5-HIAA). 5-HIAA is then excreted via the kidneys 9. 

In tumors, IDO is known to have a function in immune escape and thereby promotes tumor 

progression 8.

Preclinical studies show that serotonin does not only function as neurotransmitter and 

hormone, but also as an angiogenic factor that can affect tumor behavior. Serotonin stimulates 

angiogenesis via activation of serotonin receptor 2B 10 and tumor cell proliferation via activation 

of various serotonin receptors 11-13.

Renal cell carcinoma (RCC) and well differentiated pancreatic neuroendocrine tumors 

(pNET) are characterized by prominent vascularity 14-16. Treatment with angiogenesis inhibitors 

is effective in both metastatic RCC and well differentiated pNET. This is also true for inhibitors of 

mammalian target of rapamycin (mTOR), which indirectly block angiogenesis. These therapies 

approximately double the progression free survival 17-21. However, there is still a substantial 

subset of patients that does not benefit from these treatments and eventually all patients 

develop resistance. Therefore, new therapeutic options are needed and novel targets for 

treatment have to be identified.

Currently, it is unknown if serotonin also affects tumor angiogenesis in cancer patients. To 

evaluate its potential role, we aimed to compare platelet serotonin concentrations in patients 

with metastatic RCC and pNET and matched healthy controls. Furthermore, we measured 

platelet VEGF-A concentrations to assess possible competition within platelets, and plasma 

tryptophan and kynurenine as a readout for IDO activity. Plasma 5-HIAA concentrations were 

measured to evaluate degradation of serotonin.
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PATIENTS AND METHODS
Patients and blood collection

A cross-sectional case control study was performed in RCC and pNET patients treated at the 

Medical Oncology Department of the University Medical Center Groningen (UMCG). Patients 

were included from April 2011 until April 2012. Inclusion criteria were metastatic clear cell RCC 

or metastatic grade 1 or 2 pNET and ≥ 18 years of age. A small subgroup of pNETs can produce 

serotonin 22, but only patients with non-serotonin producing tumors were included in the study 

as deduced from urine 5-HIAA concentrations. Patients who used selective serotonin reuptake 

inhibitors (SSRI), L-3,4-dihydroxyphenylalanine (L-DOPA), or aspirin, and patients with a second 

malignancy were not eligible to participate in the study. For each patient, an age and sex 

matched healthy control was selected, because serotonin concentrations are affected by age 23. 

Clinical data including performance score, tumor characteristics, treatment details, and kidney 

function were obtained from patient files. This study was approved by the institutional review 

board and complies with the Declaration of Helsinki. All patients provided written informed 

consent. This study was registered with ClinicalTrials.gov (identifier NCT01398306).

During a routine visit to the outpatient clinic, 10 mL blood was drawn in an 

ethylenediaminetetraacetic acid (EDTA) tube. Participants were not allowed to eat bananas and 

walnuts 48 hours prior to sample collection. These food products contain high concentrations 

of serotonin, which can affect serotonin concentrations in platelet poor plasma (PPP) [24]. A 

butterfly needle was used to minimize platelet activation and hence release of platelet content 25.

The blood was centrifuged at 120 g for 30 minutes at room temperature to obtain platelet 

rich plasma (PRP). Of the PRP, 0.5 mL was used for platelet count and 2.5 mL was centrifuged 

at 1,800 g for 10 minutes at room temperature in order to obtain PPP. 0.5 mL PRP and 1.8 mL 

PPP were stored with EDTA and the anti-oxidant L(+) ascorbic acid at -80°C.

Reagents

Acetonitrile and methanol were obtained from Rathburn Chemicals (Walkerburn, United 

Kingdom). Ammonium formate 99.995+% and EDTA were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). We obtained L(+) ascorbic acid, Normapur from VWR international (Radnor, PA, 

USA), formic acid 98% to 100% ultrapure from Biosolve (Valkenswaard, The Netherlands), and 

sodium hydroxide, hydrochloric acid, and sodium metabisulfite from Merck KgaA (Darmstadt, 

Germany). Serotonin-HCl, l-tryptophan, d,1-kynurenine, and d,1-3-hydroxykynurenine 

were purchased from Sigma-Aldrich. Serotonin-α-α-β-β-d4 creatinine sulfate complex, 

1-tryptophan-2,4,5,6,7-d5, and 5-HIAA-d2 were obtained from C/D/N Isotopes (Pointe-

Claire, Canada). 1-kynurenine-3,4,5,6-d4 was from Buchem BV (Apeldoorn, The Netherlands). 

