
Vol.:(0123456789)1 3

Metabolomics (2017) 13:148 
DOI 10.1007/s11306-017-1288-6

ORIGINAL ARTICLE

Tryptophan metabolism along the kynurenine and serotonin 
pathways reveals substantial differences in colon and rectal 
cancer

S. Crotti1 · E. D’Angelo1 · C. Bedin1 · M. Fassan2 · S. Pucciarelli3 · D. Nitti3 · 
A. Bertazzo4 · M. Agostini1,3 

Received: 6 June 2017 / Accepted: 23 October 2017 / Published online: 29 October 2017 
© Springer Science+Business Media, LLC 2017

adenoma-carcinoma sequence and samples were obtained 
from formalin-fixed and paraffin-embedded (FFPE) normal 
colon and tumour tissues from a subset of patients (n = 21).
Results Altered TRP concentrations were detected in 
plasma samples concomitant to pre-cancerous lesion and 
persisted during the adenoma-carcinoma transition. Moreo-
ver, the anatomical site of cancer lesions (colon or rectum) 
strongly influences the TRP metabolic profiles. Colon cancer 
patients exhibited increased TRP catabolism with respect to 
those affected by rectal cancer, suggesting that TRP’s metab-
olism alterations play an important role in the onset and 
progression of colon cancer, but not in those of rectal cancer.

Keywords Colorectal cancer · Biomarkers · Tryptophan · 
IDO · TPH

1 Introduction

A para-inflammation state is present in tissues exposed to 
chronic stress and is characterized by a mild to low-grade 
inflammation. Under normal physiological conditions, the 
induction of tryptophan (TRP) catabolism restricts exces-
sive acute immune response. In most human tissues, this 
process occurs through two oxidative pathways named 
kynurenine and serotonin pathways. The kynurenine path-
way is the major route of TRP degradation, with the first 
step consisting in TRP oxidation by cleavage of the indole-
ring. This step can be initiated either by indoleamine-
2,3-dioxygenases 1 (IDO1), indoleamine-2,3-dioxygenases 
2 (IDO2), or tryptophan-2,3-dioxygenase (TDO). Genes 
encoding IDO1 and IDO2 proteins are normally expressed 
in lung, brain, and placenta (Myint et al. 2007), whilst TDO 
is mainly expressed at hepatic level (Le Floc’h et al. 2011; 
van Baren and van den Eynde 2015). These enzymes are 
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involved in a variety of physio-pathological processes such 
as: antimicrobial response and immunoregulation (Schmidt 
et al. 2009), neuropathology (Vecsei et al. 2013), antitumour 
defence (van Baren and van den Eynde 2015), and antioxi-
dant activity (Thomas and Stocker 1999). An important TRP 
metabolite, i.e. serotonin, is a key neurotransmitter in the 
brain-gut axis and it is synthesized in the serotonin path-
way. In the first step of this pathway, TRP is converted to 
5-hydroxytryptophan (5-HTP) by the rate-limiting enzyme 
tryptophan hydroxylase (TPH). Serotonin exhibits growth 
stimulatory effects via binding to 5HT1 and 5HT2 receptors 
and promotes tumour growth and survival in several cancers 
(Sarrouilhe et al. 2015; Siddiqui et al. 2005). However, sero-
tonin can also act in the opposite direction, depending on its 
levels or on the tumour type (Vicaut et al. 2000). For these 
reasons, its role in cancer needs to be further elucidated.

