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Background. Themetabolism of tryptophan (Trp) along
the kynurenine pathway has been shown to carry
strong immunoregulatory properties. Several exper-
imental studies indicate that this pathway is amajor
regulator of vascular inflammation and influences
atherogenesis. Knowledge of the role of this pathway
in human atherosclerosis remains incomplete.

Objectives. In this study, we performed a multiplat-
form analysis of tissue samples, in vitro and in vivo
functional assays to elucidate the potential role of
the kynurenine pathway in human atherosclerosis.

Methods and results. Comparison of transcriptomic
data from carotid plaques and control arteries
revealed an upregulation of enzymes within the

quinolinic branch of the kynurenine pathway in
the disease state, whilst the branch leading to the
formation of kynurenic acid (KynA) was downreg-
ulated. Further analyses indicated that local
inflammatory responses are closely tied to the
deviation of the kynurenine pathway in the vascu-
lar wall. Analysis of cerebrovascular symptomatic
and asymptomatic carotid stenosis data showed
that the downregulation of KynA branch enzymes
and reduced KynA production were associated with
an increased probability of patients to undergo
surgery due to an unstable disease. In vitro, we
showed that KynA-mediated signalling through
aryl hydrocarbon receptor (AhR) is a major regula-
tor of human macrophage activation. Using a
mouse model of peritoneal inflammation, we
showed that KynA inhibits leukocyte recruitment.

Conclusions. We have found that a deviation in the
kynurenine pathway is associated with an
increased probability of developing symptomatic
unstable atherosclerotic disease. Our study sug-
gests that KynA-mediated signalling through AhR
is an important mechanism involved in the regu-
lation of vascular inflammation.

Keywords: atherosclerosis, inflammation, kynure-
nine pathway, IDO, kynurenic acid, aryl hydrocar-
bon receptor.

Introduction

Atherosclerosis, which is amajor cause ofmorbidity
andmortalityworldwide, is characterizedbychronic

inflammation of the arterial wall [1]. In recent years,
potential therapeutic approaches targetingunderly-
ing inflammatory processes in atherosclerosis have
attracted increasing attention [2, 3].

The kynurenine pathway of tryptophan (Trp) degra-
dation has been shown to modulate immune
responses in several disease settings. Since the
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first report by Munn and colleagues in 1998
showing that an intact kynurenine pathway is
necessary for the survival of allogeneic foetuses
[4], a general consensus that increased Trp degra-
dation through this pathway has potent immuno-
suppressive effects [5-7] able to modulate
inflammatory disease has formed [8-10].

The first and rate-limiting step of the kynurenine
pathway, metabolizing Trp into L-kynurenine
(L-Kyn), ismediated by either tryptophan 2,3-dioxy-
genase (TDO) or indoleamine 2,3-dioxygenase (IDO)
1 and 2. L-Kyn can be further metabolized by
kynurenine 3-monooxygenase (KMO) and kynuren-
inase (KYNU) to form 3-hydroxyanthranilic acid (3-
HAA). Subsequentmetabolismof 3-HAA ismediated
by the enzyme 3-hydroxyanthranilic acid dioxyge-
nase (HAAO) and a nonenzymatic reaction, leading
toquinolinic acid formation.This is referred toas the
main branch, or the ‘quinolinic branch’, of the
kynurenine pathway. As an alternative to being
catabolized through the quinolinic branch, L-Kyn
can be metabolized by one of four kynurenine
oxoglutarate aminotransferases (KYAT 1-4) to form
the end product kynurenic acid (KynA); this is
referred to as the ‘KynA branch’ of Trp metabolism.

In experimental atherosclerosis, we and others
have demonstrated that the kynurenine pathway
has a protective role. Increased levels of 3-HAA
decrease plasma lipid levels, vascular inflamma-
tion and atherosclerosis through the modulation of
hepatic sterol regulatory element-binding proteins
(SREBPs) and major inflammatory pathways such
as the NFjB and inflammasome signalling path-
ways [11, 12]. Conversely, pharmacological or
genetic inactivation of IDO has been shown to
accelerate atherosclerosis in hyperlipidaemic mice
[13, 14].

A recent Mendelian randomization study found
that IDO1 and KYAT3 inversely correlated with
ischaemic heart disease (IHD), supporting the
notion of a protective role for the kynurenine
pathway against cardiovascular disease (CVD) in
humans [15]. Interestingly, clinical studies have
associated an increased L-Kyn to Trp ratio (Kyn/
Trp) in the plasma, which is used as a surrogate
marker of IDO activity, with classic risk factors for
CVD, such as body mass index and diabetes [16],
as well as cardiovascular events [17-19].

