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A B S T R A C T

The kynurenine pathway (KP) is the major metabolic route of tryptophan (Trp) metabolism. Indoleamine 2,3-
dioxygenase (IDO1), the enzyme responsible for the first and rate-limiting step in the pathway, as well as other
enzymes in the pathway, have been shown to be highly regulated by cytokines. Hence, the KP has been im-
plicated in several pathologic conditions, including infectious diseases, psychiatric disorders, malignancies, and
autoimmune and chronic inflammatory diseases. Additionally, recent studies have linked the KP with athero-
sclerosis, suggesting that Trp metabolism could play an essential role in the maintenance of immune homeostasis
in the vascular wall. This review summarizes experimental and clinical evidence of the interplay between cy-
tokines and the KP and the potential role of the KP in cardiovascular diseases.

1. Introduction

The kynurenine pathway (KP) is the major metabolic route of de-
gradation of the essential amino acid tryptophan (Trp). The majority of
Trp metabolism occurs in the liver, intestine, kidney, spleen, and epi-
didymis, where one of the two rate-limiting enzymes of the KP is con-
stitutively expressed, either Tryptophan 2,3-Deoxygenase (TDO2) or
Indoleamine 2,3-Dioxygenase 1 (IDO1). Seminal studies suggest the KP
enzyme genes to be conserved across some species, including chicken,
turkeys, mice, rats, pigs, and humans, while the pathway could be al-
tered in others such as rabbits, hamsters, and gerbils [1]. Hence, evi-
dence from mice and humans suggests that TDO2 governs Trp break-
down under basal conditions, while IDO is induced and regulated by
inflammation [2,3]. Recent studies have linked the KP with athero-
sclerosis, suggesting that Trp metabolism in the vessel wall, via this
pathway, is essential for the maintenance of vascular immune home-
ostasis. This review summarizes the experimental and clinical evidence
of the interplay between cytokines and the KP, as well as support for a
potential role in the peripheral metabolism of Trp in cardiovascular
disease (CVD).

2. The atherosclerotic process

CVDs, which are largely due to atherosclerosis, are the major causes
of death in the Western world and are increasingly becoming so in
developing countries [4]. Atherosclerosis is a diffuse process that occurs
in the large- and medium-sized arteries and is characterized by lipid
deposition, inflammation and fibrosis. It starts during childhood and
usually progresses asymptomatically through most of adult life. Most
likely later in life, it manifests clinical symptoms.

The role of inflammation in atherosclerosis is well recognized [5].
The disease is initiated by ApoB-containing lipoproteins, particularly
low-density lipoproteins (LDL), that accumulate in the intimal layer of
the artery, triggering the recruitment of monocytes and T cells, which
drive a local inflammatory response [6]. Smooth muscle cells (SMCs)
also migrate to the intima, where they proliferate, secrete extracellular
matrix (ECM) proteins, and create a plaque-stabilizing fibrous cap [7].
Orchestrated by cytokines, persistent inflammation can cause thinning
of the fibrous cap, plaque destabilization and rupture. A superimposed
thrombosis, triggered by exposure of the lesion’s core molecules to
coagulation factors and platelets in the blood, promotes the lethal

http://dx.doi.org/10.1016/j.cyto.2017.09.004
Received 5 May 2017; Received in revised form 1 September 2017; Accepted 2 September 2017

⁎ Corresponding author at: Center for Molecular Medicine, L8:03, Karolinska University Hospital, SE-17176 Stockholm, Sweden.
E-mail address: roland.baumgartner@ki.se (R. Baumgartner).

Abbreviations: 3-HAA, 3-Hydroxyanthranilic acid; 3-HK, 3-Hydroxykynurenine; ACMSD, Aminocarboxymuconate Semialdehyde Decarboxylase; AhR, aryl hydrocarbon receptor; APC,
antigen presenting cell; CA, cinnabrinic acid; CVD, cardiovascular disease; CNS, central nervous system; DC, dendritic cell; ECM, extracellular matrix; GM−CSF, granulocyte-macrophage
colony stimulating factor; HAAO, 3-Hydroxyanthranilate 3,4-Dioxygenase; IDO1, Indoleamine 2,3-Dioxygenase 1; IMT, intima-media thickness; KMO, Kynurenine monooxygenase; KP,
kynurenine pathway; KYAT, Kynurenine-aminotransferases; Kyn, kynurenine; KynA, kynurenic acid; LDL, low-density lipoprotein; LPS, lipopolysaccharide; M−CSF, macrophage colony-
stimulating factor; MSC, mesenchymal stem cell; NAD, nicotinamide adenine dinucleotide; NK, natural killer cells; NMDA, N-methyl-D-aspartate; PA, picolinic acid; PBMCs, peripheral
blood mononuclear cells; pDC, plasmacytoid DCs; QA, quinolinic acid; QPRT, Quinolinate Phosphoribosyltransferase; SMC, Smooth muscle cells; TDO2, Tryptophan 2,3-Deoxygenase; Th,
T helper cell; Treg, Regulatory T cell; Trp, Tryptophan; XA, Xanthurenic acid