Tryptophan is an important link between inflammation 
and neoplastic progression in many types of cancers and 
the concomitant alteration of free tryptophan plasma levels 
has been described (Cascino et al. 1991; Miyagi et al. 2011; 
Wiggins et al. 2015). In fact, it is now well recognized that 
TRP catabolism into the tumour microenvironment plays an 
important role in promoting antitumour immune response, 
because IDO1 is triggered by the innate response to pro-
duce kynurenine (KYN) and to deplete TRP. The ratio KYN/
TRP is currently used as a good estimate of IDO1 enzymatic 
activity (Comai et al. 2011; Favennec et al. 2015; Myint 
and Kim 2014; Schwarcz et al. 2012). The dysregulated 
inflammatory response ultimately evades the innate immu-
nity control and induces tumour tolerance through a com-
plex network of pro-inflammatory factors and carcinogens 
mediators (Mandal et al. 2016; Masaki et al. 2015; Munn 
and Mellor 2016; Prendergast et al. 2014). The activation 
and/or deactivation of these molecular mediators is crucial 
for the inflammation and cancer cross-talk (Chai et al. 2015).

The inflammation-cancer cross-talk appears to be 
extremely relevant in the case of colorectal cancer (CRC). In 
fact, chronic bowel inflammations, such as Crohn’s disease 
and Irritable Bowel Syndrome (IBS), are associated with 
increased risk of developing tumours in the same anatomi-
cal site (Ekbom et al. 1990). Subjects with active Crohn’s 
disease and IBS patients exhibit lower serum tryptophan 
levels and higher KYN/TRP ratio as compared with healthy 
controls (Clarke et al. 2009; Forrest et al. 2003; Gupta et al. 
2012), indicating IDO1 contribution to these pathologies. 
Stress is also a facilitating factor for cancer development 
(Mantovani et al. 2008). Stress plays an important role in the 
psychological effects of cancer progression; indeed, reduced 
tryptophan concentrations and increased KYN/TRP ratio are 
associated with physical symptoms and sickness (Powell 
et al. 2013) and decreased quality of life in patients with 
colorectal liver metastases (Huang et al. 2002).

In colon cancer cell lines, the basal mRNA expression 
level of IDO1 is very low in the absence of stimuli. Yet, 
its expression can be strongly induced by IFN-γ (Ferdi-
nande et al. 2012; Ogawa et al. 2012). IDO1 activation in 
CRC induces tumour progression through the activation of 
β-catenin pathway and an increase of kynurenine and quino-
linic acid production (Thaker et al. 2013). Decreased TRP 
and increased kynurenine concentrations have been asso-
ciated with immune system tolerance (Munn et al. 2005) 
and tumour cells survival (Opitz et al. 2011) in CRC. As a 
consequence, TRP metabolism in CRC might be proposed 
as an important prognostic marker, being the increased 
tumour IDO1 expression associated with a worse clinical 
outcome (Lob et al. 2009). Moreover, the immunomodula-
tory effects of TRP and its metabolites may also play a role 
in the patients’ response to therapy, as recently highlighted 
in rectal cancer patients who underwent pre-operative chem-
otherapy (Agostini et al. 2015).

Even though accumulated evidences underscore the 
importance of TRP metabolism in colorectal pathogen-
esis, several aspects still need to be clarified. Unlike other 
tumours, higher kynurenine concentrations in CRC have 
not been unequivocally associated with IDO1 expression, 
suggesting that the mere expression of tryptophan catabolic 
enzymes does not provide sufficient data for optimal immu-
notherapy (Puccetti et al. 2015). In particular, it is not clear 
how and when these alterations occur along CRC onset and 
progression. In particular, there are no data regarding the 
serotonin pathway and CRC.

In this work, we characterized the TRP metabolism along 
the kynurenine and the serotonin pathways in a cohort of 
CRC patients at different tumour stages and in subjects at 
risk to develop CRC. To do this, we assessed the circulating 
levels of TRP and its metabolites in relation to the adenoma-
adenocarcinoma transition and we correlated the results with 
tissue IDO1 expression, sex, age, and cancer anatomical site.

2  Materials and methods

2.1  Chemicals

Analytical standard l-tryptophan (TRP, HMDB ID: HMDB 
00929) was purchased from EGA-CHEMIE (Steinheim/
Albuch W. Germany); 5-hydroxytryptophan (5HTP, HMDB 
ID: HMDB00504), hydrochloride serotonin (5HT, HMDB 
ID: HMDB00259), and l-kynurenine sulphate salt (KYN, 
HMDB ID: HMDB00684) were purchased from Sigma-
Aldrich (Saint Louis, MO, USA).

