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Abstract: Increased activity of indoleamine 2,3-dioxygenase (IDO) and tryptophan hydroxylase (TPH)
have been reported in individuals with chronic obstructive pulmonary disease (COPD). We therefore
investigated the effect of gender stratification upon the observed levels of tryptophan metabolites
in COPD. Tryptophan, serotonin, kynurenine, and kynurenic acid were quantified in serum of
never-smokers (n = 39), smokers (n = 40), COPD smokers (n = 27), and COPD ex-smokers (n = 11)
by liquid chromatography coupled with tandem mass spectrometry (LC–MS/MS). The individual
metabolite associations with lung function, blood, and bronchoalveolar lavage (BAL) immune-cell
composition, as well as chemokine and cytokine levels, were investigated. Stratification by gender
and smoking status revealed that the observed alterations in kynurenine and kynurenic acid, and to a
lesser extent serotonin, were prominent in males, irrespective of COPD status (kynurenine p = 0.005,
kynurenic acid p = 0.009, and serotonin p = 0.02). Inferred serum IDO activity and kynurenine levels
decreased in smokers relative to never-smokers (p = 0.005 and p = 0.004, respectively). In contrast,
inferred tryptophan hydroxylase (TPH) activity and serotonin levels showed an increase with
smoking that reached significance with COPD (p = 0.01 and p = 0.01, respectively). Serum IDO
activity correlated with blood CXC chemokine ligand 9 (CXCL9, p = 0.0009, r = 0.93) and chemokine
(C-C motif) ligand 4 (CCL4.(p = 0.04, r = 0.73) in female COPD smokers. Conversely, serum serotonin
levels correlated with BAL CD4+ T-cells (%) (p = 0.001, r = 0.92) and CD8+ T-cells (%) (p = 0.002,
r = −0.90) in female COPD smokers, but not in male COPD smokers (p = 0.1, r = 0.46 and p = 0.1,
r = −0.50, respectively). IDO- and TPH-mediated tryptophan metabolites showed gender-based
associations in COPD, which were primarily driven by smoking status.

Keywords: tryptophan; kynurenine; serotonin; gender; smoking; IDO; COPD

1. Introduction

Chronic obstructive pulmonary disease (COPD) is characterized by persistent, largely irreversible
airway obstruction caused by chronic inflammation [1,2]. The inflammatory response to cigarette
smoke is the major etiological factor, and is an important component driving both the onset of COPD
and associated tissue damage in the majority of patients [3]. Previous studies have shown a profound
impact of cigarette smoke on T-cells and their release of pro-inflammatory mediators in COPD [4–8].
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Tryptophan is an essential amino acid that is metabolized via multiple biosynthetic pathways
in numerous cell types [9]. In addition, the microbial metabolism of tryptophan can produce a suite
of downstream metabolites, highlighting the role of the microbiome in tryptophan metabolism [10].
Tryptophan and its metabolites have been studied in inflammatory and respiratory disease, and found
to be altered during infections as part of the immune reaction [11–14]. Tryptophan breakdown occurs
via two major pathways; ~95% of tryptophan is metabolized via the kynurenine pathway and the
other ~5% is metabolized via the serotonin pathway (Figure 1) [15,16]. Indoleamine 2, 3-dioxygenase
(IDO) is the rate-limiting enzyme in the kynurenine pathway. The serotonin pathway is catalyzed by
tryptophan hydroxylase (TPH), and is further metabolized by monoamine oxidase (MAO) [17]. IDO is
also able to suppress oxidative stress by using superoxide anions as both the substrate and cofactor
in its catalytic process [18], while inhibiting T-cell proliferation [19]. IDO has been studied in COPD,
and therapeutics targeting IDO have been shown to improve COPD symptoms [20]. Recent findings
suggested the involvement of serotonin in the pathogenesis of COPD; serotonin plays an important
role in pulmonary vasoconstriction and bronchoconstriction [11,21]. Furthermore, cigarette smoke has
been shown to inhibit MAO, leading to elevated serotonin levels [22].

Figure 1. Tryptophan pathway. Metabolites marked in bold were quantified by LC-MS/MS in the
current study. IDO = indoleamine 2,3-dioxygenase, MAO = monoamine oxidase, TDO = tryptophan
2,3-dioxygenase, KAT = kynurenine aminotransferase, TPH = tryptophan hydroxylase.