Cytokine 122 (2019) 154148

Available online 11 September 2017
1043-4666/ © 2017 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/10434666
http://www.elsevier.com/locate/cytokine
http://dx.doi.org/10.1016/j.cyto.2017.09.004
http://dx.doi.org/10.1016/j.cyto.2017.09.004
mailto:roland.baumgartner@ki.se
https://doi.org/10.1016/j.cyto.2017.09.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cyto.2017.09.004&domain=pdf


effects of atherosclerosis, including myocardial infarction and stroke
[8].

3. Innate and adaptive immune cytokines in atherosclerosis: brief
overview

Both innate and adaptive immune responses in atherosclerosis are
orchestrated by cytokines, which can influence all stages of the disease
[9]. Attracted by chemokines in the inflammatory milieu of the plaque,
monocytes can infiltrate the arterial intima and differentiate into
macrophages or dendritic-like cells. In the plaque, macrophage colony-
stimulating factor (M-CSF), granulocyte-macrophage colony-stimu-
lating factor (GM-CSF), Interferon gamma (IFNγ), Interleukin-4 (IL-4)
and Interleukin-13 (IL-13) play key roles in the differentiation and
polarization of these immune cells [10].

M1 polarization of macrophages can be triggered by IFNγ and/or
Toll-like receptor 4 (TLR4) ligation. These cells are the predominant
population of cells in the progressing plaque and are regarded as major
pro-atherogenic players–they secrete pro-inflammatory cytokines such
as interleukin 1 beta (IL-1β), interleukin 12 (IL-12), and TNF.
Moreover, they express high levels of the co-stimulatory molecules
CD80 and CD86 and major histocompatibility complex class II (MHC-
II), which help trigger T helper 1 (Th1)-type T cell responses [5,6,11].
M2 polarization of macrophages can be induced by IL-4 and IL-13. M2
macrophages characteristically produce anti-inflammatory cytokines
such as IL-10, TGFβ, interleukin 1 receptor agonist (IL-1 RA) and have a
high endocytic activity. M2 macrophages are key for the resolution of
inflammation and are regarded as anti-atherogenic [11].

Cytokines also play a key role in the differentiation and polarization
of T and B cells. The adaptive immune response of T and B cells has also
been implicated in the inflammatory processes of atherosclerosis [5].
IL-12 and IFNγ are promoters of Th1 cells, which, in turn, secrete IFNγ
and TNF, two major pro-atherogenic and plaque-destabilizing cytokines
[12]. IL-4 and IL-13 promote the polarization of naïve T cells into Th2
cells, which secrete IL-4, IL-5 and IL-13, while TGFβ in synergy with IL-
6 or IL-1β promotes Th17 cells, which secrete IL-17A/F and IL22 [12].
While the role of Th2 and Th17 cells in atherogenesis remains con-
troversial, another T helper subtype, regulatory T cells (Treg), has been
shown to be anti-atherogenic, through their release of anti-in-
flammatory cytokines such as IL-10 and TGFβ and their regulation of
lipoprotein metabolism [13].

4. Tryptophan degradation via the Kynurenine pathway

The KP has been extensively studied in the context of neu-
ropsychiatric disorders (reviewed in [14,15]). Kynurenic acid (KynA),
which is generated upon action of Kynurenine-aminotransferases
(KYATs 1-4), is an endpoint-stable metabolite that has been implicated
in neuroprotection [16]. By contrast, other metabolites, such as 3-Hy-
droxykynurenine (3-HK), 3-Hydroxyanthranilic acid (3-HAA) and qui-
nolinic acid (QA), have been proposed to mediate excitotoxic and
neurodegenerating effects [16–20], partly due to agonistically signaling
through N-methyl-D-aspartate (NMDA) receptors [21]. KynA, which
has also been shown to interact with the aryl hydrocarbon receptor
(AhR) [22], G protein-coupled receptor 35 (GPR35) [23], and poten-
tially alpha-7 nicotinic receptor [24], can antagonize the effects of 3-
HK, 3-HAA, and QA in the central nervous system (CNS) [25].