KynA is a known antagonist of the N-methyl-D-
aspartate (NMDA) and a7 nicotinic acetylcholine

receptors and has been regarded as a neuropro-
tective metabolite, reversing the excitotoxic effects
of quinolinic acid in neurons [20]. Furthermore, it
has been shown that KynA has immunomodula-
tory properties, for example influencing monocyte
activation and TNF secretion in vitro [21], and the
response of several other immune cells, including
neutrophils, dendritic cells and invariant natural
killer-like T (iNKT) cells (reviewed in [22]), all which
could influence atherogenesis. It has been pro-
posed that KynA-mediated immunomodulatory
effects could be mediated through an agonistic
effect on the aryl hydrocarbon receptor (AhR) or the
G-protein coupled receptor 35 (GPR35); however,
these effects have not been fully clarified [23, 24].

For the first time, integration and analysis of
microarray gene expression data with clinical data,
immunostaining for proteins, evaluation of Trp
metabolite levels, and supplementary in vitro and
in vivo functional assays were used to dissect the
potential role of the kynurenine pathway in human
atherosclerosis. Transcriptomic analysis of carotid
plaques and control arteries revealed that the
expression of quinolinic branch enzymes is upreg-
ulated in the disease state, whilst KYAT1 and
KYAT2 from the KynA branch exhibit downregu-
lated expression. Expression correlation analyses
of the kynurenine pathway enzymes with inflam-
matory and plaque stability-related genes indicate
dichotomic roles for the quinolinic branch and the
KynA branch, where the former is pro-inflamma-
tory, and the latter protects against inflammation.
Analysis of cerebrovascular symptomatic and
asymptomatic carotid stenosis data showed that
the downregulation of KYAT expression and
reduced KynA production was associated with an
increased odds ratio for endarterectomy due to
symptomatic unstable disease. Mechanistically, we
show that KynA-mediated signalling through AhR
is a major regulator of human macrophage activa-
tion and the recruitment of pro-inflammatory cells
in an in vivo mouse model.

Materials and methods

Patient cohort, samples and array analysis

Carotid atherosclerosis patient data, plasma, pla-
que transcriptomic data and embedded plaque
material were retrieved from the Biobank of
Karolinska Endarterectomies (BiKE) [25]. The BiKE
includes patients undergoing carotid endarterec-
tomy at the Department of Vascular Surgery,
Karolinska University Hospital or the Section for
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Vascular Surgery, S€odersjukhuset, both in Stock-
holm, Sweden, due to high-grade symptomatic or
asymptomatic carotid stenosis (stenosis > 50%
according to the North American Symptomatic
Carotid Endarterectomy Trial (NASCET) [26]).
Patients were consecutively enrolled in the bio-
bank. Transient ischaemic attack, amaurosis fugax
or minor stroke were defined as cerebrovascular
symptoms of plaque instability [symptomatic (S)
patients]. Patients without such symptoms in the
previous 6 months but with an indication for
surgery as defined by the Asymptomatic Carotid
Surgery Trial [27] were defined as asymptomatic
(AS) patients. Transcriptomic data from plaque
tissue were retrieved for 125 patients (40 AS and
85 S patients; Fig. S1). For comparisons between
carotid artery plaque and normal artery mRNA
expression, 10 samples from macroscopically dis-
ease-free arteries (9 internal iliac arteries and 1
aorta from an organ donor) were used as controls.
Baseline characteristics of the patients have been
previously published [28]. All patient samples were
obtained after informed written consent was
acquired from the patients, and their use was
approved by the local ethical committee and in
agreement with institutional guidelines and the
Declaration of Helsinki.

Detailed information about the processing of sam-
ples in the BiKE has been previously published
[29]. Briefly, RNA was isolated with RNeasy col-
umns (Qiagen, Germany) and quantified with a
NanoDrop 1000 (Thermo Scientific, MA, USA). A
2100 BioAnalyzer (Agilent, CA, USA) was used for
quality assessment, and low-quality samples were
not included in the biobank. Equal amounts of
total mRNA were reverse transcribed for all sam-
ples, which were then analysed with Affymetrix
HG-U133 plus 2.0 arrays. All array data were
processed by robust multiarray average (RMA)
normalization and log2 transformation.