3-hydroxykynurenine-d2 was homemade 26.

Analysis of serotonin, tryptophan, kynurenine, 3-hydroxykynurenine, 5-HIAA, 

and VEGF-A

Platelet count was measured with Sysmex XE-2100 (Sysmex, Kobe, Japan). Serotonin, 

tryptophan, kynurenine, 3-hydroxykynurenine, and 5-HIAA were analyzed with automated 

online sample preparation coupled to isotope dilution liquid chromatography using a Spark 

Holland Symbiosis™ System (Emmen, The Netherlands) and a XEVO TQ-MS tandem mass 

spectrometer from Waters (Milford, CT, USA), as described earlier [26-28]. Platelet dopamine 

concentrations were also analyzed but are not presented in this paper.

VEGF-A concentrations in PRP and PPP were analyzed using a Quantikine® enzyme-linked 

immunosorbent assay (ELISA) kit for human VEGF-A from R&D systems (Bio-techne, Abingdon, 

United Kingdom). All samples were analyzed in duplicate. Instructions as provided by the 

manufacturer were followed.

Tryptophan, kynurenine, 3-hydroxykynurenine, and 5-HIAA are not present in platelets 

and therefore only analyzed in PRP. The concentration of serotonin and VEGF-A in the platelet 

fraction was calculated using the following formula:

Concentration in platelet fraction = concentration PRP – concentration PPP

To evaluate if results obtained do not depend on differences in platelet count, we also 

calculated serotonin and VEGF-A concentrations per 109 platelets according to the following 

formula:

Concentration per 109 platelets = concentration platelets / platelet count (109 platelet/L).

Statistics

It was estimated that 20 patients plus 20 age and sex matched healthy controls were needed 

for each tumor type to be able to detect a difference of 0.9 standard deviation (SD) between 

the concentrations biogenic amines of patients and healthy controls with 80% power and a 

2-sided α = 0.05.

The difference in platelet serotonin, tryptophan, kynurenine, tryptophan/kynurenine ratio, 

3-hydroxykynurenine, and 5-HIAA between patients and healthy controls was analyzed with 

a Mann-Whitney U test. Spearman rank correlation was used to analyze the relation between 

platelet serotonin and VEGF-A concentrations. Mann-Whitney U test, Kruskall-Wallis test, 

and Spearman rank correlation were used to analyze relations between platelet serotonin 

concentrations and clinical parameters.

All tests are 2-sided; P-values < 0.05 were considered significant. Statistical analyses were 

done with SPSS statistical software (version 23.0).
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RESULTS
Patients

Twenty patients with metastatic RCC, 20 patients with metastatic pNET, and 2 times 20 matched 

healthy controls were included. RCC patients had a median age of 62 years (range 50-79), which 

was similar to their controls (median 60 years, range 47-77). pNET patients had a median age of 

64 years (range 43-78), which was also similar to their controls (median 64 years, range 47-78). 

For patient characteristics, see Table 1 and 2.

Table 1. Clinical characteristics of metastatic RCC patients (N = 20)

Variable Number of samples (%) a

Age (years) b 62 (50-79)

Gender

 Male 16 (80%)

 Female 4 (20%)

Performance score

 0 8 (42%)

 1 10 (53%)

 2 1 (5%)

Nephrectomy 13 (65%)

Time since diagnosis of metastatic disease (months) b 31 (2-127)

Metastatic sites

  Lymph node 17 (85%)

  Lung 16 (80%)

  Bone 8 (40%)

 Liver 4 (20%)

 Adrenal gland 3 (15%)

 Pancreas 3 (15%)

Number of metastatic sites b 3 (2-8)

MSKCC score at start current treatment

 Good 5 (25%)

 Intermediate 14 (70%)

 Poor 1 (5%)

Current treatment

 Sunitinib 8 (40%)

 Bevacizumab + Interferon-α 9 (45%)

 Everolimus 3 (15%)

a Data is expressed as N (%) unless noted otherwise. 
b Data is expressed as median (range). 