Breakthrough discoveries boosted the field of Trp research in the
1990s. Notably, work from Munn and Mellor 1998 showed that IDO is
required for maternal immune tolerance during pregnancy and that
pharmacological inhibition of IDO leads to abortion [26]. This dis-
covery and the notion that the KP can be induced by inflammation
expanded the research in the field beyond neurological disorders. For
example, since the 1950s it has been known that the KP is activated in
certain types of cancer [27,28]. However, not until the 2000s was it
confirmed that tumors themselves can express IDO, which has been

regarded as an important immune-escape mechanism of these cells
[29]. Nowadays, immune-regulatory properties of the KP are described
outside the CNS and in several autoimmune and chronic inflammatory
diseases, including atherosclerosis.

Among the mechanisms by which the KP regulates immunity, it has
been proposed that increased IDO expression and activity lead to mi-
croenvironmental depletion of Trp and increased intracellular pool of
uncharged tRNATrp. Uncharged tRNAs are sensed by the General con-
trol nonderepressible 2 (GCN2) that, via the phosphorylation of
Eukaryotic initiation factor 2α kinase (eIF2α), leads to decreased ri-
bosomal mRNA translation, protein synthesis, and immune cell division
[30]. However, the fact that, IFNγ stimulation induces not only IDO but
also tryptophanyl-tRNA synthetase [31] (which refuels the pool of
uncharged tRNATrp) and that Trp depletion-mediated responses may
occur only upon the “non-physiological” and almost complete absence
of this amino acid [32] indicates that mechanisms other than Trp de-
pletion could be triggered upon the induction of the KP. In this sce-
nario, several Trp metabolites have been found to be bioactive and to
affect both immune and non-immune cells.

In the late 80s, Trp supplementation was linked to an increased
incidence of eosinophilia myalgia syndrome (EMS) [33], which led to a
ban on its use by the United States Food and Drug Administration
(FDA). However later, epidemiologic tracing studies linked EMS to an
impurity, 3-(phenylamino)-L-alanine (PAA), of L-Trp manufacturing
from a single source [34]. In 2005, the FDA lifted the ban on L-Trp
dietary supplements. Interestingly, Trp was recently identified as an
endogenous ligand for GPR139 and GPR142 [35,36]. GPR142 ligation
has been shown to regulate glucose homeostasis, as well as the immune
system [37]. Intriguingly, treatment of mice with a GPR142 agonist and
GPR142 deficiency have been linked to reduced severity of collagen
antibody-induced arthritis (CAIA) in mice [37], warranting further in-
vestigation.

3-HK, 3-HAA and QA can induce apoptosis of activated T cells,
monocytes and epithelial cells [38–40]. KynA and Kynurenine (Kyn)
have been shown to modulate endothelial cell responses, e.g., adhesion
of monocytes under flow conditions [41] and nitric oxide (NO) pro-
duction [42], respectively. Through the interaction with AhR, Kyn has
also been implicated in the generation of Tregs in the thymus [43] and
the downregulation of IFNγ production by T cells [44,45]. Notably, an
autocrine IDO-Kynurenine/AhR-IDO loop has been identified as an in-
hibitory feedback mechanism in dendritic and cancer cells [46,47].

Under basal conditions, Trp degradation occurs mainly in the liver,
where TDO2 and the enzymes necessary for nicotinamide adenine di-
nucleotide (NAD+) synthesis are present. On the other hand, extra-
hepatic degradation of Trp becomes significant only when IDO ex-
pression is increased, e.g., in response to inflammation. Recent studies
have shown that NAD+, similar to the KP, can regulate T cell immunity
[48,49]. Whether NAD+ levels due to increased IDO activity can in-
fluence immunity remains unclear. Nevertheless, most tissues and/or
cell types seem to lack QPRT, the KP enzyme required for the synthesis
of QA and the de novo synthesis of NAD+ [13]. This suggests that NAD-
independent mechanisms may be more predominant, at least extra-
hepatically, upon the activation of the KP.

5. The interplay between cytokines and the KP

The KP is tightly regulated by cytokines. Cytokines can affect the
expression of various KP enzymes, thus orchestrating metabolic
changes that can influence immune cell responses. Tables 1 and 2, and
Fig. 1 summarize the relevant findings that support the influence of
cytokines on the peripheral expression of the KP and vice versa.

5.1. Cytokines fine-tune Trp metabolism along the KP

Cytokines regulate Trp degradation along the KP in many cell types,
including non-immune cells, e.g., fibroblasts, keratinocytes, epithelial
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cells, endothelial cells, SMCs, and tumor cells. IDO mRNA is often found
to be low or undetectable under physiological or non-inflammatory
conditions [50]. On the other hand, IFNγ stimulation can increase IDO
mRNA by thousands of fold [51]. IFNγ triggers Jak/Stat1 and PKCδ
signaling, and a gamma interferon activation site (GAS) and internal
ribosome entry site (IRES) can be found in the promoter region of the
IDO1 gene [51]. Similar to the effects of IFNγ, other cytokines, such as

TNF, IL-1β, IL-6, IL-12, IL-18, IL-23, and type I interferons have been
reported to induce IDO expression [52–62]. Hence, the canonical and
non-canonical NF-κB [63] and c-Jun [64] signaling pathways have been
implicated in transducing the signal from cytokines.