HPLC grade acetonitrile was purchased from Avator Per-
formance Materials BV (Deventer, Netherlands); anhydrous 
potassium hydrogen phosphate  (K2HPO4) and potassium 
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dihydrogen phosphate  (KH2PO4), both of analytical grade, 
were purchased from Fluka Chemie (Buchs, Switzerland).

2.2  Patients’ enrolment

The protocol was approved by ethics committee of insti-
tution (Comitato Etico del Centro Oncologico Regionale, 
Approved Protocol Number: P448) and written informed 
consent was obtained from every individual. Plasma samples 
of colorectal cancer (n = 68) and high-risk (> 1 cm2) adeno-
mas (n = 12) patients were obtained from the Tissue Biobank 
of the First Surgical Clinic of Padua Hospital (Italy). Control 
samples (n = 31) were obtained from the same institution. 
Selected samples did not statistically differ by gender and 
age as verified by the χ2 test of independence and ANOVA. 
For both tests, the significance threshold was set at α < 5%. 
The patients’ clinical characteristics are summarized in 
Table 1.

Blood was withdrawn by DB  Vacutainer® Blood Col-
lection Tubes (Becton Dickinson and Company, Franklin 
Lake, NJ, USA) with  K3EDTA as anticoagulant. Within 
6 h, plasma was separated by centrifugation of 7 mL of 
peripheral blood at 1800xg for 10 min at + 4 °C and stored 

at − 80 °C, following the standardized protocol of the Tis-
sue Biobank.

Formalin-fixed and paraffin-embedded (FFPE) normal 
colon or/and adenoma and tumour tissue samples were 
obtained from a subset of enrolled CRC patients (n = 37) 
for RNA extraction and for inflammatory cell infiltration 
and histological features evaluation. The lymphocytes, 
plasma cells, and neutrophils infiltrate were assessed with 
the following score: 0 = absent, 1 = low, 2 = medium, and 
3 = high.

2.3  RNA isolation

Colon tissue samples were manually microdissected from 
unstained slides to ensure that each sample contained at 
least 80% of tumour cells. Total RNA was extracted using 
the RNeasy FFPE kit (Qiagen), according to the manu-
facturer’s instructions. The concentration and purity of 
RNAs were determined by NanoDrop 2000 spectropho-
tometer (Thermo Scientific, USA). The total RNA was 
considered suitable for the qPCR analysis if the following 
requirements were met: (1) the optical density (OD) ratio 
at 260 nm/280 nm was between 1.9 and 2.1; (2) the con-
centration was higher than 100 ng/µL.

2.4  Reverse‑transcription and quantitative real‑time 
PCR (qPCR)

cDNA was synthesized from 2 µg of total RNA using the 
High-Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems, Foster City, CA, USA), according to the 
manufacturer’s protocol by the Veriti™ 96-well Thermal 
Cycler instrument. qPCR was performed using the 7500 
Fast Real-Time PCR System (Applied Biosystems) with 
Transferrin receptor (TFRC) gene as endogenous control. 
The amplification reaction was conducted in a final vol-
ume of 20 µL using 4 µl of cDNA,  TaqMan® Universal 
PCR Master Mix 1X (Applied Biosystems) and specific 
 TaqMan® Gene Expression Assay 1X (Applied Biosys-
tems): Hs00984148_m1 (amplicon length 66 bp) for IDO1 
and Hs00951083_m1 (amplicon length 66 bp) for TFRC. 
The thermal condition included one cycle at 50 °C for 
2 min for the UNG incubation and at 95 °C for 10 min for 
the polymerase activation, followed by 40 cycles at 95 °C 
for 15 s for denaturation and at 60 °C for 1 min for anneal-
ing and extension. Each sample was run in duplicate and 
the threshold cycle (Ct) average was used for the calcula-
tions. The results from each sample were compared against 
one normal tissue cDNA sample as calibrator, using the 
 2−ΔΔCt calculation method. The fold change was expressed 
as relative quantification (RQ).

