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Abstract

Background: Increased levels of serotonin secretion are associated with mesenteric 
fibrosis (MF) in small intestinal neuroendocrine tumors (SI-NETs). However, the 
profibrotic potential of serotonin differs between patients, and in this study, we aimed 
to gain an understanding of the mechanisms underlying this variability. To this end, we 
analyzed the proteins involved in tryptophan metabolism in SI-NETs.
Methods: Proteomes of tumor and stroma from primary SI-NETs and paired mesenteric 
metastases of patients with MF (n  = 6) and without MF (n  = 6) were identified by liquid 
chromatography–mass spectrometry (LC-MS). The differential expression of proteins 
involved in tryptophan metabolism between patients with and without MF was analyzed. 
Concurrently, monoamine oxidase A (MAO-A) expression was analyzed in the tumor and 
stromal compartment by immunohistochemistry (IHC) and reported as intensity over 
area (I/A).
Results: Of the 42 proteins involved in tryptophan metabolism, 20 were detected by 
LC-MS. Lower abundance of ten proteins was found in mesenteric metastases stroma 
in patients with MF. No differential expression was found in primary SI-NETs. In patients 
with MF, IHC showed lower MAO-A expression in the stroma of the primary SI-NETs 
(median 4.2 I/A vs 6.5 I/A in patients without MF, P = 0.003) and mesenteric metastases 
(median 2.1 I/A vs 2.8 I/A in patients without MF, P = 0.019).
Conclusion: We found a decreased expression of tryptophan and serotonin-metabolizing 
enzymes in the stroma in patients with MF, most notably in the mesenteric stroma. 
This might account for the increased profibrotic potential of serotonin and explain the 
variability in the development of SI-NET-associated fibrotic complications.

Introduction

Small intestinal neuroendocrine tumors (SI-NETs) are 
accompanied by specific clinical pathology, most notable 
carcinoid syndrome and fibrotic complications such as 
carcinoid heart disease and mesenteric fibrosis (MF) (1). 

There is a lack of medical treatment options to prevent or 
reduce symptoms, in particular, for fibrotic complications (2). 
Increased understanding of the pathobiology of these fibrotic 
complications is key to develop effective treatment options.
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It is well established that SI-NETs secrete a wide array 
of bioactive molecules, with a central role for the bioamine 
serotonin (2, 3). Serotonin signaling is involved in various 
biological processes. Importantly, it can promote fibrosis 
development in various tissues (4). Serotonin production 
by SI-NETs is often measured on a systemic level by the 
urinary excretion of 5-hydroxyindoleacetic acid (5-HIAA), 
the main serotonin metabolite (5). Increased 5-HIAA 
urinary excretion in SI-NETs is associated with fibrotic 
complications. However, even though serotonin seems 
to be an important driver of SI-NET-associated fibrotic 
complications, several questions remain unanswered. First, 
it is unclear why certain locations, that is heart valves and 
mesentery, are more susceptible to the profibrotic effect 
of serotonin. Second, contrary to carcinoid heart disease, 
increased 5-HIAA excretion levels are a poor predictor for 
the individual risk of mesenteric fibrosis development 
(2, 6). Since 5-HIAA excretion levels do not necessarily 
correspond with local serotonin levels, this suggests an 
important role for paracrine serotonin signaling in SI-NET-
associated mesenteric fibrosis (4).

We hypothesize that individual susceptibility for 
mesenteric fibrosis could be influenced by the local tumor 
microenvironment. Tryptophan metabolism is involved in 
the synthesis and catabolism of serotonin (7). Individual 
differences in this process could explain the variable 
risk for mesenteric fibrosis, as a decreased serotonin 
catabolism would result in increased serotonin signaling 
in the tumor microenvironment (8). To investigate this 
further, we analyzed the proteome of SI-NETs and their 
microenvironment in patients with and without MF for 
proteins involved in the tryptophan metabolism by liquid 
chromatography−mass spectrometry (LC-MS).