Although several cytokines may act alone in the modulation of IDO
expression, recently, the synergistic effects of IFNγ and TLR ligation,
CD40-CD40L, and CD80/86-CTLA-4 [65–67] have been identified.

Table 1
Overview of the regulation of the KP by cytokines.

Cytokine Effect Cells involved Species Ref.

IL-1β [↑] KYNU
[−] KMO, KAT1-4

Fibroblasts human [53]

[↑] IDO1, KMO
[−] KYNU, QPRT, KYAT2, KYAT 4
[↓] TDO2, KYAT1, KYAT3

Pancreatic island cells rat [52]

[−] IDO1 Pancreatic island cells human [74]
IL-4 (IFNγ) [↓] IDO1 Monocytes

Pancreatic island cells
human [73]

[74]
IL-6 [↑] IDO1 Tumor cells human [47]

[↑] IDO1 MDSC human [62]
[−] KYNU, KMO, KYAT 1-4 Fibroblasts human [53]

IL-10 (+LPS) [↓] IDO1 DC mouse [54]
(+IFNγ) [↑] IDO DC mouse [75]
(+IFNγ) [↑] IDO MSC human [76]

[−] IDO1, KYNU PBMC, Endothelial cells human [83]
IL-12(+LPS) [↑] IDO1 DC mouse [54]

[↑] IDO1 Osteosarcoma cell line human [55]
IL-13 [−] IDO1, KYNU PBMC, Endothelial cells human [83]
IL-17 [−] IDO1, KYNU PBMC, Endothelial cells, Keratinocytes human [83]
IL-18 [↑] IDO1 Osteosarcoma cell line human [55]
IL-22 [↑] KYNU Keratinocytes human [138]
IL-23 [↑] IDO1, KYNU

[−] TDO2, IDO2
Whole skin mouse [56]

IL-27 [↑] IDO1 Intestinal epithelial cells mouse [57]
IFNα [↑] IDO1 Splenocytes mouse [58]

[↑] IDO1 DC human [139]
IFNβ [↑] IDO1, IDO2, KMO, KYNU

[−] IDO2, TDO2, KYAT1, KYAT2, HAAO, ACDMS, QPRT
MSC human [60]

[↑] IDO1
[−] HAAO, QPRT,

Macrophages human [59]

IFNγ [↑] IDO1, IDO2; KMO, KYNU HAAO
[−] TDO2
[↓] KYAT1, KYAT2, QPRT, ACDMS

MSC mouse human [60]

[↑] IDO1, IDO2, (KMO), KYNU, HAAO, (TDO2)
[↓] KYAT1, KYAT2, KYAT3, ACDMS, (QPRT)

Macrophages human [60,80]

[↑] IDO1; KYNU PBMCs human [83,140]
[↑] IDO1, TDO2, KMO, KYNU, HAAO
[↓] QPRT, KYAT1, KYAT2, KYAT3, ACMSD

DC human [69][80]

[↑] IDO1, KYNU, HAAO, ACMSD[−]TDO2; IDO2, KMO, KYAT2 KYAT4, QPRT,
[↓] KYAT1, KYAT3

Fibroblast human [53,81,82]

[↑] IDO1, KMO, KYNU, HAAO, ACMSD
[−] TDO2, IDO2, QPRT, KYAT1-4,

Keratinocytes human [81,83]

[↑] IDO1, KAT3
[−] TDO2, KMO, QPRT, KYAT1, KYAT2, KYAT4

Prim. pancreatic island cells rat [52]

[↑] IDO1, KAT3, QPRT
[−] TDO2, KMO, KYAT1, KYAT2, KYAT4

INS-1 cells rat [52]

[↑] IDO1, KYNU, HAAO, KYAT2, KYAT3
[−] KYAT1, QPRT

Preadipocytes human [50]

[↑] IDO1, KYNU, HAAO, KYAT3
[−] KYAT1, KYAT2, QPRT

Adipocytes human [50]

[↑] IDO1
[−] KYNU

Endothelial cells human [83]

IFNλ [↑] IDO1 Respiratory epithelial cell line human [61]
TNF [↑] KYNU

[−] IDO1, TDO2, KAT1-4, KMO, HAAO, QPRT
Fibroblasts human [53,82]

[↑] IDO1, KYNU Endothelial cells human [83]
TNF(+IFNγ) [↑] IDO1, KYNU, HAAO

[−] KYAT2, KMO
[↓] TDO2, KYAT1, KYAT3, KYAT4, QPRT

Fibroblasts human [53,82]