The Karolinska ‘COPD & Smoking from an “OMIC” Perspective’ (COSMIC) cohort was designed
to investigate the role of gender in mild-to-moderate COPD [4,23–25]. A previously published
metabolomics study identified a set of tryptophan pathway metabolites to be dysregulated in
COPD ([22], Figure S1). Accordingly, the aim of the current study was to further investigate the
finding using a quantitative liquid chromatography tandem mass spectrometry (LC-MS/MS) method
and to investigate the association of IDO and TPH pathways in the immunomodulatory effects of
smoking and COPD. While previous studies have examined tryptophan metabolites and their relation
to COPD [11,13,26–28], none performed gender stratification.

2. Results

2.1. Serum Levels of the Tryptophan Pathway Metabolites

The median (interquartile range, IQR) serum levels of tryptophan, serotonin, kynurenine, and
kynurenic acid are shown in Table 1. The quantified levels of tryptophan and metabolites were in the
expected range for human serum [29]. The acquired targeted data correlate well with the previously
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published metabolomics data ([22], Figure S2). All compounds were detected in all subjects, except for
kynurenic acid in one smoker and kynurenine in one COPD ex-smoker, which were below the limit
of quantitation (LOQ) and therefore the missing values were replaced with one-third of the LOQ for
statistical analysis. Tryptophan itself did not show any significant alterations across all four groups
(ANOVA p = 0.2; Figure S3A, Table 1); however, gender stratification identified a decrease in male
COPD smokers compared to male smokers (p = 0.009) that was not observed in the corresponding
females, (p = 0.8; Figure 2A).

Table 1. Serum concentration of the tryptophan pathway in the ‘COPD & Smoking from an “OMIC”
Perspective’ (COSMIC) cohort including both genders.

Metabolite (µM) Never-Smokers Smokers COPD Smokers COPD
Ex-Smokers p-value

Tryptophan 67.2 (65.8, 77.6) 71.5 (61.6, 79.4) 63.1 (56.5, 68.9) 67.6 (54.6, 77.7) 0.2

Kynurenine 1.7 (1.5, 1.9) 1.5 (1.1, 1.6) 1.4 (1.3, 1.8) 1.9 (1.5, 2.0) 0.003

Kynurenic acid 0.04 (0.03, 0.04) 0.03 (0.02, 0.04) 0.04 (0.03, 0.04) 0.05 (0.04, 0.06) 0.009

Serotonin 0.5 (0.4, 0.75) 0.6 (0.5, 0.8) 0.7 (0.5, 0.9) 0.4 (0.3, 0.7) 0.03

The values are presented as median (interquartile range). The p-value was calculated using Kruskal–Wallis one-way
ANOVA. COPD = chronic obstructive pulmonary disease.

Figure 2. Serum concentration of tryptophan pathway metabolites in smokers vs. COPD smokers,
stratified by gender. (A) tryptophan, (B) kynurenine, (C) kynurenic acid, and (D) serotonin. Groups:
Male smokers (n = 20), Male COPD (n = 14), Female smokers (n = 20), Female COPD (n = 12). Smokers:
closed circles, COPD smokers: open circles, Male: blue, Female: orange. Significance was tested by
applying a non-parametric Mann–Whitney test.

The IDO pathway evidenced smoking- and COPD-related shifts. Kynurenine was shifted across
all groups (Figure S3B; ANOVA p = 0.003), decreasing in smokers (p = 0.004) and COPD smokers
(p = 0.02) compared to never-smokers (Figure S3B); however, it remained unchanged between smokers
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and COPD smokers (p = 0.2). Stratifying by gender and current smoking status irrespective of COPD
diagnosis revealed that the differences were driven mainly by male gender and smoking (males:
non-smokers vs. smokers, p = 0.005; females: non-smokers vs. smokers, p = 0.1, Figure 3B). Kynurenic
acid was also dysregulated across all groups (ANOVA p = 0.009), but was driven solely by an increase
in the COPD ex-smokers group (vs. smokers, p = 0.02 and vs. COPD smokers, p = 0.002) (Figure S3C).
Gender stratification showed that kynurenic acid was increased in female COPD smokers vs. smokers
(p = 0.02, Figure 2C). Following stratification based on smoking and gender (irrespective of COPD
status), kynurenic acid showed significant decrease in the male population when comparing male
non-smokers to smokers (p = 0.009, Figure 3C).