Immunohistochemical analysis

Carotid plaques from the BiKE were fixed in a 4%
buffered formaldehyde solution, dehydrated in a
series of graded alcohol solutions, and embedded
in paraffin wax. Sections of 5 µm were deparaf-
finized in Tissue Clear and rehydrated in graded
ethanol solutions. All immunohistochemistry
reagents were from Biocare Medical (CA, USA)
unless otherwise specified. Antigen retrieval was
performed with DIVA buffer. The tissue sections
were stained with primary antibodies against

smooth muscle cell actin (SMA; Abcam, UK),
CD68 (Sigma-Aldrich, CA, USA), IDO1 [DAKO,
Denmark; or BioLegend, CA, USA], KMO [DAKO,
Denmark; or Proteintech, IL, USA], and KYAT1
[DAKO, Denmark; or Proteintech, IL, USA]. The
slides were counterstained with haematoxylin
(Vector Laboratories, CA, USA). Detection was
carried out with Warp Red or Vina Green and
micrographs were acquired with a Leica DC480
camera connected to a Leica MZ6 stereomicroscope
(Leica, Germany).

Kynurenine metabolites in patient plasma samples

‘Local’ blood samples were retrieved from the
clamped carotid artery during the carotid
endarterectomy procedure as previously described
[25]. In brief, the superior thyroid artery, common-,
external- and internal carotid arteries were
clamped for 5 min to assess cerebral collateral
circulation and blood samples were thereafter
drawn (1–2 mL) prior to arteriotomy. Concomi-
tantly, 10 mL of blood was retrieved from a periph-
eral arterial line. Eighteen ‘local’ plasma samples
(12 S and 6 AS patient samples) were used for
quantification of 3-HAA and KynA concentrations
using standardized targeted LC-MS/MS (Bevital
AS, Bergen, Norway). Thirty-six local and periph-
eral plasma samples (27 S and 9 AS patient
samples) were used to evaluate IDO activity by
measuring the L-Kyn/Trp ratio by ELISA (ImmuS-
mol, France).

KYAT protein expression in plaques from S and AS patients

Western blot analyses of KYAT1 and KYAT2 were
carried out on plaque specimens from 8 S and 9 AS
patients in the BiKE, which were matched by sex,
age, statin medication and major risk factors as
described for proteomic analysis [25]. Briefly,
plaque protein extracts from plaques and adjacent
arterial tissue were separated by electrophoresis
on precast 4-20% gels (BioRad, CA, USA) and
blotted on low-fluorescence PVDF membranes
(Amersham, UK). The membranes were blocked
with 5% nonfat dry milk (BioRad) and incubated
with primary antibodies overnight [anti-KYAT1
(1:250, Proteintech, IL, USA); anti-KYAT2 (1:250,
LSBio, WA, USA)]. Transferred and total protein
were evaluated by reversible fluorescence staining
with a REVERT kit (Li-Cor, NE, USA) and visualized
with an Odyssey Clx fluorescence scanner (Li-Cor,
NE, USA) and Image Studio (Version 5.x, Li-Cor,
NE, USA). Fluorescence signals obtained with
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secondary antibodies were normalized to the fluo-
rescence of total protein staining (IRDye, 1:12 000,
Li-Cor, NE, USA).

Differentiation and activation of human monocyte-derived
macrophages

Peripheral blood mononuclear cells (PBMCs)
were isolated from the blood of healthy donors
(Blodcentralen Karolinska Universitetssjukhuset,
Sweden) using LymphoprepTM (q = 1.077 g mL�1;
Axis-Shield, Norway) as previously described [30].
After isolation, the cells were washed and plated,
monocytes were allowed to adhere for 1 h, and
non-adherent cells were washed away. The mono-
cytes were incubated in RPMI medium supple-
mented with 10% foetal bovine serum and 1%
penicillin and streptavidin and treated with
20 ng mL�1 macrophage colony-stimulating factor
(M-CSF; R&D Systems, MN, USA) for 6 days to yield
M0-type macrophages. The medium was refreshed
on day 3. To activate macrophages, cells were
treated with 20 ng mL�1 interferon gamma (IFNc;
PeproTech, Germany) and 10 ng mL�1 lipopolysac-
charide (LPS; Enzo Life Sciences, NY, USA) for 24 h.
The effects of KynA (Sigma-Aldrich, CA, USA) on
activation were compared with PBS at the same
time. The concentration of KynA was defined based
on previous publications [31], and titration analysis
performed in our laboratory (Fig. S2). Receptor
agonists and antagonists were selected based on
previous publications [32-35]; detailed concentra-
tions are provided in the figure legends.