Methods

Sample selection

Patients were included from the Erasmus Medical Center 
NET database. The study was performed retrospectively, and, 
according to the guidelines of the Central Committee on 
Research involving Human Subjects, this does not require 
approval from an ethics committee in the Netherlands. 
Patients were selected for inclusion if they underwent a 
resection of a pathologically proven primary SI-NET with 
metastasectomy of the dominant mesenteric node at the 
Erasmus Medical Center between 2008 and 2016 (1). The 
dominant mesenteric node needed to be ≥10 mm on the 
short axis on a preoperative contrast-enhanced CT scan.

This group of 72 patients was assessed for mesenteric 
fibrosis on the preoperative CT scan and on 4-µm thick 
formalin-fixed, paraffin-embedded, hematoxylin and 
eosin (HE)-stained sections of the largest mesenteric 
metastasis. Radiological MF was defined as the presence 
of radiating soft-tissue strands in the mesentery and no 
radiological MF was defined as no radiating strands of soft-
tissue visible on CT scan. Histological assessment classified 
mesenteric metastases with intratumoral fibrous bands >2 
mm as severe MF while those with intratumoral fibrous 
bands <0.5 mm were classified as non-MF (9). Patients were 
included in the MF group (n = 6) if there was radiological 
evidence for MF and severe MF on histological assessment. 
As sex is correlated with the risk of mesenteric disease, we 
selected an equal number of male and female patients (10). 
The non-MF group consisted of matched patients (age, sex 
and tumor grade according to World Health Organization, 
n = 6) without MF on radiological and histological 
assessment.

Sample collection and data acquisition

Formalin-fixed paraffin-embedded (FFPE) tissue samples of 
the primary tumor and mesenteric metastasis from the first 
intestinal resection with mesenteric metastectomy were 
selected. Sections of 10 µm were attached to a polyethylene 
naphthalate slide (Carl Zeiss MicroImaging, Munich, 
Germany) and HE stained. The tissue samples were 
collected as described previously (11). Briefly, the tissue 
samples were separated by laser capture microdissection 
in tumor and stromal components using Zeiss PALM 
MicroBeam IV LCM microscope (Carl Zeiss MicroImaging, 
GmbH). This resulted in four samples for each patient: 
tumor cells of primary tumor, tumor cells of mesenteric 
metastasis, stromal cells of primary tumor and stromal cells 
of mesenteric metastasis. For each sample, an area of ~ 2 
mm2 that corresponds to ~20,000 cells was collected in a 0.5 
mL opaque AdhesiveCap tube (Carl Zeiss MicroImaging). 
Following collection, the microdissected samples were 
dissolved in 20 μL of 0.1% RapiGest SF (Waters, Milford, 
MA, USA) and transferred into LoBind Eppendorf tubes 
(Eppendorf AG, Hamburg, Germany) and were digested 
with trypsin. LC-MS measurements were performed on an 
RSLC nano LC system (Thermo Fisher Scientific) coupled 
to an Orbitrap Fusion Tribrid Mass Spectrometer (Thermo 
Fisher Scientific) as described previously (12). Briefly, 10 µL 
of digest was loaded onto a trap column (C18 PepM12ap, 
300 µm ID x 5 mm, 5 µm, 100 Å) and desalted for 10 min 
using 0.1% TFA at a flow rate of 20 µL/min. Trap column was 
switched in-line with an analytical column (PepMap C18, 
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75 µm ID x 250 mm, 2 µm, 100 Å) and peptides were eluted 
using a binary 90´ gradient increasing solvent B from 4 
to 38%, whereby solvent A was 0.1% formic acid, solvent 
B 80% acetonitrile and 0.08% formic acid, flow rate 300 
nL/min and column temperature 40°C. For electrospray 
ionization, nano ESI emitter (New Objective) was used and 
a spray voltage of 1.7 kV was applied. A data-dependent 
acquisition MS method was used with an orbitrap 
survey scan (range 375–1500 m/z, 120,000 resolution, 
AGC target 400,000), followed by consecutive isolation, 
fragmentation (HCD, 30% NCE) and detection (ion trap, 
AGC 10,000) of the peptide precursors detected in the 
survey scan until a duty cycle time of 3” was exceeded (‘Top 
Speed’ method). Precursor masses that were selected once 
for MS/MS were excluded for subsequent fragmentation 
for 60”. Acquired data has been made publicly available 
through the ProteomeXchange Consortium using the 
PRIDE identifier PXD029979 (13). MS/MS spectra from 
the raw data files of each sample were converted into MGF 
files using ProteoWizard (version 3.0). MGF peak list files 
were used to carry out searches using Mascot (version 
2.3.02) against the Uniprot database (selected for Homo 
sapiens, downloaded 15 November 2015, 20,194 entries). 
Carbamidomethylation (+57 Da) of cysteine was set as 
the fixed modification and hydroxylations (+16 Da) of 
proline, lysine, and methionine were included as variable 
modifications. Mascot search results were further analyzed 
in Scaffold (v4.6.2, Portland, OR, USA) with protein 
confidence levels set to a 1% false discovery rate (FDR), at 
least two peptides per protein, and a 1% FDR at the peptide 
level. FDRs were estimated by inclusion of a decoy database 
search generated by Mascot. A Protein Report exported 
from Scaffold was used for data analysis. To analyze the 
components of tryptophan metabolism, the identified 
proteins were cross-referenced with genes from the 
tryptophan metabolism pathway hsa00380 of the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
database (http://www.genome.jp/kegg/pathway.html).