Table 1  Colorectal cancer patients’ clinical parameters and age-
matched controls (Mann Whitney, p > 0.05) characteristics

Italics are used to distinguish between absolute (n) and relative (&) 
values
The TNM classification system for adenocarcinoma patients (n = 68) 
is also reported; n.a. not available

CRCs Controls

n % n %

Age (years)
 Median 66 62
 Min–max 31–87 35–83

Gender
 Male 49 61 17 54
 Female 31 39 14 46

Lesion site
 Colon 41 51
 Rectum 39 49

Histotype
 Adenoma 12 15
 Adenocarcinoma 62 77.5
 Mucinous adenocarcinoma 6 7.5

TNM staging
 0 (in situ) 3 4
 I–II 33 49
 III–IV 27 40
 n.a 5 7
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2.5  HPLC‑UV/FD analysis for tryptophan 
and metabolites quantification

We used the Comai et al. (Comai et al. 2011) method to 
quantify TRP, 5HTP, and 5HT in human plasma samples. 
Briefly, an HPLC-FD (High-Pressure Liquid Chromatogra-
phy-Fluorescence Detector) analysis was performed using an 
LC-10AD equipped with a RF-10AXL detector, both from 
Shimadzu Corporation (Kyoto, Japan). Excitation and emis-
sion wavelengths were 285 and 345 nm, respectively.

The chromatographic separation was carried out at room 
temperature using an analytical Platinum EPS C18 column 
(5 μm, 100 Å, 250 mm x 4.6 mm from Alltech Deerfield, IL, 
USA) and an Alltech guard column with stationary phase 
RP-8 (25–40 μm Lichroprep, Merck Darmstadt, Germany). 
The mobile phases were as follows: Phase A, 100% acetoni-
trile and Phase B, 0.004 M phosphate buffer solution (pH 
3.5). The analytes elution was performed with an isocratic 
gradient (15% Phase A and 85% Phase B, v/v) at 1 mL/min 
flow rate.

To determine KYN, we employed an LC-10AD coupled 
to a UV–VIS (Ultraviolet–Visible) detector Model SPD-10A 
from Shimadzu Corporation (Kyoto, Japan). The absorbance 
wavelength was set at 360 nm. The chromatographic separa-
tion was carried out at room temperature using a GraceSmart 
RP 18 column (5 μm, 250 mm x 4.6 mm Grace, Deerfield, 
IL, USA) and with the same isocratic gradient described 
above. The injection volume was 20 μL for both protocols.

2.6  Statistical analysis

Statistical analysis was performed with GraphPad Prism, 
version 5.00, 2007 (La Jolla, CA, USA). Groups were 
compared for statistical differences using univariate sta-
tistical analysis. Data normality was evaluated using the 
D’Agostino-Pearson omnibus test and parametric or non-par-
ametric analyses (Mann–Whitney, Kruskal–Wallis test and 
Dunn’s post-hoc test, two-way ANOVA) were performed 
accordingly. For all tests, the significance threshold was 
set at α < 5%. The Spearman’s rank-order correlation was 
employed to measure the strength and direction of associa-
tion between variables.

Univariate receiver operating characteristic (ROC) curves 
were used to evaluate the sensitivity and specificity. Clas-
sification performance was assessed on the basis of the area 
under the ROC curve (AUC). To generate optimal cut-off 
points from ROC curves, the Youden’s index was employed.

Data are presented as median and interquartile ranges 
(Q1, Q3) unless otherwise stated.