Figure 3. Serum concentration of tryptophan pathway metabolites in combined non-smokers vs.
smokers irrespective of COPD status, stratified by gender. (A) tryptophan, (B) kynurenine, (C) kynurenic
acid, and (D) serotonin. Groups: Male non-smokers (n = 24), Male smokers (n = 34), Female non-smokers
(n = 25), Female smokers (n = 32). Smokers: closed circles, COPD smokers: open circles, male: blue,
female: orange. Significance was tested by applying a non-parametric Mann–Whitney test. The
corresponding p-values for the non-smoker vs. smoker combined gender comparisons were p = 0.6, p
= 0.004, p = 0.008, and p = 0.009, respectively.

The TPH pathway showed the opposite alteration relative to the IDO pathway. Serotonin was
increased across all groups (ANOVA p = 0.03), increasing in COPD smokers vs. never-smokers (p = 0.01;
Figure S3D). Gender and smoking stratification (irrespective of COPD status) again revealed that the
contribution was driven by the smoking male population (male non-smokers vs. smokers, p = 0.02;
female non-smokers vs. smokers p = 0.2; Figure 3D).
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The COPD smoking group was also stratified by chronic bronchitis (CB), emphysema (E), and/or
neither (no CB nor E). Among all four compounds, only serotonin evidenced significant alterations
among the three groups (p = 0.02; Figure 4). Due to the small number of subjects, stratification by gender
could not be performed for this comparison, but gender is indicated by color-coding in the figure.

Figure 4. The level of serotonin in the current smoker COPD group stratified by chronic bronchitis
(CB), emphysema (E) and absence of CB and E. Male: blue, Female: orange. Significance was tested
using a non-parametric Mann–Whitney test.

2.2. Serum IDO and TPH Activity

Inferred IDO activity was reduced due to both smoking and COPD disease status (Figure 5).
The most significant alteration was observed in smokers compared to never-smokers (p = 0.005)
(Figure 5A), but also the comparison of current-smoker and ex-smoker COPD patients was significant
(p = 0.03). Although it did not reach significance, the median serum IDO activity was elevated in COPD
smokers compared to smokers (p = 0.06). Gender stratification did not affect the observed differences;
similar trends were seen in both males and females. Serum IDO activity was also plotted according to
the COPD Global Initiative for Obstructive Lung Disease (GOLD) stage, and found to decrease with
increasing disease severity (p = 0.03, Figure S4).

Figure 5. (A) IDO activity was estimated by the ratio of kynurenine/tryptophan concentrations and
(B) TPH activity was estimated by the ratio of serotonin/tryptophan concentrations. Never-smokers:
closed circles, smokers: open circles, COPD smokers: closed triangles, COPD ex-smokers: open triangles.
Male: blue, Female: orange. Significance was tested by applying a non-parametric Kruskal–Wallis
one-way ANOVA and a non-parametric Mann–Whitney test.

Serum TPH activity was inferred by the ratio of serotonin/tryptophan and was elevated in COPD
smokers compared to never-smokers (p = 0.01; Figure 5B). Gender stratification showed that TPH
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increased in the male smoking and COPD smoking population compared to male never-smokers
(never-smokers vs. COPD smokers, p = 0.01; smokers vs. COPD smokers, p = 0.02; Figure S5).

2.3. Correlation of Serum Tryptophan Metabolites and IDO with Clinical Data

No significant correlations were observed between age, body mass index (BMI), lung function and
pack-years of smoking with serum levels of any of the four metabolites or the indices of IDO and TPH
activity (data not shown). Serum IDO correlated with specific cytokine- and chemokine levels in blood
and BAL fluid (Table 2). Using a threshold of significance of p <0.05 and |r| >0.5, serum IDO positively
correlated with blood CXC chemokine ligand 9 (CXCL9, p = 0.009, r = 0.59) and chemokine (C-C motif)
ligand 4 (CCL4, p = 0.02, r = 0.56), as well as with CD4+ forkhead box P3 (FOXP3)+ broncheoalveolar
lavage (BAL) cells (p = 0.01, r = 0.57) in COPD smokers (Table 2). Following stratification by gender,
the positive correlations remained significant only in female COPD smokers for CXCL9 (p = 0.0009,
r = 0.93) and CCL4 (p = 0.04, r = 0.73), and were not significant in the corresponding male population.
Some additional chemokines and cytokines showed a significant positive association with female
COPD smokers following stratification by gender, including CXCL10 (p = 0.004, r = 0.88), CXCL12
(p = 0.02, r = 0.73), CCL3 (p = 0.002, r = 0.88), interleukin (IL)-12 (p = 0.05, r = 0.67), and IL-13 (p = 0.01,
r = 0.81) (Table 2).