Validation of monoamine oxidase A expression

Immunohistochemistry (IHC) for monoamine oxidase 
A (MAO-A) was performed on FFPE whole sections of all 
the analyzed primary tumors and mesenteric metastases. 
Sequential 4 µm thick FFPE sections were stained for 
MAO-A (EPR7101, ab126751, 1:3200, Abcam) by automated 
IHC using the Ventana Benchmark ULTRA (Ventana 
Medical Systems Inc.). In brief, following deparaffinization 
and heat-induced antigen retrieval with CC1 (no. 950-500, 

Ventana) for 64 min the tissue samples were incubated with 
the antibody of interest for 32 min at 37°C. The staining 
was developed using Optiview universal DAB detection 
Kit (no. 760-700, Ventana), followed by hematoxylin II 
counterstain for 8 min and then a blue coloring reagent 
for 8 min according to the manufacturer’s instructions 
(Ventana). Positive controls were used on every slide.

Immunohistochemically stained samples were 
digitalized and four fields of view were representatively 
selected. Each field of view was exported as an image file 
on a 10× magnification scale and contained both tumor 
cells and stroma. The exported images were analyzed using 
the CellProfiler software (version 3.0, www.cellprofiler.org) 
(14). Each image was manually segmented into the tumor 
and stromal compartments and the average intensity of 
DAB staining of the segmented area (I/A) was noted.

Statistics

Baseline patient characteristics and IHC data were presented 
as a median with interquartile range (IQR; 25th–75th 
percentiles) or as a percentage with count. Differential 
protein expression between MF and non-MF samples of the 
four groups (tumor cells of primary tumor, tumor cells of 
mesenteric metastasis, stromal cells of primary tumor and 
stromal cells of mesenteric metastasis) was determined using 
the spectral index (SpI) calculation. SpI is a metric calculated 
by the abundance of spectral counts in each group relative 
to the number of samples in which it is detectable. We have 
used SpI as it has a higher sensitivity to detect differential 
protein expression compared to several other methods (15). 
The significance of a given SpI is determined by permutation 
testing of the whole dataset (15). In our study, an FDR of 
1% corresponded with the absolute SpI threshold of 0.60. 
Continuous data were compared by using a Mann–Whitney 
U test or Wilcoxon signed-rank test for paired data. A P -value 
of <0.05 was considered statistically significant.