TGFβ [↑] IDO1 pDCs mouse [43,77]

() additional stimuli are shown between brackets; [↑] or [↓] indicates expressional up- or downregulation, [−] when not influenced; enzymes in round brackets () are differently regulated
dependent on the investigated cell type; MDSC, myeloid-derived suppressor cell; DC, dendritic cell; TDO2, Tryptophan 2,3-Deoxygenase; IDO1, Indoleamine 2,3-Dioxygenase1; IDO2,
Indoleamine 2,3-Dioxygenase 2; KMO, Kynurenine monooxygenase; KYNU, Kynureninase; KYATs, Kynurenine-aminotransferases; HAAO, 3-Hydroxyanthranilate 3,4-Dioxygenase; QPRT,
Quinolinate Phosphoribosyltransferase, ACMSD, Aminocarboxymuconate Semialdehyde Decarboxylase.
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CD80/86-CTLA-4 signaling on dendritic cells (DCs) has been shown to
promote Treg formation and tolerance [68]. IDO expression and ac-
tivity can be regulated at the transcriptional and post-translational le-
vels [69]. IL-6-dependent induction of Suppressor of cytokine signaling
3 (SOCS3) has been shown to drive IDO protein degradation in the
proteasome [70]. Notably, IL-6 has been shown to inhibit IDO activity
in mature DCs, even in the presence of IFNγ [71,72].

Released by Th2 cells, IL-4 has been shown to downregulate IDO
expression by opposing the effects of IFNγ [73]. Also released by Th2 as
well as by Tregs, IL-10-mediated effects on IDO remain unclear. It has
been proposed that by opposing the effects of IFNγ, IL-10 can down-
regulate IDO expression [54,73,74]. However, it has also been sug-
gested that IL-10 can act synergistically with IFNγ or IFNβ to promote
IDO expression in DCs [75] and mesenchymal stem cells (MSCs) [76],
respectively.

TGFβ, which can be released by fibroblasts, eosinophils, platelets,
and Tregs, has emerged as a key anti-inflammatory cytokine inducing
IDO expression in plasmacytoid DCs [43,77,78]. However, inhibition of
IDO expression by TGFβ that can inhibit IFNγ-mediated responses has
also been reported [79].

Other enzymes besides IDO in the KP can also be regulated by cy-
tokines (summarized in Table 1). Notably, KYATs, which are re-
sponsible for catalyzing the synthesis of KynA, seem to be

downregulated upon pro-inflammatory cytokine challenge, e.g., IFNγ
reduces KYAT expression by macrophages [60,80], MSCs [60], and fi-
broblasts [53,81,82]. Similarly, the combination of pro-inflammatory
cytokines, such as TNF and IL-1β, has been shown to substantially re-
duce KYAT expression by pancreatic cells and fibroblasts [52,53,82].

L-Kyn is a substrate for Kynurenine monooxygenase (KMO), which
is the rate-limiting enzyme within the pathway branch leading to QA
(Fig. 1). Similar to IDO, the promoter region of KMO gene contains sites
for Stat1 and IRF1 binding. Thus, KMO can be induced by IFNβ and
IFNγ in MSCs, keratinocytes, macrophages and DCs [60,69,80,81,83].
In line with this, increased IFNγ expression in mice results in high levels
of circulating 3-HK, the product of the breakdown of L-Kyn by KMO
[84]. IL-1β has also been shown to increase KMO expression in pan-
creatic cells and in hippocampal progenitor cells [85], while in mac-
rophages, M2s rather than M1s have been show to express high levels of
KMO [50].

Kynureninase (KYNU), which catalyzes the conversion of 3-HK into
3-HAA, has been found upregulated in the skin of patients with psor-
iasis disease. In these patients, KYNU is usually found co-expressed with
IDO. Endothelial cells, keratinocytes, and PBMCs exposed to IFNγ and
TNF express high levels of IDO and KYNU [83]. The combination of
IFNγ and TNF can also induce 3-Hydroxyanthranilate 3,4-Dioxygenase
(HAAO) [82], which catalyzes the synthesis of QA. There are fewer and

Table 2
Overview of the regulation of inflammation and cytokine release by KP metabolites.