RNA and supernatant analyses of human macrophage cultures

Total RNA was isolated from treated and control
macrophages using RNeasy columns (Qiagen, Ger-
many), and RNA concentrations were determined
with a NanoDrop 2000 (Thermo Scientific, MA,
USA). cDNA was obtained by reverse transcription
using a high-capacity RNA-cDNA kitTM (Thermo
Scientific, MA, USA). Amplification was performed
using the assay-on-demand probes (Thermo Sci-
entific, MA, USA), listed in Table S1, on the ABI
7700 Sequence Detector (Applied Biosystems,
USA). Gene expression was analysed using the
relative expression formula 2-DDCT (DDCT = DCT
(sample) –DCT (calibrator; i.e. average CT values
of all samples within the control group), where DCT
is the difference between the average CT of the
housekeeping genes and the CT of the target gene).
Concentrations of TNF and IL-6 secreted by PBMCs
into the culture medium were measured by ELISA

(R&D Systems, MN, USA) according to the manu-
facturer’s instructions.

Zymosan-induced peritoneal inflammation and cell migration analysis

Eight-week-old male C57BL/6NTac mice were
acquired from Taconic (Denmark) and allowed to
acclimatize. At eleven weeks of age, animals were
intraperitoneally injected 3 times, every other day,
with 200 µL of 10 mg mL�1 KynA (approximately
100 mg kg�1 mouse, pH neutralized) or vehicle
(PBS). The dose was selected based on the study by
Hsieh et al., 2011 showing that this dose of the
metabolite attenuates multiorgan dysfunction in
rats after heatstroke [36]. The day after the last
injection, inflammation was induced by intraperi-
toneal injection of 1 mg of the protein-carbohy-
drate complex zymosan A (Sigma-Aldrich, CA, USA)
as previously described [37]. Animals were eutha-
nized with CO2 at different time points, and peri-
toneal exudates were collected with 0.5% BSA and
1 mM EDTA for further analysis. Cell numbers
were determined with an automated cell counter
(TC20, BioRad, CA, USA), and washed cells were
fixed with 2% formaldehyde and stored for flow
cytometry analysis. Briefly, peritoneal cells were
incubated with Mouse BD Fc-Block (BD, NJ, USA)
and subsequently stained with anti-mouse mono-
clonal antibodies against Ly6G (Pacific Blue,
BioLegend, CA, USA). Events were acquired with
a BD FACSVerse flow cytometer (BD) and analysed
with FlowJo version 10 software (FlowJo LLC, OR,
USA).

Statistical analysis

The results for microarray data are presented as
box-and-whisker plots depicting the median, quar-
tiles and range. Other results are presented as the
mean � standard deviation (SD) unless otherwise
stated. Student’s t-test was used to determine
statistical significance of differences between two
groups; paired data were evaluated by a paired
Student’s t-test. Pearson coefficients were used to
determine linear correlations. P-values < 0.05 were
considered significant. Correction for multiple test-
ing using the Bonferroni method was performed for
the heatmap of correlations.

A logistic regression model was used to describe
the associations between kynurenine pathway
enzyme expression and symptomatic disease in
the BiKE data. Patients missing at least one clinical
parameter were excluded from the analysis. The
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odds ratios (ORs) for symptomatic disease pre-
dicted by KYAT1, KYAT2, KMO and KYNU expres-
sion were adjusted for the traditional CVD risk
factors age, high-sensitivity C reactive protein
(hsCRP) level, LDL level, male sex, diabetes and
hypertension. Statistical analyses were performed
with the statistical software SPSS (version 26.0.0,
IBM Corporation, USA) or GraphPad Prism (version
6.07, GraphPad software, USA) throughout the
study.

Results

Trp metabolism through the kynurenine pathway is deviated in human
carotid plaques

Analysis of mRNA transcripts for enzymes in the
kynurenine pathway in BiKE samples revealed
significantly increased levels of TDO2, IDO1 and
IDO2 (Fig. 1a), which are all enzymes involved in
the first rate-limiting step of the pathway, and the
quinolinic branch enzymes KMO and KYNU
(Fig. 1b) in atherosclerotic arteries compared with
control arteries. In contrast, the levels of KYAT1

and KYAT2, both enzymes in the KynA branch,
were significantly decreased in the atherosclerotic
artery samples. Notably, the ratios between the
expression levels of quinolinic branch enzymes and
the sum of KYATs’expression was significantly
increased in carotid plaques compared with control
tissues (Table S2). No significant difference in
KYAT3 or KYAT4 expression between plaque tissue
and control tissue was observed (Fig. 1b).