Results

Dataset characteristics

For this study, 12 SI-NET patients were included. The 
baseline characteristics are shown in Table 1. There were 
no significant differences between the MF and non-MF 
patients with respect to age, sex, tumor grade, urinary 
5-HIAA excretion, ENETS disease stage or preoperative 
medical treatment.
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LC-MS analysis of proteins involved in the 
tryptophan metabolism pathway

Proteomics analysis was performed on four samples of 
each patient, resulting in four groups: tumor cells of 
primary tumor, stroma of primary tumor, tumor cells 
of mesenteric metastasis and stroma of mesenteric 
metastasis. In the overall dataset, 2988 individual 
proteins could be identified. When compared to the 42 
genes of the KEGG tryptophan metabolism pathway, 
we found 20 genes that coded for the proteins in 
our dataset (Supplementary Table 1, see section on 
supplementary materials given at the end of this article). 
Differential expression of proteins between MF and 
non-MF samples in each group was determined by SpI 
and yielded 10 differentially expressed proteins (Table 
2). The differentially expressed proteins were mostly 
found in the tryptophan – serotonin metabolism and the 
fatty acid oxidation arm of the tryptophan metabolism 
pathway. In the kynurenine metabolism arm, only 
3-hydroxyanthranilate 3,4-dioxygenase (HAAO) could be 
detected. All the differentially expressed proteins showed 
significantly lower abundance in fibrotic mesenteric 
stroma compared to non-fibrotic mesenteric stroma. 
Additionally, HAAO had a significantly lower abundance 
in fibrotic mesenteric tumor cells compared to non-
fibrotic mesenteric tumor cells. No significant differential 
expression of the 20 selected proteins was observed 
between MF and non-MF samples in the primary tumor 
and stroma groups. Figure 1 shows a simplified diagram 
of the tryptophan metabolism pathway annotated with 
the identified and differentially expressed proteins in the 
mesenteric stroma samples.

Immunohistochemical analysis of monoamine 
oxidase A protein expression

We validated, by IHC staining, the expression of MAO-A,  
a key enzyme responsible for serotonin metabolism. 
Cytoplasmic staining was present in all primary tumors 
and mesenteric metastases, both in tumor cells and 
surrounding stroma. In the stromal compartment, MAO-A 
staining was predominantly expressed by fibroblasts (Fig. 
2A). In primary tumors, the stromal compartment had a 
significantly lower staining score of MAO-A compared 
to tumor cells (median 5.5 I/A vs 28.3 I/A, respectively, 
P < 0.001). Similarly, in mesenteric metastases, the 
stromal MAO-A staining score was lower than in tumor 
cells (median 2.6 I/A vs 27.5 I/A, respectively, P < 0.001). 
Comparing the stromal compartment, MAO-A expression 
was lower in mesenteric metastases than in primary tumors 
(median 2.6 I/A vs 5.5 I/A, respectively, P < 0.001).

Next, we compared patients with and without 
mesenteric fibrosis (MF vs non-MF) (Fig. 2B). In primary 
tumors, patients with MF had higher MAO-A staining 
score in tumor cells (median 33.5 I/A vs 25.8 I/A in non-MF, 
P = 0.03). On the other hand, in the stromal compartment 
of primary tumors, the MAO-A staining score was lower 
in patients with MF (median 4.2 I/A vs 6.5 I/A in non-MF, 
P = 0.003). In mesenteric metastases, there was no difference 
in MAO-A staining score in MF and non-MF tumors cells 
(median 25.8 I/A vs 27.6 I/A, respectively, P = 0.92). Similar 
to the findings in primary tumors, MAO-A staining score 
in the stromal compartment of mesenteric metastases 
was lower in the MF samples (median 2.1 I/A vs 2.8 I/A in 
non-MF, P = 0.019). As more patients with MF received SSA 
treatment preoperatively compared to non-MF patients 

Table 1 Baseline characteristics.