Abbreviations: RCC, Renal Cell Carcinoma; MSKCC, Memorial Sloan-Kettering Cancer Center

Table 2. Clinical characteristics of metastastic pNET patients (N = 20)

Variable Number of samples (%) a

Age (years) b 64 (43-78)

Gender

 Male 9 (45)

 Female 11 (55%)

Performance score

 0 12 (60%)

 1 6 (30%)

 2 2 (10%)

Resection primary tumor 5 (25%)

Time since diagnosis of metastatic disease (months) b 24 (3-236)

Metastatic sites

 Liver 20 (100%)

 Lymph node 8 (40%)

 Bone 4 (20%)

 Lung 3 (15%)

Number of metastatic sites b 2 (1-4)

Current treatment

 Everolimus 12 (60%)

 Sunitinib 3 (15%)

 Octreotide LAR 1 (5%)

 Interferon-α 1 (5%)

 No treatment 3 (15%)

a Data is expressed as N (%) unless noted otherwise. 
b Data is expressed as median (range). 

Abbreviations: pNET, pancreatic neuroendocrine tumor; LAR, long-acting release

Platelet serotonin concentrations

The median platelet serotonin concentration of RCC patients was approximately 2-fold lower 

than in healthy controls (Fig 1A, Table 3). In pNET patients, the median platelet serotonin 

concentration was also lower compared with healthy controls (Fig 1B, Table 3). As platelet count 

was 1.5 fold lower for RCC patients than for healthy controls (S1A Fig), we also corrected platelet 

serotonin concentrations for platelet count. After correction, platelet serotonin concentrations 

remained lower in RCC patients than in controls (S2A Fig). In pNET patients, the median platelet 

count in PRP did not differ from controls (S1B Fig).
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Fig 1. Platelet serotonin concentrations in cancer patients and healthy individuals. (A) Twenty renal 

cell carcinoma (RCC) patients and 20 age and sex matched healthy controls and (B) 20 pancreatic neuro-

endocrine tumor (pNET) patients and 20 age and sex matched healthy controls. Median is represented 

by horizontal line. ** P < 0.01, *** P < 0.001.

Table 3. Platelet serotonin and VEGF-A concentrations and plasma kynurenine/tryptophan ratios, 

3-hydroxykynurenine and 5-hydroxyindoleacetic acid concentrations

RCC patients Controls pNET patients Controls

Serotonin

Platelet fraction (μmol/L)

0.905

(0.155-1.91)

1.51 ***

(0.459-3.99)

0.921

(0.256-3.99)

1.61 **

(0.764-3.38)

VEGF-A

Platelet fraction (pg/L)

132

(0-552)

121

(0-331)

135

(0-488)

77

(0-349)

Kynurenine/tryptophan ratio

Plasma

0.061

(0.035-0.142)

0.034 ***

(0.025-0.053)

0.048

(0.031-0.224)

0.034 ***

(0.024-0.048)

3-Hydroxykynurenine

Plasma (nmol/L)

91.6

(43.4-690)

60.0 ***

(33.0-112)

52.6

(18.3-80.6)

57.6 *

(45.5-74.7)

5-Hydroxyindole-acetic acid

Plasma (nmol/L)

46.3

(29.9-80.6)

41.0

(18.7-106)

64.7

(16.9-248.2)

33.0 ***

(22.0-111)

Data is expressed as median (range). * P < 0.05 ** P < 0.01 ;*** P < 0.001

Platelet VEGF-A concentrations

To evaluate if platelet serotonin in patients was decreased due to competition with VEGF-A, 

we measured platelet VEGF-A concentrations. The median platelet VEGF-A concentration did 

not differ between RCC or pNET patients and their respective healthy controls (Fig 2A and B, 

Table 3). Upon correction for platelet count, platelet VEGF-A concentrations were approximately 

2-fold higher in RCC patients (S2B Fig). Platelet VEGF-A concentrations did not correlate with 

platelet serotonin concentrations in RCC patients, pNET patients, and controls.

Fig 2. Platelet vascular endothelial growth factor A (VEGF-A) concentrations in cancer patients and 

healthy individuals. (A) Twenty renal cell carcinoma (RCC) patients and 20 age and sex matched healthy 

controls and (B) 20 pancreatic neuroendocrine tumor (pNET) patients and 20 age and sex matched healthy 

controls. Median is represented by horizontal line.