Immunohistochemical analyses of atherosclerotic
and control artery tissue showed that IDO1 was
expressed by smooth muscle cells (SMCs) in the
medial layer of the normal artery, whilst under
atherosclerotic conditions, IDO1 expression mainly
coincided with macrophage-rich areas and areas
around the necrotic core (Fig. 2). A similar but even
more pronounced pattern shift from SMCs in the
control tissue towards macrophages in the dis-
eased tissue was observed for KMO (Fig. 2). Inter-
estingly, in the case of KYAT1, a shift in the
expression pattern was less evident, and micro-
scopy analysis suggested that the atherosclerotic
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arteries had reduced expression of KYAT1 com-
pared with other enzymes (Fig. 2). Altogether, our
data indicate that the kynurenine pathway is
deviated in atherosclerotic plaques.

Inflammatory and plaque-destabilizing genes are associated with the
deviation in the kynurenine pathway in plaques

We investigated how the expression of kynurenine
pathway enzymes correlated with pro- and anti-
inflammatory genes as well as genes associated
with plaque stability. The heatmap in Fig. 3 shows
that the major enzymes leading to Trp degradation
in the first step of the pathway and the quinolinic
branch, especially TDO2, IDO1, KMO and KYNU,
were positively correlated with pro-inflammatory
and metalloprotease genes, which in turn inversely
correlated with the expression of enzymes in the
KynA branch, particularly KYAT1 and KYAT2.
Correlation analysis of genes expected to play
protective roles in atherosclerotic disease, includ-
ing anti-inflammatory and plaque-stabilizing
genes, for example MYOCD, MYH11, ACTA2,
CALD1, CNN1 and TGFB2 that are associated with
a contractile SMC phenotype and fibrous cap
formation, indicated that these genes were often
positively correlated with the expression of KynA
branch enzymes, especially KYAT1 and KYAT2
(Fig. 3).

The KynA branch is impaired in plaques from symptomatic patients

TDO2 and IDO1 are involved in the formation of
L-Kyn, which is further metabolized along either
the quinolinic or the KynA branch of the kynur-
enine pathway. As major representative enzymes of
these two branches, KMO and KYNU, as well as
KYAT1 and KYAT2, from the quinolinic and KynA
branches, respectively, were investigated to deter-
mine whether their expression is associated with
plaque stability. In our study, the presence of
cerebrovascular symptomatic disease in BiKE
patients was considered as readout indicating
unstable disease.

The expression of KMO and KYNU was significantly
upregulated in plaques from symptomatic (S)
patients compared with those from asymptomatic
(AS) patients (Fig. 4a). Conversely, KYAT2 tran-
script levels were downregulated in S patients
versus AS patients, whilst no significant difference
in KYAT1 mRNA expression was observed between
the groups (Fig. 4a). Western blot analysis of
plaque protein extracts revealed that S patients

had lower levels of KYAT1 protein than AS patients,
particularly in the plaque distal tissue (Fig. 4b). No
difference in KYAT2 protein levels was observed
between the groups.

The plaque expression data suggested that whilst
the activity of the quinolinic branch is upregulated,
the KynA branch is impaired in plaques from S
patients. Corroborating the latter statement, anal-
ysis of the KynA/3-HAA ratio in a small set of local
plasma samples showed that the activity of the
KynA branch was indeed reduced in the proximity
of plaques from S patients compared with that of
plaques from AS patients (Fig. 4c, Table S2). Inter-
estingly, analysis of the L-Kyn/Trp ratio in the local
and peripheral plasma indicated that S patients
also displayed lower IDO activity than AS patients
(Fig. 4d).

A logistic regression analysis of the presence of
cerebrovascular symptoms as a function of kynur-
enine enzyme expression in BiKE plaque data
revealed that subjects with high KYAT1 expression
had a significantly lower probability of undergoing
endarterectomy surgery due to symptomatic dis-
ease than patients with low KYAT1 expression
(Table 1). A similar trend for KYAT2 was observed
(Table 1). Whilst KMO expression was not associ-
ated with symptoms, a trend towards an increased
probability of symptoms was seen with KYNU
expression (Table 1). Interestingly, applying the
same logistic regression model to a kynurenine
pathway ‘ deviation index’, which was calculated by
dividing the sum of KMO and KYNU expression
levels by the sum of KYAT1 and KYAT2 expression
levels, showed that a higher index significantly
increased the probability of presenting carotid
disease-related symptoms (Table 1).