MF (n = 6) Non-MF (n = 6) P-value

Median age (IQR), years 56 (49–65) 56 (49–61) 0.99
Female, n (%) 3 (50)  3 (50) 1.00
Tumor grade 1 6 (100%)  6 (100%) 1.00
Median urinary 5-HIAA (IQR) – µmol/24 h 150 (68–1299) 60 (49–103) 0.57
ENETS disease stage – n (%) 0.25
 Stage III 2 (33)  4 (67)
 Stage IV 4 (67)  2 (33)
Preoperative treatment, n (%) 0.22
 None 3 (50)  5 (83)
 2003SSA 3 (50)  1 (17)
Surgery indication, n (%) 0.26
 Curative 1 (17)  4 (67)
 Palliative – prophylactic 3 (50)  2 (33)
 Palliative – symptomatic 2 (33) N/A

5-HIAA, urinary 5- hydroxyindoleacetic acid excretion, normal range <50 μmol/24 h, SSA, somatostatin analog.
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(Table 1, P = 0.22), we analyzed if this affected MAO-A 
expression and found no significant differences between 
SSA treated and naive patients within the four tissue 
groups.

Discussion

We have studied the protein expression of metabolizing 
enzymes within the tryptophan pathway in primary 
SI-NETs and paired mesenteric metastases and found most 
notably a decreased expression of serotonin-metabolizing 
enzymes in the stroma of fibrotic mesenteric metastases.

Serotonin production outside the CNS is limited to 
enterochromaffin cells and in extension to SI-NETs, in case 
of malignant transformation. In other tissues, serotonin 
levels are regulated by serotonin-metabolizing enzymes 
(16). Serotonin is a well-established profibrotic factor 
and increased paracrine serotonin signaling is known to 
induce tissue fibrosis and tumor cell proliferation (3, 4). 
Lower levels of serotonin-metabolizing enzymes result in 
an increase of local serotonin levels (16). This could also 
explain the observation that urinary 5-HIAA excretion, 
a marker for systemic serotonin production, is a poor 
predictor for mesenteric fibrosis as it may not reflect 

local serotonin activity (6, 17). The lower abundance of 
serotonin-metabolizing enzymes found in this study could 
be a major factor contributing to the increased risk of 
mesenteric fibrosis in some SI-NET patients. Interestingly, 
we found lower levels of MAO-A, the primary catabolizing 
enzyme of serotonin, in stroma of mesenteric metastases 
compared to primary tumors. This may represent an 
important mechanism in the predisposition of SI-NET-
associated fibrosis in specific locations such as the 
mesentery.

MAO-A expression can be regulated via various 
mechanisms. It is well established that MAO-A gene and 
promotor polymorphism can result in lower transcription 
efficiency and increased serotonin levels. However, MAO-A 
expression can also be affected by environmental and 
epigenetic events (18). Downregulation of MAO-A by 
epigenetic methylation and histone acetylation has been 
demonstrated in cholangiocarcinoma and hepatocellular 
carcinoma and was associated with increased invasiveness, 
low tumor differentiation and poor prognosis (19, 20). 
However, studies on the role of MAO-A in tumorigenesis 
have not been consistent. In contrast to hepatocellular 
and cholangiocarcinoma, increased expression of 
MAO-A in stromal fibroblasts in prostate cancer promotes 
tumorigenesis in vitro and in vivo (21). Furthermore, 

Table 2 Results of spectral index analysis comparing fibrotic and non-fibrotic samples. Results of spectral index (SpI) analysis 
comparing fibrotic and non-fibrotic samples. SpI is calculated by the abundance of spectral counts in fibrotic samples and 
non-fibrotic samples (MF vs non-MF) relative to the number of samples in which it is detectable. A false discovery rate (FDR) of 1% 
corresponded with the absolute SpI threshold of 0.60.