Tryptophan, kynurenine, 3-hydroxykynurenine and 5-HIAA

The plasma kynurenine/tryptophan ratio is commonly used to estimate IDO activity 8. In 

RCC and pNET patients, the plasma kynurenine/tryptophan ratio was 1.5-fold higher than in 

healthy controls (Fig 3A and B, Table 3). Plasma kynurenine and 3-hydroxykynurenine were 

also increased in RCC and pNET patients compared with controls (Fig 3C and D, Table 3, S3 Fig). 

Together, these results indicate a shift of tryptophan consumption from the serotonin pathway 

towards the kynurenine pathway. Samples of patients were collected while on treatment, 

which can possibly affect IDO activity and therefore plasma kynurenine/tryptophan ratios 29,30. 

Tryptophan/kynurenine ratios were compared between treatment groups, but no difference 

was observed.

Plasma 5-HIAA concentrations were measured to evaluate enhanced break-down as a 

potential cause for low platelet serotonin. In RCC patients, plasma 5-HIAA concentrations were 

similar to controls, but in pNET patients median plasma 5-HIAA concentrations were higher than 

in controls (Fig 3E and F, Table 3). Four pNET patients had plasma 5-HIAA concentrations that 

exceeded the upper limit of reference interval of 118 nmol/L 31, while their platelet serotonin 

concentrations were comparable with the other pNET patients. It was previously demonstrated 

that an estimated glomerular filtration rate (eGFR) < 60 mL/min significantly increases plasma 

5-HIAA concentrations, as 5-HIAA is excreted via the kidneys 32. Three out of four patients with 

plasma 5-HIAA concentrations higher than 118 nmol/L had an eGFR < 60 mL/min. However, also 

6 RCC patients and 3 other pNET patients had an eGFR < 60 ml/min, without having increased 

plasma 5-HIAA concentrations. If all patients with eGFR < 60 ml/min and their matched healthy 

controls were withdrawn from the analysis, plasma 5-HIAA concentrations did not differ 

between RCC respectively pNET patients and controls (data not shown).
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Fig 3. Kynurenine/tryptophan ratios, and 3-hydroxykynurenine and 5-hydroxyindoleamineacetic 

acid (5-HIAA) concentrations in plasma of cancer patients and healthy individuals. Kynurenine/

tryptophan (KYN/TRP) ratios in plasma of (A) 20 renal cell carcinoma (RCC) patients and 20 age and sex 

matched healthy controls and (B) 18 pancreatic neuroendocrine tumor (pNET) patients and 18 age and 

sex matched healthy controls. Plasma 3-hydroxykynurenine and 5-HIAA concentrations in (C, E) RCC and 

(D, F) pNET patients plus their controls. Median is represented by horizontal line. * P < 0.05, *** P < 0.001.

Clinical parameters

RCC patients with a performance score of 1 at the time of blood withdrawal had lower platelet 

serotonin concentrations corrected for platelet count than RCC patients with a performance 

score of 0 (S1 Table). pNET patients with grade 2 tumors had lower platelet serotonin 

concentrations than patients with grade 1 tumors. Other clinical parameters were not related 

to platelet serotonin concentrations (S2 Table).

DISCUSSION
This study analyzing platelet serotonin concentrations in metastatic RCC and pNET patients 

and matched healthy controls, shows that platelet serotonin concentrations are decreased 

in these cancer patients. We also observed elevated plasma kynurenine/tryptophan ratios, 

suggesting that enhanced IDO activity and consequently a shift to the kynurenine pathway is 

a likely explanation for the low platelet serotonin concentrations observed.

In concordance with our study, decreased platelet serotonin concentrations were 

observed in 8 advanced prostate cancer patients compared to 7 healthy controls 33. In 19 

patients with bladder cancer lower uptake of serotonin in platelets was observed compared 

to healthy controls 34. In a study with 30 RCC patients, serum serotonin concentrations were 

not significantly correlated with pT-stage or metastatic disease. No comparison with healthy 

controls was performed 35. For patients with pNET, it is known that they can have elevated serum 

serotonin and urine 5-HIAA concentrations 22. In our study, elevated 5-HIAA concentrations 

were an exclusion criterium for pNET patients.