Table 2. Correlation of estimated serum IDO activity with cytokines and chemokines from blood and
bronchoalveolar lavage (BAL) cells.

Cytokines and
Chemokines

COPD Joint Gender COPD Females COPD Males

XY
Pairs r p-value XY

Pairs r p-value XY
Pairs r p-value

Blood cells

CCL3 21 0.41 0.06 9 0.88 0.0016 12 0.01 1.0

CCL4 18 0.56 0.02 8 0.74 0.04 10 0.39 0.3

CXCL9 18 0.60 0.009 8 0.93 0.0009 10 0.26 0.5

CXCL10 18 0.43 0.07 8 0.88 0.004 10 0.08 0.8

CXCL12 17 0.43 0.09 9 0.73 0.02 8 −0.14 0.7

IL-1b 20 0.46 0.04 9 0.62 0.08 11 0.45 0.2

IL-12 19 0.40 0.09 9 0.67 0.05 10 −0.08 0.8

IL-13 19 0.46 0.04 8 0.81 0.01 11 -* 1.0

BAL cells

CXCR4 on CD8 20 −0.37 0.1 8 −0.76 0.03 12 −0.03 0.9

FOXP3+ of CD4+ 19 0.57 0.01 8 0.65 0.08 11 0.39 0.2

Statistical significance was determined using a non-parametric Mann-Whitney test. *No correlation value.
CCL = chemokine (C-C motif) ligand, CXCL = CXC chemokine ligand, COPD = chronic obstructive pulmonary
disease, IL = interleukin, CXCR = CXC chemokine ligand receptor, FOXP3 = forkhead box P3.

Serum serotonin levels correlated positively with BAL CD4+ T-cells (%) (p = 0.001, r = 0.65) and
negatively correlated with BAL CD8+ T-cells (%) (p = 0.001, r = −0.65) in COPD smokers (Figure 6A–C);
however, levels did not correlate with blood CD4+ T-cells (%) or CD8+ T-cells (%) (Figure S6). Gender
stratification revealed that the correlation was female-driven (female: BAL CD4+ T-cells (%), p = 0.001,
r = 0.92, and BAL CD8+ T-cells (%), p = 0.002, r = –0.90; male: BAL CD4+ T-cells (%), p = 0.1, r = 0.46,
and BAL CD8+ T-cells (%), p = 0.1, r = –0.50).



Metabolites 2019, 9, 212 7 of 16

Figure 6. Correlation of serum serotonin levels with T-cell populations from BAL cells in COPD
smokers. (A) CD4/CD8 %, (B) CD4 %, (C) CD8 % (D) CD4+ FOXP3+ %, (E) CD8+ CD103+ CD69−
CD27+ % and (F) CD8+ CD103+ CD69− CD27−%. Male: blue triangles, Female: orange triangles.

Significant correlations were also found in BAL CD4+ and CD8+ T-cell subsets in the COPD
smoker group with serotonin: CD4+ FOXP3+ (p = 0.02, r = -0.53), CD8+ CD103+ CD69− CD27+

(p = 0.03, r = 0.53), and CD8+ CD103+ CD69− CD27− (p = 0.04, r = 0.50) (Figure 6D–F). Serotonin
levels also showed a positive association with emotional function in female COPD smokers (p = 0.03,
r = 0.64), but not males (p = 0.1, r = −0.45, (Figure S7). The emotional function was ascertained from
the CRQ (Chronic Respiratory Disease Standardized Questionnaire), which addresses quality of life
based upon six domains including “emotional function” as previously reported by Forsslund et al. [4].

3. Discussion

A previous exploratory study that applied metabolomics to the Karolinska COSMIC cohort
reported an association between tryptophan pathway metabolites, smoking and COPD [23]. Out of the
nine identified tryptophan pathway metabolites, the abundance of kynurenine decreased and serotonin
increased in healthy smokers and/or COPD smokers compared to the never-smoking population
(Figure S1). In order to examine these associations in greater detail, the current study quantified
the levels of tryptophan metabolites using a targeted assay. The targeted quantification confirmed
the findings from the previous metabolomics study, further highlighting the potential role of the
tryptophan pathway in smoking and COPD.