Protein Gene
Primary tumor Mesenteric metastasis

Tumor Stroma Tumor Stroma 

Acetyl-CoA acetyltransferase, mitochondrial ACAT1 0.01 0.29 −0.08 −0.74
Acetyl-CoA acetyltransferase, cytosolic ACAT2 0.39 N/A 0.17 N/A
Aldehyde dehydrogenase X, mitochondrial ALDH1B1 −0.27 0.14 −0.53 −0.33
Aldehyde dehydrogenase, mitochondrial ALDH2 0.02 0.07 0.04 −0.36
Aldehyde dehydrogenase family 3 member A2 ALDH3A2 0.57 N/A 0.06 N/A
Alpha-aminoadipic semialdehyde dehydrogenase ALDH7A1 0.13 −0.26 −0.08 −0.50
4-trimethylaminobutyraldehyde dehydrogenase ALDH9A1 −0.02 −0.17 0.09 −0.58
Amiloride-sensitive amine oxidase AOC1 0.32 −0.11 0.48 −0.59
Catalase CAT 0.19 −0.36 0.12 −0.83
Aromatic-L-amino-acid decarboxylase DDC 0.03 −0.05 −0.11 −0.52
Dihydrolipoyl dehydrogenase DLD 0.14 0.15 −0.13 −0.50
Dihydrolipoyllysine-residue succinyltransferase component DLST 0.02 0.16 0.16 −0.83
Enoyl-CoA hydratase, mitochondrial ECHS1 0.12 −0.14 −0.04 −0.67
3-hydroxyanthranilate 3,4-dioxygenase HAAO 0.26 0.48 −0.63 −0.61
Hydroxyacyl-coenzyme A dehydrogenase, mitochondrial HADH 0.19 −0.33 0.00 −0.17
Trifunctional enzyme subunit alpha, mitochondrial HADHA 0.21 0.03 0.03 −0.95
Monoamine oxidase A MAOA 0.29 −0.15 -0.04 −0.67
Monoamine oxidase B MAOB 0.17 0.19 0.00 −0.60
2-oxoglutarate dehydrogenase, mitochondria OGDH 0.31 0.33 0.12 −0.83
2-oxoglutarate dehydrogenase-like, mitochondrial. OGDHL 0.41 0.23 0.15 −0.67

Values of ≤−0.60 or ≥0.60 were considered significantly differentially expressed (bold).
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increased MAO-A expression was suggested to play a role 
in non-small cell lung cancer by promoting epithelial to 
mesenchymal transition (22). These results suggest that 
the function of MAO-A varies in different cancer types 
warranting caution in the development of therapies 
targeting MAO-A.

Therapeutic targeting of MAO-A has predominantly 
focussed on the use of small molecule MAO inhibitors 
(MAOI), especially in the treatment of psychiatric 
and neurological disorders (23). Recent studies have 
demonstrated interesting novel effects of MAOI in cancer 
models. Inhibition of MAO-A activity by MAOI resulted 
in tumor suppression in preclinical mouse syngeneic and 
human xenograft tumor models. The antitumor effect 
was enhanced when MAOI was used in combination 
with immune checkpoint anti-PD-1 treatment (24). 
Also, MAO-A promotes tumor-associated macrophages’ 
immunosuppressive functions via upregulation of 
oxidative stress which could be regulated by the use of 

MAOI resulting in enhanced antitumor immunity (25). 
However, relatively fewer options are as yet available 
to increase MAO-A expression or activity. Valproic acid 
(VPA), an anticonvulsant, was found to be an inducer of 
MAO-A activity through the Akt/FoxO1 signaling pathway 
(26). VPA may thus be a potential therapeutic option 
in regulating serotonin-mediated fibrosis in SI-NET. An 
additional benefit of VPA is its activity as a potent histone 
deacetylase inhibitor that has been demonstrated in NET 
cell lines to increase expression of somatostatin receptor 
2 and have a cytotoxic effect (27, 28). However, the 
consequences of MAO-A inhibition vs induction on SI-NET 
tumor progression and fibrogenesis need to be investigated 
further.