Metabolite Cell-type Effect directly or indirectly influencing cytokine production Species/Cell line Reference

Trp T cells Restores T cell proliferation in IDO induced T cell anergy mouse [141]

Kyn T cells Th1 apoptosis human [40,69]
Treg induction (via AhR*) mouse [43]

Neutrophils Apoptosis mouse [142]
Mast cells [↑] IL-6 (via AhR*) RBL2H3 [112]
Mast cells [↑] IL-13 (via AhR) mouse human [113]
iNKT [↓] IL-13 and IFNγ, and at higher concentrations also IL-4 mouse [44]
Whole blood [↓] IFNγ upon in LPS/PHA human [45]

3-HK Epithelial cells Apoptosis HLE-B3 [39]
T cells [↑] IL-22 when activated with CD3/CD28 (via downstream metabolite) human [95]

3-HAA iNKT [↓] IL-13 and IFNγ, and at higher concentrations also IL-4 mouse [44]
T cells [↑] IL-22 when activated with CD3/CD28 (via downstream metabolite) human [95]
T cells Apoptosis of Th1 but not Th2 mouse [40]
T cells Apoptosis of activated Th2 cells (via PDK1/NF-κB inhibition) mouse [38]
Th17 cells [↓] IL-17 mouse [143]
T cells Inhibits differentiation of Th1 but not Th17, and induces Treg differentiation. mouse [98]
T cells Apoptosis when activated with SEA (via GSH depletion) mouse [144]
T cells [↓] IL-2 in ApoB100 directed T cell hybridoma, upon ApoB100 or ConA mouse [135]
Macrophages Apoptosis mouse [40]
DC [↓] of IL-12, IL-6 and TNF upon LPS (via c-Jun/p38) mouse [100]
DC [↑] TGFβ and induction of Tregs mouse [98]
DC Promotes maturation of LPS treated DC human [145]
Keratinocytes [↑] IL-20 human

AA iNKT [-] IL-4, IL-13 and IFNγ mouse [44]
Whole blood [↓] IL-10 upon LPS/PHA human [45]
Thymocytes Apoptosis mouse [40]
Keratinocytes [↑] IL-20 human [83]

KynA Mast cells [-] IL-6 or IL-13 (via AhR) RBL2H3 mouse human [112] [113]
Macrophages [↓] IL-10 upon LPS (via ERK2 and Mrp4) mouse [107]
PBMC/Monocytes [↓] TNF upon LPS human [23]
Whole blood Reduction in LPS/PHA induced TNF human [45]
Splenocytes [↑] IL-1β, IL-6, IL-10 and TNF[↓] IL-6 and TNF upon LPS mouse [105]
Breast tumor [↑] IL-6 release upon IL-1β (via AhR) MCF-7 [22]
iNKT [↓] IL-4 release upon αGalCer (via GPR35) human [106]

Pico Macrophages Augments IFNγ signaling mouse [146]

CA T cells [↑] IL-22 upon CD3/CD28 (via AhR) human [95]

XA Whole blood [↓] IL-10 in LPS/PHA induced human [45]

Only non-neuronal cells were included in the table; metabolites increase [↑] or reduce [↓] cytokine levels alone or upon stimulation. Trp, Tryptophan; Kyn, Kynurenine; 3-HK, 3-
Hydroxykynurenine; 3-Hydroxyanthralinic acid; QA, Quinolinic acid; KynA, Kynurenic acid; AA, Anthranilic; Pico, Picolinic acid; CA, Cinnabarinic acid; XA, Xanthurenic acid; AhR*
indicates that Kyn has a distinct effect on the AhR, while other agonists have a different effect. SAE, staphylococcal enterotoxin A.
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sometimes conflicting data about the regulation of TDO2, QPRT, A-
CMSD by cytokines [50,53,60,80,86]. While it is well known that
hormones [87–89] and Trp itself [90] can regulate TDO2 expression, IL-
1β has been implicated in its downregulation [52] and TNF in combi-
nation with IFNγ in its upregulation [80].

5.2. KP metabolites regulate inflammation and cytokine production

The concentrations of KP-metabolites range from low nanomoles to
micromoles [91]. However, these levels can increase substantially in
tissues, especially upon inflammation. Therefore, inflammation has
been associated with increased QA levels in the CNS by more than 100-
fold [92]. Site-specific differences in the concentrations of Trp meta-
bolites can be seen in different organ compartments; for example, KynA
can be found at the approximate concentrations of 65 nM in plasma,
129 nM in the spleen, and 16 µM at the lumen of the small intestine
[93].

Several Trp metabolites, including Kyn, 3-HK, 3-HAA, and QA, have
been shown to induce the apoptosis of T, B, and Natural Killer (NK)
cells, as well as neutrophils [38,40,44,94], particularly at high micro-
molar concentrations levels. At lower concentrations, both 3-HK and 3-
HAA have been implicated in the modulation of Th17 cells, influencing
the release of IL-22 and IL-17 [95,96]. Kyn has also been suggested to
influence Th17 cells, however, by shifting T cell responses towards the
generation of anti-inflammatory Tregs [97].