Although tryptophan levels did not evidence any significant alterations in joint gender
comparisons, gender stratification revealed that tryptophan levels decreased in male smokers and
COPD smokers relative to never-smokers (Figure S8). However, no major gender differences in
tryptophan metabolism were observed in the never-smoking population, with only kynurenic acid
evidencing a small increase in males (p = 0.04). A few studies have previously reported reduced blood
tryptophan levels and increased kynurenine, suggesting an increase in IDO activity in pneumonia
patients [30,31]. Elevated IDO activity was also reported in acute exacerbations of COPD at the time of
hospitalization, and then shown to return to lower levels at the one month follow-up [13,32]. In the



Metabolites 2019, 9, 212 8 of 16

current study, serum IDO activity was decreased in smokers relative to never-smokers, but increased
with COPD diagnosis. These findings are in agreement with previous reports from a population-based
study of smokers which also evidenced decreased serum IDO activity compared to a never-smoking
population postulating that components of cigarette smoke may potentially exert immunosuppressive
effects upon serum IDO activity [33]. Interestingly, our study showed diminished estimated serum
IDO activity not only in smokers, but also in COPD smokers compared to never-smokers, which is in
line with previous findings by Pertovaara et al. [33].

In contrast, a progressive reduction of sputum IDO activity in smoking and smoking COPD
patients has been reported, postulating a chronic airway neutrophilic inflammation in COPD [27]. In a
follow-up study with simvastatin treatment, an enhanced expression of the airway immunomodulating
enzyme IDO was observed [20]. It should be stressed that the study by Maneechotesuwan et al.
included almost entirely males, comparing subjects with mixed current-smoker status both for
controls (100% male; 84% ex-smokers) and individuals with COPD (86.4% male; 84% ex-smokers) [27].
Conversely, our study was gender balanced with smokers (50% male), COPD smokers (51% male), and
COPD ex-smokers (50% male), which were analyzed separately to focus on smoking-related effects.
The Maneechotesuwan et al. study is in agreement with our findings, which only showed significant
decreases in serum tryptophan in male COPD patients compared to the healthy smoking population:
However, IDO activity increased for both the genders (the median serum IDO activity was elevated in
COPD smokers compared to smokers, p = 0.056). This divergent response between serum and sputum
IDO activity in COPD smokers may potentially be due to the male-bias in the cohort.

Cigarette smoke-induced inflammation in the airways and lung parenchyma plays an important
role in the pathogenesis of COPD [34], with 80% of COPD patients having a history of smoking.
During inflammation, epithelial cells and macrophages are stimulated by interferon-γ (IFN-γ) release
of the chemokines CXC-chemokine ligand 9 (CXCL9), CXCL10, and CXCL11, along with macrophage
inflammatory protein CCL3, and CCL4. This cascade eventually stimulates CXC-chemokine receptor
3 (CXCR3), resulting in a persistent inflammatory activation in COPD [35,36]. The inflammatory
cytokine INF-γ is a potent activator of IDO during inflammation via its anti-inflammatory action [37].
The positive association of IDO with CXCL9 and with the COPD smokers with CXCL9 (Table 2) suggests
a potential anti-inflammatory action in response to inflammation in the COPD smokers group. However,
when stratified by gender, CXCL9 along with other ligands (CXCL10, CXCL11, CCL3, and CCL4) also
showed a positive correlation with IDO, but only in female COPD smokers. One possible explanation
as to why women are more susceptible to the effects of tobacco smoke is a potential dose-dependent
effect [38]. The airways of women are smaller and thus each cigarette represents a proportionately
greater exposure. Female COPD smokers are therefore more vulnerable to inflammation and release
of cytokines and chemokines [38]. Moreover, chemokines are potent chemo-attractants and reactive
oxygen species have been observed in vitro after chemokine stimulation [39,40]. It has been well
established that dysregulation in anti-oxidative stress pathways is associated with COPD in females [41].
In particular, we have previously reported an increase in oxidative stress-associated pathways in
the female population of the COSMIC study [23]. The positive interaction of chemokines with IDO
activity in only the female COPD population suggests elevated oxidative stress, strengthening our
previous findings.