KynA signals through AhR in macrophages to inhibit pro-inflammatory
responses

Characterization of the kynurenine pathway in
human carotid plaques revealed that unstable
atherosclerotic disease was associated with an
impaired capacity to produce KynA in the plaque.
Moreover, deviation of the kynurenine pathway
was associated with several markers of inflamma-
tion, many that are typical of activated macro-
phages. In this scenario, we used in vitro and
in vivo models to evaluate the effects of KynA-
mediated signalling on the modulation of inflam-
matory responses. Treatment of activated human
monocyte-derived macrophages with KynA
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significantly reduced TNF and IL-6 production in
cell culture supernatants (Fig. 5a). Moreover, the
mRNA levels of the pro-inflammatory markers
CCR7 (Fig. 5b), CXCL10 and CCL5 (Fig. S2) were
significantly reduced by KynA treatment.

Two receptors, AhR and GPR35, have been pro-
posed to transduce KynA signals in immune cells.
Treatment of stimulated macrophages with 6-
formylindolo[2,3]carbazole (FiCZ), a synthetic AhR

activator, mimicked the effects of KynA on CCR7
mRNA levels, whilst coincubation with 6,20,40-
trimethoxyflavone (TMF), an AhR antagonist,
reversed both KynA- and FiCZ-mediated inhibitory
effects (Fig. 5b). Analysis of cytochrome P450,
family 1, subfamily A, polypeptide 1 (CYP1A1)
mRNA, which is a reporter of AhR signalling
transduction, showed parallel patterns between
KynA-mediated signalling through AhR and macro-
phage inhibition (Fig. 5b). A similar
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pharmacological approach using pamoic acid and
ML-145, an agonist and antagonist of GPR35,
respectively, showed that KynA-mediated sig-
nalling through GPR35 was not involved in the
inhibition of the macrophage inflammatory
response (Fig. 5b). Although the results were less
pronounced, our data indicated that KynA sig-
nalling through AhR rather than through GPR35
was the major mechanism involved in the inhibi-
tion of CCL5 and CXCL10 expression (Fig. S2).

Considering the anti-inflammatory effects of KynA
in vitro, we asked whether administration of this
metabolite influences inflammation in vivo. Three
intraperitoneal injections of KynA into C57BL/

Table 1. OR for a human carotid atherosclerotic plaque
being symptomatic, corrected for classical CVD risk factors

Enzyme OR (CI 95%) P-value

KYAT1 0.058 (0.006–0.541) 0.012

KYAT2 0.395 (0.146–1.069) 0.067

KMO 1.460 (0.896–2.377) 0.129

KYNU 1.540 (0.942–2.519) 0.085

Deviation Indexa 5.279 (1.144–24.357) 0.033

Logistic regression models were used to calculate OR.
Models corrected for the classical CVD risk factors age,
sex, LDL-cholesterol, CRP, hypertension and diabetes.
aA deviation index was formed to estimate the shift within
the kynurenine pathway by using the expressions of
(KMO + KYNU)/ (KYAT1 + KYAT2).
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6JNTac mice subjected to zymosan-induced peri-
toneal inflammation significantly reduced the
recruitment of Ly6G+ neutrophils into the peri-
toneal cavity (Fig. 5c-d). Kinetic analysis of
cell infiltrates revealed that KynA also accelerated
the resolution of inflammation in this model
(Fig. 5e).

Discussion

Our study is the first to characterize the expression
profile and activity of kynurenine pathway enzymes
in human atherosclerotic disease. Our data indi-
cate that there is mutual regulation between
inflammation and two major branches of this
pathway in the vascular wall. Downregulation of
KynA branch activity was associated with
increased inflammation, decreased plaque stabil-
ity, and an increased risk of cerebrovascular
events. Hence, using in vitro and in vivo experi-
mental systems, we show that the Trp metabolite
KynA signals through AhR to inhibit macrophage
activation and leukocyte migration.

Inflammation is a physiological process that pro-
tects the body against infection and injury and
promotes healing. Persistent and unresolved
immune reactions during inflammatory processes
are not only typical of classic infectious or auto-
immune diseases but also characteristic of the
atherosclerotic process [38-40]. Immunomodula-
tion of vascular inflammation has shown promis-
ing results in preclinical and clinical investigations
[39].