3  Results and discussion

Following tryptophan catabolic processes, i.e. the kynure-
nine and the serotonin pathways, plasma levels of TRP, 
KYN, 5HTP, and 5HT were quantified in control subjects, 
high-grade adenomas patients and CRC patients as above 
described. Our aim was twofold: (1) to verify if the alteration 
of TRP metabolism was related to the adenoma-adenocarci-
noma transition and (2) to correlate it with enzyme expres-
sion at tumour tissue level. In addition, we investigated TRP 
alterations in relation to sex, age, and cancer anatomical site.

3.1  Kynurenine pathway in CRC patients

Plasma levels of TRP and KYN were evaluated to assess 
IDO1 activity. Our results (Table 2) reveal a statistically 
significant decrease of TRP concentrations in high-grade 
adenoma and in CRC patients with respect to controls 
(Kruskal–Wallis, p < 0.0001). The observed decrease is 
more evident in the presence of cancer lesions with respect 
to the pre-cancerous ones, namely adenoma. These data indi-
cate an increased IDO1 activity both in adenoma and colo-
rectal cancer patients with respect to control groups (Fig. 1, 
left panel), calculated as KYN/TRP*1000 ratio. On the con-
trary, kynurenine levels were comparable between patients 
affected by colorectal diseases and controls (Kruskal–Wal-
lis, p = 0.1793). Two studies already reported increased 
kynurenine levels in CRC patients (Cavia-Saiz et al. 2014; 
Nishiumi et al. 2012). However, the first study was based 
on plasma KYN quantification performed post-surgery, i.e. 
in the absence of colorectal tumour mass, whilst the second 
one was based on serum analysis, not in plasma as we did. 
Of note, plasma and serum differ in that the latter is obtained 

Table 2  Plasma levels of 
tryptophan (TRP), kynurenine 
(KYN), 5-hydroxy tryptophan 
(5HTP), and serotonin (5HT) in 
control, adenoma and colorectal 
cancer (CRC) groups

Kruskal–Wallis test p < 0.0001 (TRP). Dunn’s post-hoc test results (controls vs. patients’ group) are 
reported for tryptophan and serotonin

Controls Adenoma CRC

median Q1, Q3 median Q1, Q3 p value median Q1, Q3 p value

TRP µg/mL 10.25 8.99, 11.46 7.34 5.44, 9.52 p < 0.05 7.11 5.62, 8.78 p < 0.001
KYN µg/mL 0.38 0.28, 0.46 0.35 0.28, 0.43 0.38 0.26, 0.46
5HTP µg/mL 0.06 0.04, 0.08 0.04 0.04, 0.06 0.05 0.04, 0.07
5HT µg/mL 0.02 0.01, 0.03 0.01 0.009, 0.01 p < 0.05 0.01 0.01, 0.02
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after coagulation, which causes protein degradation and pep-
tides/amino acids release (Yu et al. 2011). Moreover, can-
cer patients exhibit a hypercoagulable state, because tumour 
cells activate the coagulation system (Caine et al. 2002; Lee 
et al. 2017; Lima and Monteiro 2013). A hypercoagulable 
state causes different susceptibility to coagulation between 
CRC patients and healthy subjects and could introduce a bias 
during the sampling procedure.

CRC patients were further stratified according to their 
tumour stage and the anatomical localization (colon or rec-
tum) to reveal correlations with TRP and KYN concentra-
tions and enzymes activity. We report the box-plots related 
to CRC patients in Fig.  2, divided in three sub-groups 
depending on the tumour grade staging (TNM stage, see 
Table 1): tumour in situ (0), early CRC stages (I–II), and 
late CRC stages (III–IV). Plasma TRP levels were decreased 
in CRC patients regardless of their tumour stage (Fig. 2, 

left panel). Colorectal cancer patients presented compara-
ble amount of circulating tryptophan with respect to the 
adenoma ones, suggesting the early onset of these altera-
tions. Recent studies reported an increase of KYN/TRP in 
some cancers, with a higher IDO1 activity usually associated 
with more advanced cancer stages (Suzuki et al. 2010) and 
lower overall survival (Urakawa et al. 2009). With respect 
to those observations, the IDO1 activity we calculated was 
not related to the pathology stage.