The role of serotonin and its receptor in the pathogenesis of COPD has been investigated and is
known to play an important role as an inflammatory mediator in pulmonary function [11,42,43]. In a
COPD rodent model, simvastatin treatment reduced serotonin levels, suggesting that serotonin has an
impact on the COPD-related inflammation [44]. This is the first study to report gender stratification in
investigating serum serotonin levels, and the results further highlight the importance of including
gender effects in the data analysis. It has been shown that the blood level of serotonin was negatively
associated with age for both genders and positively associated with osteocalcin (non-collagenous
protein associated with bone assembly), but only in young women; however, no hormonal association
was observed [45]. An accumulation of T-cells has also been reported in the lungs of COPD patients,
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with a predominance of CD8+ T-cells in the small airways compared to the healthy population
irrespective of smoking status [46]. We observed a positive association of serotonin with CD4+ T-cells
in BAL and a negative association with CD8+ T-cells in female COPD smokers. There is a paucity of
information on sex-differences in immune cells. It has been reported that females have higher levels of
circulating CD4+ and CD8+ T-cells [47]. Negative associations also remained at the CD8+ T-cell subset
level in females with COPD, suggesting a persistent inflammation in female COPD smokers. Anxiety
and depressive symptoms are common in patients affected by COPD, even when their disease is mild
in terms of forced expiratory volume in one second (FEV1) and respiratory symptoms in women [48].
We also observed a positive association between serotonin, a marker of stress, and female COPD
smokers’ emotional function. In addition to serotonin, both kynurenine and kynurenic acid can exhibit
immunomodulatory functions, which could be of interest in the immunopathology of COPD [49,50].
It would be of significant interest to quantify the tryptophan pathway in BAL fluid, which could
potentially provide stronger associations with the BAL cytokine measurements.

This is the first study in which the effects of both smoking and gender on the tryptophan pathway
were studied in relation to COPD. The result shows that (1) metabolite concentrations were primarily
affected by smoking; (2) COPD-related effects were subtle, and (3) smoking cessation may be beneficial
for normalizing serum IDO and TPH activity. One of the limitations of the current study is the
small sample size of the COPD ex-smokers group; accordingly, these results should be regarded
as preliminary. In addition, the overall relatively small size of the study suggests that findings
should be interpreted with caution due to limited statistical power and certainly require validation
in an independent cohort. However, the observed gender-differential in metabolite levels has been
consistently observed in other studies performed with the Karolinska COSMIC cohort [23–25] as well as
other COPD studies [41,51] and was recently reviewed [52]. It is accordingly advised that future works
on COPD and potentially other obstructive lung diseases perform gender stratification when analyzing
the findings. It would be of significant interest to examine the potential role of microbial metabolism of
tryptophan in the observed metabolic profiles [53]. Inferred serum IDO activity was downregulated
and serotonin levels were upregulated in smoking and in the smoking COPD population, specifically
in males. A strong association of IDO activity with chemokines and cytokines, and serum serotonin
with CD4+ and CD8+ T-cells in BAL with female COPD, again support previous findings that along
with smoking, gender-based associations are prominent in the pathogenesis of COPD. These collective
findings demonstrate that tryptophan metabolites show a gender-specific profile in COPD, suggest
that disruptions in serotonin levels in COPD can be associated with depressive symptoms, and further
support the need to perform gender stratification in COPD studies.

4. Materials and Methods

4.1. Subjects and Study Design

The COSMIC (www.clinicaltrials.gov/ct2/show/NCT02627872) cohort is a three-group cross
sectional study. COPD subjects were defined by GOLD stage I–II/A-B; forced expiratory volume in one
second (FEV1) = 51–97% and FEV1/ forced vital capacity (FVC) <70. Peripheral blood samples were
collected from 39 healthy never-smokers, 40 smokers with normal lung function (hereafter referred
as “smokers”), and 37 individuals with COPD, giving a total cohort size of 116. The COPD group
consisted of both current smokers (n = 27, here after referred as “COPD smokers”) and ex-smokers
(n = 11, >2 years since smoking cessation, hereafter referred as “COPD ex-smokers”). Groups
were matched for age, gender, and current smoking status and history where relevant (Table 3).
Participants had no history of allergy or asthma, did not use inhaled or oral corticosteroids, and had
no exacerbations for at least 3 months prior to study inclusion. In vitro screenings for the presence of
specific Immunoglobulin-E antibodies (Phadiatop, Stockholm, Sweden) were negative. Reversibility
was tested after inhalation of two doses of 0.25 mg terbutaline (Bricanyl; Turbuhaler®; AstraZeneca,
London, UK). Medications (including oral contraceptives, estrogen replacement, and Non-Steroidal

www.clinicaltrials.gov/ct2/show/NCT02627872
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Anti-Inflammatory Drugs (NSAIDs) or other potential lipid mediator-modifying drugs) were recorded
by means of a questionnaire. Lung function parameters were calculated as post-bronchodilator percent
of predicted using the European Community of Coal and Steel (ECCS) normal values. COPD patients
and smokers were matched in terms of smoking history (>10 pack years) and current smoking habits
(>10 cigarettes/day the past 6 months). The study was approved by the Stockholm Regional Ethical
Board (COSMIC cohort: No. 2006/959-31/1) and participants provided their informed written consent.