The metabolite 3-HAA is one of the most studied Trp-derived mo-
lecules in the context of inflammation. In general, 3-HAA is referred to
as an anti-inflammatory metabolite able to influence the release of IL-2,

IL-6, IL-12, IL-13, IL-17, IL-20, TNF and IFNγ by different immune cells
(illustrated in Table 2 and Fig. 1). On the other hand, 3-HAA has been
implicated in the induction of TGFβ on DCs and increased Treg dif-
ferentiation [98,99]. It has been proposed that 3-HAA’s anti-in-
flammatory effects may involve the inhibition of the 3-phosphoinosi-
tide-dependent protein kinase-1 (PDK1), NF-κB, and the p38/c-Jun
pathways [38,100]. Hence, 3-HAA has shown protective effects in
several pre-clinical models of disease, including experimental auto-
immune encephalomyelitis [98], asthma [38], and organ rejection [40].

Similar to 3-HAA, a synthetic analogue of this Trp metabolite, N-
[3,4-dimethoxycinnamoyl]-anthranilic acid (3,4-DAA), which is com-
mercially known as Tranilast or Rizaben, has also shown promising
anti-inflammatory effects. Tranilast can modulate the release of pro-
inflammatory cytokines [101] and reduce disease burden in pre-clinical
models of graft versus host disease [102], experimental colitis [103],
and rheumatoid arthritis [104].

Another important bioactive Trp metabolite, KynA, has been im-
plicated in the modulation of inflammatory responses. KynA can inhibit
the release of IL-6 and TNF by mouse splenocytes and human mono-
cytes [23,45,105], as well as the release of IL-4 by α-galactosylceramide
(αGalCer)-activated iNKT cells [106]. While these studies suggest an
anti-inflammatory role for KynA, some studies suggest this metabolite
could have pro-inflammatory effects by inhibiting IL-10 production or
inducing the release of IL-6, IL-1β, TNF [22,105,107].

Cinnabarinic acid (CA), which is generated through the oxidative
dimerization of 3-HAA, is a potent inducer of T cell apoptosis [108].
CA, and not 3-HAA or 3-HK, activates the AhR and influences the re-
lease of IL-22 and the balance between Th17 and Tregs [95,109,110].

Fig. 1. Diagram of the regulation of the Kynurenine pathway (KP) and its effects on inflammation. Yellow rectangles denote metabolites; light-pink ellipses denote KP-enzymes; green
circled pluses indicate induction by given cytokines; red circled minuses signify expression reduction; black solid lines show the metabolic routes of the pathway; red dashed lines indicate
the effect of metabolites on immune cells; gray boxes denote cytokines; TDO2, Tryptophan 2,3-Deoxygenase; IDO1, Indoleamine 2,3-Dioxygenase1; IDO2, Indoleamine 2,3-Dioxygenase
2; KMO, Kynurenine monooxygenase; KYNU, Kynureninase; KYATs, Kynurenine-aminotransferases; HAAO, 3-Hydroxyanthranilate 3,4-Dioxygenase; QPRT, Quinolinate
Phosphoribosyltransferase, ACMSD, Aminocarboxymuconate Semialdehyde Decarboxylase; NAD, Nicotinamide adenine dinucleotide; Th, T helper cell; Treg, regulatory T cell, DC,
dendritic cell.
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Xanthurenic acid (XA) and Kyn have also been identified as potential
AhR ligands [111]. Interestingly, it has been shown that Kyn can in-
crease IL-6 and IL-13 by mast cells [112,113] while reducing the release
of IL-13 by iNKT cells [44]. Such discrepancies involving the signaling
of Trp metabolites via AhR suggest this interaction could be ligand-
dependent. Notably, it has been suggested that AhR-mediated effects on
inflammation are very distinct and depend on the nature of the ligands
[114,115].

6. The KP in atherosclerosis and CVD

Alterations in the Trp metabolism through the KP have been linked
to CVDs either through associations with the modulation of classic risk
factors of disease, e.g., blood pressure, plasma lipoprotein and glucose
levels, and obesity, or cardiovascular clinical outcomes [116]. High
Kyn/Trp ratio, used as a surrogate for IDO activity, has been reported in
patients with coronary heart disease [117–119] and angina pectoris
[120]. In this context, Kyn/Trp ratio has been proposed as a predictive
marker of acute coronary events, including unstable angina, acute
myocardial infarction, and sudden death [121,122].

Whether the Kyn/Trp ratio can be used as an independent marker
for atherosclerosis progression remains unclear. Positive associations
between the Kyn/Trp ratio and intima-media thickness (IMT) have been
shown to lose their significance after adjusting for classical disease risk
factors [123,124]. Downstream of IDO in the KP, the levels of 3-HK and
3-HAA and the QA/Kyn ratio have been associated with inflammation
and CVD in patients with severe renal dysfunctions [125–127]. Re-
cently, increased KynA levels in plasma have also been associated with
CVD [107].