Under normal physiological conditions, the plasma KYN/
TRP ratio depends on the combination of IDO and TDO 
activities. However, IDO activity prevails during an active 
inflammatory state. In our samples, an active inflamma-
tory cell infiltration has been evidenced by hematoxylin 
and eosin staining on FFPE colorectal cancer tissues (low 
grade = 43%, high grade = 57%; See Supplementary Figure 
S1), which could have triggered increased IDO activity. In 

Fig. 1  Tryptophan catabolic 
process in control subjects (C) 
and colorectal cancer patients 
(CRC) through the kynurenine 
and serotonin pathways (box 
plots). The enzyme activity of 
IDO and TPH are also reported 
(scatter dot plot). Mann–Whit-
ney, **p < 0.01; ***p < 0.001

L-Tryptophan

IDO
activity

TPH
activity

Kynurenine Serotonin

Fig. 2  Box-plots represent-
ing the tryptophan plasma 
levels during the adenoma-
adenocarcinoma transition (left 
panel) and depending on the 
anatomical site (right panel). 
CRC patients were stratified 
into adenomas, tumour in situ 
(0), early CRC (stages I–II) 
and late CRC (stages III–IV) 
according to their tumour grade. 
C: control subjects, Kruskal–
Wallis with Dunn’s post-test 
results, *p < 0.05; **p < 0.01; 
***p < 0.001. Mann–Whitney, 
^^^p < 0.001
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addition, we investigated the IDO1 gene expression along 
to the adenoma-carcinoma sequence. To this aim, IDO1 
expression was analyzed by qPCR in a set of n = 21 FFPE 
tissue samples that have passed the quality criteria of purity 
and concentration as described in the “RNA Isolation” sec-
tion. In particular, we analyzed: n = 6 normal colon tissues, 
n = 4 adenoma tissues, and n = 11 colon cancer tissues. 
The median (and interquartile ranges Q1, Q3) of mRNA 
expression in normal colon tissues, expressed as Relative 
Quantitation (RQ), was 0.042 (0.017, 0.066). Although not 
statistically relevant, probably due to the lower efficiency of 
RNA extraction from FFPE tissue samples, IDO1 mRNA 
expression increased about 10-fold, in CRC tissues 0.467 
(0.034, 0.739); while for adenoma, it was similar to that of 
normal tissues RQ = 0.044 (0.009, 0.756).

3.2  Serotonin pathway in CRC patients

5HTP is the intermediate TRP metabolite in the serotonin 
pathway and it is normally present in plasma at low concen-
trations. In control samples, a median 5HTP level of 0.06 
(0.038, 0.08) µg/mL was measured. For CRC and adenoma 
patients, 5HTP concentrations decreased with respect to 
controls (Table 2). This decrease suggests an involvement 
of the TPH enzyme also in the onset of CRC, although data 
dispersion impeded statistical significance. Serotonin is the 
final metabolite of this pathway and it is locally produced in 
the brain and in the gut or stored in platelets. In our samples, 
a significant decrease of serotonin was observed in adenoma 
patients with respect to controls. Similar concentrations 
were also detected in the plasma of CRC patients, indicating 
that these alterations persisted during the adenoma-adeno-
carcinoma transition.

Similar to IDO1, TPH activity may be estimated by the 
5HTP/TRP*1000 ratio. The results we report in Fig. 1 (right 
panel) highlight the increased TPH activity in CRC patients, 
suggesting the possible contribution of this enzyme in the 
global TRP reduction observed in cancer patients.

3.3  Tryptophan metabolism in relation to anatomical 
site

When we stratified patients according to the anatomical site 
of tumour lesion (Fig. 2, right panel), we observed a clear 
distinction between rectal and colon cancer. Rectal cancer 
patients exhibited statistically higher levels of TRP with 
respect to colon cancer patients. The observed TRP levels 
reflect the higher IDO activity in colon cancer patients with 
respect to rectal cancer ones: 51.5 (41.05, 72.58) versus 
41.05 (35.05, 53.60) respectively (p < 0.05). These differ-
ences in TRP levels were still present when we compared 
colon and rectal cancer patients after a further stratification 

into early and late stages: colon (I–II) versus rectum (I–II) 
p < 0.01 and colon (III–IV) versus rectum (III–IV) p < 0.05.