Table 3. Clinical parameters of individuals from the Karolinska COSMIC cohort included in the
current study.

Parameters Never-Smokers
(n = 39)

Smokers
(n = 40)

COPD Smokers
(n = 27)

COPD Ex-Smokers
(n = 10)

Gender distribution
(number of males) 19 20 14 5

Age (years) 60.0 (51.5, 64.0) 52.5 (49.0, 57.8)* 59.5 (55.8, 63.0)** 63.5 (53.8, 65.0)**

BMI 25.6 (23.3, 28.9) 24.5 (22.1, 26.1) 24.1 (21.1, 27.0) 27.6 (22.7, 30.2)

Smoking (packyears) N.A. 33.5 (28.3, 40.0)* 42.0 (35.8, 45.5)*,** 32.5 (21.5, 38.5)*

Current smoking/day N.A. 17.0 (12.0, 20.0) 20.0 (14.0, 20.0) N.A.

GOLD Stage (1/2) N.A. N.A. 12/14 5/5

GOLD-2011 (A/B/C) N.A. N.A. 19/7 6/3/1

Blood leukocytes (×109/L) 5.6 (4.8, 6.8) 7.2 (6.6, 8.2)* 7.7 (6.2, 9.2)* 6.9 (6.5, 8.4)*

Blood platelets (×109/L) 245.0 (216.0., 274.0) 252.5 (231.5, 298.5) 267.5 (237.3, 334.5)* 217.7 (197.3, 303.0)

Antitrypsin (g/L) 1.4 (1.3, 1.5) 1.5 (1.4, 1.7) 1.6 (1.4, 1.7)* 1.4 (1.3, 1.7)

FEV1(%) 116.0 (108.0, 121.0) 107.0 (95.5, 116.0)* 72.0 (63.5, 83.3)*,** 69.5 (63.8, 75.5)*,**

FEV1/FVC (%) 80.0 (76.0, 83.0) 76.0 (72.3, 78.8)* 60.0 (55.8, 65.0)*,** 59.0 (56.0, 62.8)*,**

Emphysema (No/Yes) N.A. 22/18 6/20 2/8

CB (No/Yes) N.A. 30/10 19/7 8/2

Definition of abbreviations: BMI = body mass index, CB = chronic bronchitis, COPD = chronic obstructive pulmonary
disease, FEV1 = forced expiratory volume in one second, FVC = forced vital capacity, GOLD = Global Initiative for
Obstructive Lung Disease, N.A. = not applicable. *p <0.05 vs. healthy never-smokers. **p <0.05 vs. healthy smokers.
Values are presented as median and interquartile range (IQR).

4.2. Tryptophan Pathway Metabolites Measurement by LC-MS/MS

Tryptophan, d5-tryptophan, kynurenine, kynurenic acid, serotonin, and d4-serotonin were
purchased from Sigma-Aldrich (St. Louis, MO, USA); d4-kynurenine and d5-kynurenic acid were
acquired from Buchem BV (Apeldoorm, The Netherlands). The MS-grade formic acid, methanol, and
acetonitrile were purchased from Sigma-Aldrich (St. Louis, MO, USA). Tryptophan metabolites were
extracted from 50 µL of serum using solid phase extraction (SPE, Oasis®MAX, Waters Corporation,
Milford, CT, USA). The solid phase was equilibrated with methanol and 5% ammonium hydroxide
in milliQ-water followed by adding internal standard solution in 5% ammonium hydroxide, serum
samples, and standards into the SPE-plate. The solid phase was washed with 5% ammonium hydroxide
and analytes were eluted with 60% acetonitrile, 38% methanol, and 2% formic acid. The organic
phase was evaporated using nitrogen and samples reconstituted in 2.5 % formic acid in milliQ water
before analysis.