Expression of IDO is described in a variety of cell types, including immune cells, 

endothelial cells, and epithelial cells. Moreover, IDO can also be expressed in tumor-infiltrating 

lymphocytes, tumor stromal cells, and malignant cells 7,8,36. In tumors, IDO is known to have a 

function in immune escape and thereby promotes tumor progression. Enhanced IDO activity 

leads via depletion of tryptophan to suppression of T-cell function and via production of toxic 

metabolites to T-cell apoptosis 36. Currently, clinical trials with IDO inhibitors are ongoing 37. 

As IDO has a high affinity for tryptophan, this may result in reduced tryptophan availability 

for serotonin production. Furthermore, IDO has a low affinity for serotonin and thus may also 

have been responsible for direct break-down of serotonin 38.

Whether the increased plasma kynurenine/tryptophan ratio observed in our study is caused 

by IDO expression in the tumor or in non-malignant cells such as circulating immune cells 

needs further investigation. In a study with acute myeloid leukemia patients, expression of IDO 

mRNA in bone marrow derived tumor cells was accompanied by increased serum kynurenine/

tryptophan ratios. This may indicate that IDO expression by malignant cells can affect the 

7



148 149

Platelet serotonin concentrations are lower in RCC and pNET patients compared to healthy individuals

tryptophan and kynurenine concentrations in serum. However, a direct correlation between 

both parameters could not be observed in this study 39.

In four pNET patients, we observed plasma 5-HIAA concentrations above the upper limit 

of the reference interval. Increased plasma 5-HIAA concentrations may have been caused 

by insufficient 5-HIAA excretion via the kidneys 32. However, there were also RCC and pNET 

patients with eGFR < 60 mL/min but plasma 5-HIAA concentrations within the reference 

interval. Therefore, it cannot be excluded that besides possible insufficient 5-HIAA excretion 

also enhanced break-down of serotonin via platelet MAO-A has contributed to increased 

plasma 5-HIAA concentrations in the pNET patients. This is supported by a previous study, 

which showed that platelet MAO was more active in a heterogeneous group of 52 metastatic 

cancer patients than in healthy controls 40.

Our study has several limitations caused by the cross sectional design. Most patients 

used angiogenesis or mTOR inhibitors, which are known to affect serum and plasma VEGF-A 

concentrations and therefore probably also platelet VEGF-A concentrations 41-43. Bevacizumab 

treatment can interfere with VEGF-A ELISA analysis 44. Overall, the effect of these therapeutic 

agents on platelet serotonin concentrations is unknown. Strong aspects of our study are the 

use of sex and age matched healthy controls combined with a standardized diet, a sensitive 

analytical method and the fact that we obtained similar results for two different highly vascular 

cancer types. The evaluation of serotonin’s precursor tryptophan and metabolites of tryptophan 

and serotonin also adds to the validity of our results.

In conclusion, this study shows that patients with metastatic RCC and pNET have lower 

platelet serotonin concentrations than healthy controls. Low platelet serotonin concentrations 

may be caused by enhanced IDO activity as appreciated from the increased plasma kynurenine/

tryptophan ratios observed. Future studies are needed to evaluate whether serotonin plays a 

role in tumor angiogenesis and tumor behavior in cancer patients.

ACKNOWLEDGMENTS
We would like to thank H. Adema, J. Krijnen, C.P. van der Ley, H.J. Nijeboer, A. van der Veen, and 

H.J.R. Velvis for technical assistance.

REFERENCES
1. Hanahan D, Coussens LM. Accessories to the crime: functions of cells recruited to the tumor 

microenvironment. Cancer Cell. 2012;21:309-22.

2. Hanahan D, Weinberg RA. The hallmarks of cancer: the next generation. Cell. 2011;144:646-74.

3. Bambace NM, Holmes CE. The platelet contribution to cancer progression. J Thromb Haemost. 

2011;9:237-49.

4. Schäfer M, Werner S. Cancer as an overhealing wound: an old hypothesis revisited. Nature Rev Mol 

Cell Biol. 2008;9:628-38.

5. Da Prada M, Picotti GB. Content and subcellular localization of catecholamines and 

5-hydroxytryptamine in human and animal blood platelets: monoamine distribution between 

platelets and plasma. Br J Pharmacol. 1979;65:653-62.

6. Italiano JE Jr, Richardson JL, Patel-Hett S, Battinelli E, Zaslavsky A, Short S, et al. Angiogenesis is 

regulated by a novel mechanism: pro- and antiangiogenic proteins are organized into separate 

platelet alpha granules and differentially released. Blood. 2008;111:1227-33.