These differences between colon and rectal cancer 
patients cannot be merely explained by anatomy. In fact, 
from a biological and clinical points of view, colon and rec-
tum differ for their embryological origin, their function, and 
their primary tumour histology and molecular characteristics 
(Tamas et al. 2015). The immunological scenario appears 
to be different in colon and rectum; as an example, lympho-
cytic infiltration is associated with better overall survival in 
colon, but not in rectal cancer patients (Deschoolmeester 
et al. 2010). In this frame, our data suggest that an immu-
nomodulation process may be present in colon cancer only.

The relationship between TRP levels and colon-rectal 
cancer patients’ overall survival has been investigated. 
Colon and rectal cancer patients were divided in two groups, 
depending on TRP levels. ROC curves were used to generate 
the optimal cut-off value for TRP levels (see Supplemen-
tary Figure S2). For colon cancer patients, the ROC curve 
yielded an AUC of 0.88, with a cut-off value of 8.5 µg/mL 
(sensitivity, 80%; specificity, 84%), whilst for rectal cancer 
patients the AUC was 0.68, with a cut-off value of 9 µg/
mL (sensitivity, 67%; specificity, 77%). The poor accuracy 
observed in the ROC curves for rectal cancer patients was 
mainly due to TRP levels close to those observed in control 
subjects. For both colon and rectal cancer patients, no statis-
tical significant correlation between TRP levels and overall 
survival was present (p = 0.2906 and p = 0.8826, respec-
tively). Similarly, no statistical significant correlation with 
IDO1 activity and overall survival was present (p = 0.5282 
and p = 0.8969, respectively).

3.4  Age and sex‑related influences on tryptophan 
metabolism

Some authors reported that age (Frick et al. 2004; Pertovaara 
et al. 2006) or sex (Deac et al. 2015) influence tryptophan 
metabolism. In particular, tryptophan degradation may 
increase along with immunosenescence (Calder et al. 2017; 
van der Goot and Nollen 2013). In our cohort, controls and 
patients were age-matched as described in the “Patients’ 
enrolment” section. However, we investigated the corre-
lation between age and KYN/TRP ratio in our samples to 
verify if the wide age dispersion (from 35 to 83 for controls 
and from 31 to 87 for CRC patients) affected the results and 
introduced an age bias.

The Spearman’s correlation was calculated to determine 
the relationship between TRP plasma concentrations and 
age. In Fig. 3, on the right panel, we show the x, y plot 
reporting plasma TRP levels with respect to age for CRC 
patients. A weak, negative correlation was computed for 
CRC patients (rs = − 0.3623, n = 68, p < 0.001), whilst no 
correlation was present in control subjects and adenoma 
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patients (rs = − 0.0868, p = 0.648 and rs = 0.232, p = 0.369, 
respectively). To verify whether age is a confounding fac-
tor in the association between TRP and CRC, subjects were 
divided in three age groups with the same span (31–49, 
50–68, and 69–87 years). TRP levels were higher in CRC 
patients with respect to control subjects for all of these 
groups, which rules out the possibility of an age confounder 
(see Supplementary Table S2). Similarly, a weak positive 
correlation was calculated between IDO1 activity and age in 
CRC patients (rs = 0.3964, n = 67, p < 0.001). The observed 
correlation may be explained by immunomodulation pro-
cesses taking place during cancer development, resulting 
in more pronounced immunosenescence in CRC patients.