Experimentally, the KP has been implicated in the modulation of
inflammatory responses in vascular and immune cells. In the plaque,
IDO expression was confirmed among macrophages, endothelial cells,
and SMCs [107,128]. Interestingly, IFNγ stimulation of SMCs induces
higher IDO levels and increased Trp degradation compared to that in
macrophages or endothelial cells [129]. Thus, IDO expression on SMCs
has been regarded to confer medial immune privilege [130].

Recently, direct evidence for the role of IDO in atherosclerosis has
been obtained in hyperlipidemic animal models of disease.
Pharmacological inhibition with 1-Methyl tryptophan (1-MT) [131], as
well genetic ablation [101] of IDO results in a substantial increase in
vascular inflammation and accelerated atherosclerosis. In these studies,
IDO ablation led to increased vascular inflammation, especially influ-
encing macrophages and other innate immune markers in the plaque
[101,131]. Confirming previous evidence that the KP plays an im-
portant role in the response of SMCs, Apoe-/- mice treated with 1-MT
had increased medial inflammation [131], and Apoe-/-Ido-/- mice had
fewer SMCs in the plaque [101].

Regardless of whether the ablation has been shown to be deleterious
to disease, increased IDO expression among DCs, particularly pDCs, has
been shown to modulate T cell responses and protect against athero-
sclerosis [132–134]. Notably, the induction of IDO on pDCs has been
linked to reduced infiltration of macrophages and T cells, as well as a
substantial increase in SMCs and collagen-positive areas in the plaque
[132]. On the other hand, loss of IDO+pDCs resulted in decreased
numbers of Tregs and reduced IL-10 levels in the aorta [134], corro-
borating the findings of Cole et al., 2015, showing that IDO deficiency
leads to reduced IL-10 expression by immune cells and in serum [101].
Nevertheless, one study, using LDLr-/- mice, suggested a deleterious
role of IDO in inflammation and atherosclerosis, and also reported
contradictory data on the role of IDO in inducing IL-10 [107]. Although
this raises the question of whether as-yet-unknown conditions may alter
the role of the KP in the regulation of inflammation and atherosclerosis,
further investigations are needed. However, given that the notion of
IDO playing a deleterious role in atherosclerosis has not yet been re-
produced by other studies, a cautious interpretation is warranted.

Additional evidence supporting an atheroprotective role of the KP

has been raised by in vivo studies using Trp metabolites. Treatment of
Ldlr-/- with 3-HAA substantially reduced vascular inflammation and
decreased atherosclerosis [135]. Interestingly, 3-HAA treatment has
been shown to reverse the deleterious effects of the pharmacological
inhibition of IDO in atherosclerosis in Apoe-/- mice [131]. Surprisingly,
for a metabolite first thought to be anti-inflammatory, 3-HAA showed
potent lipid-lowering effects, which could have a direct impact on
atherogenesis [135].

In line with the atheroprotective role of 3-HAA, its synthetic ana-
logue Tranilast has been shown to reduce atherosclerotic lesion size in
rabbits and mice [101,136]. In these studies, it was shown that Trani-
last inhibited the pro-inflammatory response of T cells and promoted
the anti-inflammatory response of B cells [101,136]. Tranilast has been
tested in the context of CVD in humans in the Prevention of REStenosis
with Tranilast and its Outcomes (PRESTO) trial. Despite no clear ben-
efits for restenosis, a significant reduction in myocardial infarction was
observed upon its use [137].

7. Conclusions and future perspectives

Inflammation and its associated cytokine milieu play a pivotal role
in the process of atherogenesis. The KP is regulated by cytokines, and
recent evidence supports a key role for the KP in the regulation of in-
flammation and tolerance mechanisms. Not surprisingly, the KP has
been linked to atherosclerosis and CVD. Thus, IDO, which can be ex-
pressed by macrophages, endothelial cells and SMCs in the vascular
wall, emerges as a key atheroprotective enzyme promoting immune
homeostasis. Whether other KP enzymes and their downstream Trp
metabolites play a role in atherosclerosis remains largely unknown.
Data obtained in pre-clinical work using 3-HAA or its synthetic ana-
logue 3,4-DAA suggest that targeting the KP could be a very efficient
way of combating atherosclerotic plaque formation. Notably, specific
targeting of the KP could lead to beneficial effects on lipoprotein me-
tabolism and other classic risk factors for CVD in addition to influencing
inflammation. Despite this knowledge, the detailed mechanisms of ac-
tion of several Trp metabolites and their molecular targets remain
unidentified. A better understanding of the role of the KP in CVD
warrants further investigation, which could lead to the discovery of
novel therapeutic targets to prevent and treat CVD.
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