7. Donaldson RM Jr, Gray SJ. Serotonin and the 5-hydroxyindole pathway of tryptophan metabolism. 

AMA Arch Intern Med. 1959;104:330-8.

8. Gostner JM, Becker K, Überall F, Fuchs D. The potential of targeting indoleamine 2,3-dioxygenase for 

cancer treatment. Expert Opin Ther Targets. 2015;19:605-15.

9. Jonnakuty C, Gragnoli C. What do we know about serotonin? J Cell Physiol. 2008;217:301-6.

10. Nocito A, Dahm F, Jochum W, Jang JH, Georgiev P, Bader M, et al. Serotonin regulates macrophage-

mediated angiogenesis in a mouse model of colon cancer allografts. Cancer Res. 2008;68:5152–8.

11. Siddiqui EJ, Shabbir M, Mikhailidis DP, Thompson CS, Mumtaz FH. The role of serotonin 

(5-hydroxytryptamine1A and 1B) receptors in prostate cancer cell proliferation. J Urol. 2006;176:1648-53.

12. Soll C, Jang JH, Riener MO, Moritz W, Wild PJ, Graf R, et al. Serotonin promotes tumor growth in human 

hepatocellular cancer. Hepatology. 2010;51:1244-54.

13. Sonier B, Arseneault M, Lavigne C, Ouellette RJ, Vaillancourt C. The 5-HT2A serotoninergic receptor 

is expressed in the MCF-7 human breast cancer cell line and reveals a mitogenic effect of serotonin. 

Biochem Biophys Res Commun. 2006;343:1053-9.

14. Lombardi G, Zustovich F, Donach M, Dalla Palma M, Nicoletto O, Pastorelli D. An update on targeted 

therapy in metastatic renal cell carcinoma. Urol Oncol. 2012;30:240-6.

15. Marion-Audibert AM, Barel C, Gouysse G, Dumortier J, Pilleul F, Pourreyron C, et al. Low microvessel 

density is an unfavorable histoprognostic factor in pancreatic endocrine tumors. Gastroenterology. 

2003;125:1094-104.

16. Couvelard A, O’Toole D, Turley H, Leek R, Sauvanet A, Degott C, et al. Microvascular density and 

hypoxia-inducible factor pathway in pancreatic endocrine tumours: negative correlation of 

microvascular density and VEGF expression with tumour progression. Br J Cancer. 2005;92:94-101.

7



150 151

Platelet serotonin concentrations are lower in RCC and pNET patients compared to healthy individuals

17. Motzer RJ, Hutson TE, Tomczak P, Michaelson MD, Bukowski R, Oudard S, et al. Overall survival and 

updated results for sunitinib compared with interferon alfa in patients with metastatic renal cell 

carcinoma. J Clin Oncol. 2009;27:3584-90.

18. Escudier B, Pluzanska A, Koralewski P, Ravaud A, Bracarda S, Szczylik C, et al. Bevacizumab plus 

interferon alfa-2a for treatment of metastatic renal cell carcinoma: a randomised, double-blind phase 

III trial. Lancet. 2007;37:2103-11.

19. Motzer RJ, Escudier B, Oudard S, Hutson TE, Porta C, Bracarda S, et al. Efficacy of everolimus in 

advanced renal cell carcinoma: a double-blind, randomised, placebo-controlled phase III trial. Lancet. 

2008;372:449–56.

20. Raymond E, Dahan L, Raoul JL, Bang YJ, Borbath I, Lombard-Bohas C, et al. Sunitinib malate for the 

treatment of pancreatic neuroendocrine tumors. N Engl J Med. 2011;364:501–13.

21. Yao JC, Shah MH, Ito T, Bohas CL, Wolin EM, Van Cutsem E, et al. Everolimus for advanced pancreatic 

neuroendocrine tumors. N Engl J Med. 2011;364:514–23.

22. Mao C, el Attar A, Domenico DR, Kim K, Howard JM. Carcinoid tumors of the pancreas. Status report 

based on two cases and review of the world’s literature. Int J Pancreatol. 1998;23:153-64.

23. Shuttleworth RD, O’Brien JR. Intraplatelet serotonin and plasma 5-hydroxyindoles in health and 

disease. Blood. 1981;57:505-9.