Another variable known to affect immune system activ-
ity is sex. In our samples, no differences were found in 
TRP levels in healthy subjects of both sexes. On the con-
trary, for both high-grade adenomas and CRC patients, 
lower plasma levels of TRP were present—with respect to 
controls—only in females (p < 0.01 and p < 0.001, respec-
tively) as shown in Fig. 3, left panel. In general, females 
exhibit higher susceptibility to autoimmune diseases such 
as scleroderma, lupus, and rheumatoid arthritis than males. 
This occurs because males are more prone to immune 
suppression (McKean and Nunney 2005), whilst females 
have increased immune reactivity (Hewagama et al. 2009). 
These sex-associated differences play a role in cancer 
incidence, progression, and response to therapy (Dorak 
and Karpuzoglu 2012). CRC is also characterized by sex-
specific differences, because females are more prone than 
male to right-sided colon cancer (Kim et al. 2015). Our 
results evidenced a statistically significant decrease of 
TRP levels in the plasma of women with respect to men 
both in high-grade adenoma subjects [women: 6.5 µg/mL 

(4.4, 7.5); men 9.5 µg/mL (7.6, 10.8); Mann Whitney, 
p < 0.05] and in CRC patients [women: 6.2 µg/mL (3.2, 
7.8); men 8.1 µg/mL (6.2, 10.9); Mann Whitney, p < 0.01]. 
We evaluated such differences as possible confounding 
factor. We firstly measured the association between TRP 
levels in both CRC and healthy subjects by comparing the 
proportion of low-TRP (< 8.5 µg/mL) to the portion of 
high-TRP people (> 8.5 µg/mL). The calculated relative 
risk (RR) is 1.9, indicating a high risk of CRC among 
people having low-TRP levels. The sex-adjusted RR for the 
TRP/CRC relationship was 2.6, as result of the weighted 
average of sex-specific estimates (RR = 1.6 for men and 
RR = 4.2 for women).

To further verify if these differences were related to the 
sex-specific immune modulation or to the colorectal cancer 
itself, we analysed a small cohort of ulcerative colitis (UC) 
patients (n = 12 male and n = 9 female, see Supplementary 
Table 1 for their clinical characteristics). Chronic inflamma-
tion is often associated with malignancies (Fichtner-Feigl 
et al. 2015). In order to uncover CRC-related differences, 
we chose UC as a model of chronic inflammation occurring 
in the same anatomical site. Indeed, any comparison with a 
systemic inflammatory state is not useful, due to the peculi-
arities of the gastrointestinal immune system, which is regu-
lated by the microbiota presence and which is constituted by 
specialized immune cells and structural organization. The 
results confirmed the presence of a sex-specific immune 
modulation, with statistically lower TRP levels in women 
affected by UC as compared with men [women: 8.7 µg/
mL (5.7, 9.5); men 11.2 µg/mL (8.9, 12.0); Mann–Whitney 
p < 0.05]. Likewise, the calculated IDO1 activity was higher 
in UC women [women: 59.7 (48.9, 74.2); men 41.2 (33.1, 
51.8); Mann–Whitney, p < 0.05].

Fig. 3  Correlation between tryptophan plasma levels and sex (left panel) and age (right panel). Kruskal–Wallis with Dunn’s post-test results, 
*p < 0.05; **p < 0.01. Spearman r = − 0.3623, p < 0.001
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4  Conclusions

In the present work, we investigated the changes in tryp-
tophan and its metabolites in a cohort of CRC patients at 
different tumour stages. We report an early onset of TRP 
metabolism alterations, which were detected when pre-
cancerous lesions (adenoma) were diagnosed and persisted 
during CRC progression. Both IDO1 and TPH enzymes 
showed higher activities in CRC patients than in controls, 
indicating that not only the kynurenine pathway, but also 
the serotonin one may be involved in immunomodulation. 
Moreover, we were able to demonstrate that people affected 
by colon cancer are more subjected to increased TRP catabo-
lism with respect to those affected by rectal cancer. These 
findings suggest that early alterations of TRP metabolism 
can help colon cancer to evade immunosurveillance and to 
resist immune-mediated suppression.
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