Next to the proteins involved in the conversion to and 
degradation of serotonin, the tryptophan pathway consists 
of enzymes involved in the kynurenine metabolism 
and fatty acid oxidation. In the kynurenine pathway 
tryptophan is metabolized to nicotinamide adenosine 

Figure 1
Simplified tryptophan metabolism pathway in 
mesenteric metastases stroma. Metabolites are 
shown as ellipses and enzymes as rectangles. 
Gray rectangles represent identified proteins and 
dark gray rectangles represent enzymes with 
significantly lower abundance in mesenteric 
metastases stroma of patients with mesenteric 
fibrosis. 4,8-DHG, 4,8-dihydroxy-quinoline; 5-HTP, 
5-hydroxy- L-tryptophan; 5-HIAL, 5-hydroxyindole- 
acetylaldehyde; 5-HIAA, 5-hydroxyindoleacetic 
acid; ACAT1, acetyl-CoA acetyltransferase 
(mitochondrial); ACAT2, acetyl-CoA 
acetyltransferase (cytosolic); ALDH (multiple 
enzymes), aldehyde dehydrogenase X 
(mitochondrial); aldehyde dehydrogenase 
(mitochondrial); aldehyde dehydrogenase family 
3 member A2; alpha-aminoadipic semialdehyde 
dehydrogenase and 
4-trimethylaminobutyraldehyde dehydrogenase; 
AOC1, amiloride-sensitive amine oxidase; CAT, 
catalase; CNV, cinnavalininate; DDC, aromatic-L-
amino-acid decarboxylase; DLD, dihydrolipoyl 
dehydrogenase (mitochondrial); DLST, 
dihydrolipoyllysine-residue succinyltransferase 
component of 2-oxoglutarate dehydrogenase 
complex (mitochondrial); ECHS1, enoyl-CoA 
hydratase (mitochondrial); HAAO, 
3-hydroxyanthranilate 3,4-dioxygenase; HADH, 
hydroxyacyl-coenzyme A dehydrogenase 
(mitochondrial); HADHA, trifunctional enzyme 
subunit alpha (mitochondrial); IAAId, indole-3-
acetaldehyde; MAO-A, monoamine oxidase A; 
MAO-B, monoamine oxidase B; OGDH(L), 
2-oxoglutarate dehydrogenase and 
2-oxoglutarate dehydrogenase-like 
(mitochondrial); TPH, tryptophan 5-hydroxylase 1 
and 2. 

Serotonin

5-HTP

5-HIAL 5-HIAA

Tryptophan

4,8-DHQ

Tryptamine IAAId

Acetyl-CoA

MAO-A

MAO-B

ALDH

DDC

TPH

DDC

MAO-A

MAO-B

OGDH(L)

HADHA

ECHS1

ACAT 1HADH

Nicotinamide metabolism

CNV

HAAO
CAT

DLST

AOC1

DLD

ACAT 2

Se
ro

to
ni

n 
pa

th
w

ay
Ky

nu
ren

in
e p

ath
wa

y
Fa

tty
 ac

id
 o

xy
da

tio
n

This work is licensed under a Creative Commons 
Attribution-NonCommercial 4.0 International License.https://doi.org/10.1530/EC-22-0020

https://ec.bioscientifica.com © 2022 The authors
Published by Bioscientifica Ltd

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1530/EC-22-0020
https://ec.bioscientifica.com