Clinical studies have linked systemic levels of
kynurenine pathway metabolites with the exis-
tence of CVD [17-19], and the Kyn/Trp ratio has
been proposed as a biomarker for ischemic heart
disease and consequent death [18, 41]. Interest-
ingly, the Kyn/Trp ratio has been shown to corre-
late with CRP levels and other markers of
inflammation in patients with stroke [42], and
associations between IDO activity and subclinical
atherosclerosis, with the measurement of carotid
intima-media thickness (IMT), are lost after adjust-
ments to classic risk factors of disease or CRP [16,
43]. In the present study, a highly significant
increase in IDO expression was observed upon
the onset of atherosclerosis. However, our data
indicated that a less robust increase in IDO
expression and activity might be associated with
an unstable disease phenotype. Although in this
context the biomarker potential of IDO could be

limited, our data corroborate the view that this
enzyme plays a protective role in atherogenesis [13,
14].

Under physiological conditions, TDO2 is reported
to be expressed mainly in the liver and also in the
brain. Similarly, IDO2 expression has been
reported in liver, brain and kidney tissues [44].
Whilst studies have suggested some functional and
expressional regulation redundancy between IDO1
and IDO2, there is a dogma that TDO2 expression
is regulated mainly by glucocorticoids and other
hormones [44]. However, our study showed that all
three enzymes involved in the first limiting step of
the kynurenine pathway exhibited upregulated
expression in plaques. Whilst inflammation is
regarded as the major regulator of IDO1 expres-
sion, it has been shown that IDO2 and TDO2
expression is increased in the liver of high-fat diet-
fed mice and that TDO2 expression is further
enhanced by LPS in the same study [45]. Consid-
ering the lipid-rich, inflammatory milieu of
atherosclerotic plaques, our data suggest that
these combined factors are responsible for induc-
ing not only IDO1 upregulation but also IDO2 and
TDO upregulation. To what extent IDO2- and TDO-
mediated Trp degradation contributes to the
known IDO1-mediated immunoregulatory effects
in the vascular wall warrants further investigation.

In the context of neuropsychiatric disorders, a
deviation in the kynurenine pathway leading to an
imbalance between KynA and QA has been linked
with an increased predisposition towards develop-
ing schizophrenia, bipolar disorder and depression
[46-50]. In the central nervous system, KynA and
quinolinic acid act antagonistically and agonisti-
cally, respectively, towards NMDA receptors that
can mediate excitotoxic and neurodegenerative
effects [51]. Our gene expression analysis of
kynurenine pathway enzymes in BiKE samples
indicates that a similar deviation in this pathway is
present during atherogenesis. Immunostaining
and correlations between enzymes and markers of
inflammation and plaque stability suggest that this
deviation is due to alterations in cellular expres-
sion patterns, for example the change from SMCs
in healthy arteries towards macrophages in devel-
oped plaques, and the strong influence of the
immune system.

Inflammation, including cytokines and cell-to-cell
surface-mediated interactions, is recognized as a
major regulator of the kynurenine pathway in
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immune and non-immune cells, for example mono-
cytes, macrophages, dendritic cells, fibroblasts,
keratinocytes, epithelial cells, endothelial cells,
SMCs and tumour cells [52]. An example is IDO1,
which is often found to be expressed at low or
undetectable levels in most cells under physiolog-
ical conditions [53] and whose expression can
increase one thousand-fold upon inflammatory
stimulation [54]. Interestingly, our data suggest a
dichotomy between pro-inflammatory and destabi-
lizing factors versus anti-inflammatory and stabi-
lizing factors in the regulation of kynurenine
pathway enzymes in the vascular wall. In this
context, excessive and deleterious inflammatory
signals seem to promote Trp degradation through
the quinolinic branch at the same time that they
reduce Trp catabolism through the KynA branch.
The fact that the expression of KynA branch
enzymes, especially KYAT1 and KAYT2, strongly
correlates with the expression of plaque-stabilizing
genes suggests that the inflammation-mediated
deviation in the kynurenine pathway can play a
role in the pathophysiology of atherosclerotic dis-
ease.