24. Kema IP, Schellings AM, Meiborg G, Hoppenbrouwers CJ, Muskiet FA. Influence of serotonin- and 

dopamine-rich diet on platelet serotonin content and urinary excretion of biogenic amines and their 

metabolites. Clin Chem. 1992;38:1730-6.

25. Starlinger P, Alidzanovic L, Schauer D, Brugger P, Sommerfeldt S, Kuehrer I, et al. Platelet-stored 

angiogenesis factors: clinical monitoring is prone to artifacts. Dis Markers. 2011;31:55–65.

26. De Jong WH, Graham KS, de Vries EGKema IP. Urinary 5-HIAA measurement using automated on-

line solid-phase extraction-high-performance liquid chromatography-tandem mass spectrometry. 

J Chromatogr B Analyt Technol Biomed Life Sci. 2008;868:28-33.

27. De Jong WH, Smit R, Bakker SJ, de Vries EG, Kema IP. Plasma tryptophan, kynurenine and 

3-hydroxykynurenine measurement using automated on-line solid-phase extraction HPLC-tandem 

mass spectrometry. J Chromatogr B Analyt Technol Biomed Life Sci. 2009;877:603-9.

28. De Jong WH, Wilkens MH, de Vries EG, Kema IP. Automated mass spectrometric analysis of urinary 

and plasma serotonin. Anal Bioanal Chem. 2010;396:2609-16.

29. Lood C, Tydén H, Gullstrand B, Klint C, Wenglén C, Nielsen CT, et al. Type I interferon-mediated skewing 

of the serotonin synthesis is associated with severe disease in systemic lupus erythematosus. PLoS 

One. 2015;10:e0125109.

30. Yin T, He S, Ye T, Shen G, Wan Y, Wang Y. Antiangiogenic therapy using sunitinib combined with 

rapamycin retards tumor growth but promotes metastases. Transl Oncol. 2014;7:221-9.

31. Carling RS, Degg TJ, Allen KR, Bax ND, Barth JH. Evaluation of whole blood serotonin and plasma and 

urine 5-hydroxyindole acetic acid in diagnosis of carcinoid disease. Ann Clin Biochem. 2002;39:577-82.

32. Adaway JE, Dobson R, Walsh J, Cuthbertson DJ, Monaghan PJ, Trainer PJ, et al. Serum and plasma 

5-hydroxyindoleacetic acid as an alternative to 24-h urine 5-hydroxyindoleacetic acid measurement. 

Ann Clin Biochem. 2016;53:554-60.

33. Yakazaki T, Inage H, Iizumi T, Koyama A, Kanoh S, Koiso K, et al. Studies on platelet function in patients 

with prostatic cancer. Preliminary report. Urology. 2987;30:60-3.

34. Pawlak D, Malczyk E, Darewicz J, Azzadin A, Buczko W. Platelet serotonergic mechanisms in patients 

with cancer of the urinary bladder. Thromb Res. 2000;98:367-74.

35. Jungwirth N, Haeberle L, Schrott KM, Wullich B, Krause FS. Serotonin used as prognostic marker of 

urological tumors. World J Urol. 2008;26:499-504.

36. Platten M, Wick W, van den Eynde BJ. Tryptophan catabolism in cancer: beyond IDO and tryptophan 

depletion. Cancer Res. 2012;72:5435-40.

37. Soliman HH, Minton SE, Han HS, Ismail-Khan R, Neuger A, Khambati F, et al. A phase I study of 

indoximod in patients with advanced malignancies. Oncotarget. 2016;7:22928-38.

38. Shimizu T, Nomiyama S, Hirata F, Hayaishi O. Indoleamine 2,3-dioxygenase. Purification and some 

properties. J Biol Chem. 1978;253:4700-6.

39. Corm S, Berthon C, Imbenotte M, Biggio V, Lhermitte M, Dupont C, et al. Indoleamine 2,3-dioxygenase 

activity of acute myeloid leukemia cells can be measured from patients’ sera by HPLC and is inducible 

by IFN-gamma. Leuk Res. 2009;33:490-4.

40. Feldman JM. Effect of metastatic cancer on platelet monoamine oxidase activity and serotonin 

metabolism. Cancer. 1979;44:1751-6.