A Blazevic et al. Aberrant tryptophan 
metabolism in SI-NETs

e22002011:4

dinucleotide and is involved in the pathogenesis of many 
inflammatory and malignant diseases (29). Kynurenine 
metabolites have an immune suppressive effect resulting 
in a decreased antitumor immune response (29). On the 
other hand, this immunosuppressive effect has also been 
shown to attenuate fibrosis (30). In our study, we could 
only identify HAAO as part of the kynurenine pathway. 
Although this enzyme had a lower expression in both 
the fibrotic mesenteric tumor and stromal compartment, 
it is difficult to speculate the effect this could have on 
kynurenine metabolites and fibrogenesis in the SI-NET 
tumor microenvironment as most of the pathway could 
not be assessed.

On analyzing the arm of the tryptophan metabolism 
pathway involved in fatty acid oxidation, we were able 
to detect eight enzymes. These enzymes had a lower 
abundance in patients with mesenteric fibrosis, especially 
in the stroma of mesenteric metastases. Dysregulation of 

fatty acid metabolism is a common feature in cancer cells. 
Elevated exogenous uptake of fatty acids and subsequent 
oxidation allows for a valuable source of ATP and other 
molecules needed for proliferation in times of metabolic 
stress, such as hypoxia (31). Decreased fatty acid oxidation 
could result in increased reactive oxidative species 
production that results in profibrotic changes such as 
induction of myofibroblastic differentiation and increased 
transforming growth factor β (TGF-β) signaling (32).

This study has some limitations that may affect the 
conclusions drawn. As we have used a label-free proteomics 
approach not all proteins involved in the tryptophan 
metabolism could be detected. Notably, tryptophan 
hydroxylase 1, the rate-limiting enzyme for peripheral 
serotonin synthesis, was not detected. Secondly, using this 
approach the estimation of the abundance of the detected 
proteins is semi-quantitative. To overcome this limitation, 
we validated the expression of the main serotonin-

Figure 2
IHC analysis of MAO-A expression. (A) 
Photomicrographs of representative IHC staining 
for MAO-A. The left panel shows primary tumor 
tissue, the right panel shows mesenteric 
metastasis tissue. The upper panels shows tissue 
of patients with MF, the lower panels shows tissue 
of patients without mesenteric fibrosis (non-MF). 
(B) Median MAO-A expression in SI-NET patients 
with (MF, n = 6) and without (non-MF, n = 6) 
mesenteric fibrosis in primary tumor tumor cells, 
primary tumor stroma, mesenteric metastasis 
tumor cells and mesenteric metastasis stroma. 
MAO-A expression is scored as DAB intensity in 
segmented area (I/A). Each dot represents one 
individual patient with overall median indicated 
by the horizontal line. *P < 0.05, **P < 0.01 MF vs 
non-MF. IHC, immunohistochemical; MF, 
mesenteric fibrosis; MAO-A, monoamine oxidase 
A; SI-NET, small intestinal neuroendocrine tumors.
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inactivating enzyme, MAO-A using IHC and found an 
identical pattern of decreased expression in mesenteric 
stroma as with the proteomics analysis. Thirdly, the small 
sample size is a major limitation of this study. Hence an 
in-depth investigation of the potential association of protein 
expression with disease characteristics was not possible. 
However, the altered expression of the enzymes involved 
in tryptophan metabolism demonstrated in this study may 
represent an important mechanism involved in mesenteric 
fibrosis in SI-NETs and warrants further research. Further 
in-depth studies involving larger sample populations could 
validate potential targets to develop effective treatment 
options for SI-NET-associated mesenteric fibrosis.

In conclusion, we found lower expression of enzymes 
involved in the tryptophan metabolism, especially 
serotonin-degrading enzymes, in the stroma of fibrotic 
mesenteric metastases. Differential expression of these 
enzymes might be an important factor underlying the risk 
of development of SI-NET-associated mesenteric fibrosis.

Supplementary materials
This is linked to the online version of the paper at https://doi.org/10.1530/
EC-22-0020.
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