Similar to previous studies [55], we also found
IDO1 overexpression in plaques. Moreover, we
confirmed a strong association between inflamma-
tion and the expression of several kynurenine
pathway enzymes, albeit we identified a pro-
nounced downregulation of KynA branch activity,
which has never been reported in the context of
atherosclerotic disease. It has been shown that
IFNc or the combination of TNF and IL-1b can
suppress KYAT expression in different cells,
including macrophages and dendritic cells [56-
60]. Considering that these are abundant cytoki-
nes present in plaques [61-63], it is likely that
IFNc, TNF and IL-1b can influence KYAT expres-
sion in immune and nonimmune cells.

As mentioned above, increased activation of the
kynurenine pathway has been associated with
CVD risk factors and an increased disease risk.
Notably, the conclusions of several studies have
been drawn based on the comparison of CVD
patients and healthy controls [55,64]. As a unique
feature of our study, we compared the expression
profile and activity of major enzymes in the two
major branches of the kynurenine pathway in
relation to the severity of carotid atherosclerotic
disease. This approach revealed a molecular pat-
tern that could be involved in the destabilization of
plaques, leading to diminished levels of KynA.

Several kynurenine pathway metabolites have
been shown to modulate inflammation [52]. This
is also true for KynA, which has been shown to
inhibit the secretion of IL-6, TNF, and IFNc by
immune cells [24, 65, 66]. In line with these data,
we show that KynA influences inflammation both
in vitro and in vivo. The fact that GPR35 is
expressed in immune cells [24] and that KynA
production is modulated by inflammation suggest
that this receptor-ligand pair is a major
immunoregulatory target. It has been shown that
KynA signalling through GPR35 stimulates
increased energy expenditure in adipose tissue,
coinciding with a local increase in the expression of
anti-inflammatory type II markers and a reduction
in the expression of pro-inflammatory type I mark-
ers [67]. Using pharmacological tools, our data
suggest that KynA signalling via AhR prevails over
signalling via GPR35 in the modulation of macro-
phage activation. The fact that KynA-mediated
effects may vary depending on the cell type and
stimulatory condition [21, 24, 68, 69] warrants
further investigation of the role of this metabolite in
influencing the responses of immune and vascular
cells in the artery wall.

Immune activation, for example, through Toll-like
receptor ligation, induces both AhR mRNA and
protein expression in human dendritic cells and
murine macrophages [70, 71]. It has been shown
that macrophages from AhR-/- mice exhibit
increased production of pro-inflammatory cytokines
such as IL-1b and TNF [72]. Thus, AhR signalling has
been proposed to exert anti-inflammatory effects that
influence the release of IL-10 and inhibit caspase-1
activation and subsequent IL-1b secretion [71, 73, 74].
Interestingly, L-Kyn has also been identified as an AhR
ligand, and its signalling through the receptor impli-
cated in the systemic control of acute inflammation
[75]. Taking into account that Kyn/Trp ratio is
reduced in the circulation of symptomatic unstable
disease patients compared with those asymptomatic,
we speculate that L-Kyn could also play a role in
atherogenesis, through direct effects on AhR or being
the substrate of KynA formation. Whether L-Kyn and
KynA present synergistic or competing properties on
AhR signalling, and whether their combined effects
modulate vascular inflammation requires further
investigation.

Previous analysis of the BiKE cohort showed that
AhR expression was increased in carotid plaques
compared with control arteries [76]. The proposed
mechanism for this increase was that transcription
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factor 21 (TCF21) could cooperate with AhR to
activate inflammatory genes in SMCs that could
contribute to coronary artery disease (CAD) [76].
Whilst this study suggests a deleterious role for
AhR in the process of atherosclerosis, association
studies investigating the relationships of AhR sig-
nalling with the risk and complications of
atherosclerosis-associated diseases are not con-
clusive [77]. Excitingly, recent evidence suggests
that AhR can exert bidirectional effects on the
regulation of inflammation, depending on the
availability of external AhR ligands; in the absence
of external ligands, AhR can mediate pro-inflam-
matory effects [78]. Altogether, these data corrob-
orate our hypothesis that KynA signalling through
AhR is a protective mechanism in the artery wall.

Conclusion

In conclusion, we have found that a deviation in the
kynurenine pathway is associated with increased
vascular inflammation and an increased probabil-
ity of developing symptomatic unstable atheroscle-
rotic disease. Our cell culture and in vivo
experiments in mice suggest that the lack of KynA
production and compromised AhR signalling can
be an important mechanism involved in the regu-
lation of inflammation during atherogenesis. Based
on our study, strategies that can lead to a local
increase in KynA expression in the vascular wall
can have therapeutic potential in the prevention
and treatment of atherosclerotic CVDs.
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