Then, 7.5 µL of the reconstituted extract were injected in a Waters Acquity ultrahigh performance
LC (UPLC) system equipped with a HSST3 2.1 × 100 mm, 1.8-µm particle column. The mobile phases
consisted of 2.1% formic acid in MilliQ water (A phase) and 0.1% formic acid in 95% acetonitrile (B
phase). The gradient started at 2% B for 2 min following gradient to 10% at 2.5–4 min, 15% B at 7 min,
and 90% B at 7.1–11 min at a flow rate of 300 µL/min. For tryptophan measurements the samples were
further diluted with 1 mL milliQ-water and reinjected with a gradient of 10% B at 0–2.5 min, 30% B
at 4 min, and 90% B at 4.5–8 min. Retention times for kynurenine, tryptophan, kynurenic acid, and
serotonin were 3.9, 2.8, 6.4, and 3.7 min, respectively.
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Metabolite detection was performed using a Waters Xevo TQ-S triple quadrupole mass
spectrometer operating in positive ionization MS/MS configuration. The mass spectrometer was
tuned for all analytes and the mass spectral transitions were set at m/z 209 > 146 (kynurenine), 205 > 91
(tryptophan), 190 > 116 (kynurenic acid), 177 > 115 (serotonin), and for the internal standards, 213
> 150 (d4-kynurenine), 210 > 150 (d5-tryptophan), 194 > 120 (d5-kynurenic acid), and 181 > 118
(d4-serotonin). Standards of each analyte were used to establish a linear calibration curve and plotted
using the ratio of analyte peak area over internal standard peak area after integration by Masslynx 4.1
software (Waters Corporation, Milford, CT, USA).

The developed method was evaluated for analytical performance. Quality control (QC) Low and
QCHigh samples were prepared using endogenous and spiked EDTA plasma at 1910, 50,400, 64.9, and
400 nmol/L for kynurenine, tryptophan, kynurenic acid, and serotonin, respectively. The coefficients
of variance (CV) for the analytes in the QCLow and QCHigh material were: serotonin 5.8–5.9%,
kynurenine 9–20%, tryptophan 18–20%, and kynurenic acid 4–20%, with a spike bias of within 17%.
The lower LOQ for each metabolite was set based upon the standard curve, except for kynurenic acid,
which was set to 0.015 µM (except when samples were diluted 2-fold where the value was instead set to
0.03 µM). Potential matrix effects were addressed by the use of isotopically labeled internal standards
for each of the 4 metabolites. The SPE extraction yields were evaluated to be: serotonin 84–88%,
kynurenine 82–92%, tryptophan 93–93%, and kynurenic acid 95–106%, covering the calibration range
(Table 4).

Table 4. Linear range of the developed tryptophan metabolite method.

Analyte Linear Range

Kynurenine 0.1–10.0 µM

Kynurenic acid 0.01–0.5 µM

Serotonin 0.0002–3.6 µM

Tryptophan 5–5000 µM

4.3. Cytokine and Chemokine Measurements

A series of blood and BAL cells cytokines and chemokines were measured in the COSMIC cohort
as previously described [24].

4.4. Measurement of IDO and TPH Activity

The ratios of kynurenine/tryptophan and serotonin/tryptophan have been proposed for use as
indicators of serum IDO and TPH activity, respectively [54].

4.5. Statistical Analysis

All statistical analysis was performed in GraphPad Prism software (version 5.02, GraphPad
Software, Inc., La Jolla, San Diego, CA, USA). Unless stated otherwise, categorical variables are
expressed as numbers and continuous variables as medians (IQR). The data distribution was tested
using a Shapiro–Wilk normality test. A Kruskal–Wallis ANOVA (p <0.05) was applied to compare the
groups, and a non-parametric Mann–Whitney U test (p <0.05) was used to determine the significance
between the groups. In all figures in both the main manuscript as well as supplemental information,
p-values are only provided for those comparisons that reach the p <0.05 level of significance. Correlations
were calculated using the Spearman’s rank correlation coefficient.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-1989/9/10/212/s1;
Figure S1: Serum tryptophan pathway metabolites identified from non-targeted platform in the Karolinska
COSMIC cohort; Figure S2: Correlation of tryptophan and kynurenine signals from the original metabolomics
study and the concentrations quantified with the newly developed LC-MS/MS method; Figure S3: Joint gender
comparison of serum tryptophan pathway metabolites quantified by LC-MS/MS in the Karolinska COSMIC
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cohort; Figure S4. Estimated IDO activity according to COPD GOLD stage; Figure S5: Estimated serum TPH
activity stratified by gender; Figure S6: Correlation of serum serotonin levels with T-cell populations in blood;
Figure S7: Correlation of serum serotonin levels with T-cell populations from blood in COPD smokers.; Figure S8:
Correlation of serum serotonin levels with emotional function in COPD smokers; Figure S9: Serum concentration
of tryptophan in the four study groups stratified by gender.
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