41. Stefanini MO, Wu FT, MacGabhann F, Popel AS. Increase of plasma VEGF after intravenous 

administration of bevacizumab is predicted by a pharmacokinetic model. Cancer Res. 2010;70:9886-94.

42. DePrimo SE, Bello CL, Smeraglia J, Baum CM, Spinella D, Rini BI, et al. Circulating protein biomarkers of 

pharmacodynamic activity of sunitinib in patients with metastatic renal cell carcinoma: modulation 

of VEGF and VEGF-related proteins. J Transl Med. 2007;5:32.

43. Fuereder T, Jaeger-Lansky A, Hoeflmayer D, Preusser M, Strommer S, Cejka D, et al. mTOR inhibition by 

everolimus counteracts VEGF induction by sunitinib and improves anti-tumor activity against gastric 

cancer in vivo. Cancer Lett. 2010;296:249-56.

44. Turley RS, Fontanella AN, Padussis JC, Toshimitsu H, Tokuhisa Y, Cho EH, et al. Bevacizumab-induced 

alterations in vascular permeability and drug delivery: a novel approach to augment regional 

chemotherapy for in-transit melanoma. Clin Cancer Res. 2012;18:3328-39.

7



152 153

Platelet serotonin concentrations are lower in RCC and pNET patients compared to healthy individuals

SUPPORTING INFORMATION

S1 Fig. Platelet count in platelet rich plasma. (A) Twenty renal cell carcinoma (RCC) patients and 20 age 

and sex matched healthy controls and (B) 20 pancreatic neuroendocrine tumor (pNET) patients and 20 

age and sex matched healthy controls. Median is represented by horizontal line. * P < 0.05.

S2 Fig. Serotonin and vascular endothelial growth factor A (VEGF-A) concentrations corrected for 

platelet count. (A) Serotonin and (B) VEGF-A concentrations per 109 platelets in 20 renal cell carcinoma 

(RCC) patients and 20 age and sex matched healthy controls. Median is represented by horizontal line. 

* P < 0.05.

S3 Fig. Plasma tryptophan and kynurenine concentrations. (A, C) Twenty renal cell carcinoma (RCC) 

patients and 20 age and sex matched healthy controls and (B, D) 18 pancreatic neuroendocrine tumor 

(pNET) patients and 18 age and sex matched healthy controls. Median is represented by horizontal line. 

** P < 0.01, *** P < 0.001.

Supplementary Table I. Platelet serotonin concentrations in relation to clinical characteristics of 20 

RCC patients

Clinical characteristics Platelet fraction (μmol/L) a Corrected for platelet count

(nmol/109 platelets) a

Performance score

 0 915 (787-1905) 3.37 (1.86-4.21) *

 1 787 (155-1156) 2.16 (1.36-4.08)

Resection primary tumor

 Yes 913 (155-1905) 3.03 (1.04-4.92)

 No 790 (514-1156) 2.21 (1.36-4.08)

MSKCC

 Good 913 (538-1203) 3.22 (2.21-4.21)

 Intermediate 907 (155-1905) 2.22 (1.36-4.92)

 Poor 201 1.04
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Supplementary Table I. (continued)

Clinical characteristics Platelet fraction (μmol/L) a Corrected for platelet count

(nmol/109 platelets) a

Number of metastatic sites r = -0.253 r = -0.390

Current treatment

 Sunitinib 849 (201-1126) 2.71 (1.04-4.92)

 Bevacizumab + Interferon α 928 (514-1905) 2.59 (1.36-4.21)

 Everolimus 785 (155-1156) 2.11 (1.58-2.36)

a Data is expressed as median (range) * P < 0.05

S2 Table. Platelet serotonin concentrations in relation to clinical characteristics of 20 pNET patients

Clinical characteristics Platelet fraction (μmol/L) a

Performance score

 0 1001 (479-3985)

 1 767 (256-3105)

 2 840 (739-941)

Resection primary tumor

 Yes 1090 (479-3985)

 No 842 (256-3106)

Tumor grade

 Grade 1 1053 (479-3106) *

 Grade 2 739 (256-941)

Number of metastatic sites r = -0.164

Current treatment

 Sunitinib 842 (767-1090)

 Everolimus 854 (256-3985)

 Other 852 (479-1225)

 None 1015 (901-3106)

a Data is expressed as median (range) * P < 0.05
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