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Editorial on the Research Topic

Multiple Implications of the Kynurenine Pathway in Inflammatory Diseases: Diagnostic and
Therapeutic Applications

The kynurenine pathway is responsible for metabolising most of the free tryptophan in mammals. It
is activated by infectious agents, inflammatory mediators and stress, which trigger the induction and
activity of key enzymes such as indoleamine-2,3-dioxygenase (IDO1), kynurenine-2,3-
monooxygenase (KMO) and kynureninase. The biological effects of the various downstream
metabolites of the kynurenine pathway have been linked with symptom development and disease
progression in a wide range of disorders (1–3) The aim of this Research Topic - which includes 11
original articles and 2 reviews - is to explore the role of the kynurenine pathway and its metabolites
in a wide range of diseases of infectious, autoimmune, or neuro-immunological origin.

There is an extensive interaction between the kynurenine pathway and the immune system (4).
Rheumatoid arthritis (RA) is one of the most common inflammatory disorders and its treatment has
been revolutionised by the introduction of compounds which interfere with the proinflammatory
activity of Tumor Necrosis Factor alpha (TNF-a). However, up to half of RA patients have an
inadequate response to these drugs, or lose response over time, so that alternative ways of
modulating TNF-a levels or receptors are under investigation. Kynurenic acid might be a
potential regulator of inflammatory processes in arthritic joints (5). Balog et al demonstrate that
a synthetic analogue of kynurenic acid - SZR72 - inhibited TNF-a production in whole blood
samples from RA patients while raising levels of TNF-a-stimulated gene 6. The detailed mechanism
of these effects should prove interesting, especially the important question of whether the sites of
action of SZR72 overlap those of kynurenic acid itself. Answers would be relevant to other work
showing that IDO1 activation can reduce the symptoms of experimental arthritis. Indeed systemic
administration of the same analogue, as well as kynurenic acid itself, inhibits many of the
consequences of pancreatic inflammation and acinar cell damage in an animal model (Balla et al.)

Kynurenic acid analogues represent potential neuroprotective agents in experimental sepsis. Sepsis
is defined as a dysregulated host response to infection, which can lead to life-threatening organ failure.
org February 2022 | Volume 13 | Article 86086715
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The brain is among the potentially injured vital organs, causing
central nervous system (CNS) dysfunctions (6). Poles et al. reported
reduced peripheral Neutrophil Extracellular Trap (NET) formation,
lowered blood-brain barrier (BBB) permeability changes and
alleviation of mitochondrial dysfunction in the CNS by exogenous
kynurenic acid or its synthetic analogues SZR-72 and SZR-104 in a
clinically relevant rodent model of intra-abdominal sepsis.

TNF-a may also be relevant in other conditions where there is
kynurenine pathway activation. In addition to infections of the
nervous system, the kynurenine pathway is activated by various
forms of stress. Myint et al. report that childhood stressors also
increase serum TNF-a levels in parallel with an increased ratio of 3-
hydroxyanthranilic acid to anthranilic acid, a ratio previously shown
to reflect the presence of inflammation (7) supporting possible links
between the kynurenine pathway and TNF-a.

The kynurenine pathway represents a major link between the
immune system and other organs especially the CNS (8). The
kynurenine pathway generates metabolites, such as quinolinic acid
produced by activated monocytic cells, which activate glutamate
receptors sensitive to N-methyl-D-aspartate (NMDA) and
kynurenic acid, produced by astrocytes, which blocks glutamate
receptors. As glutamate is the dominant excitatory neurotransmitter
in the CNS, changes in the kynurenine pathway activity can have
profound effects on neural function, behaviour, and
neurodegeneration. Del’Arco et al. have studied the impact of
infection by the parasite Neospora and show the associated
changes in kynurenine pathway metabolites and their relationship
with neurodegeneration.

The problems of understanding kynurenine pathway activity in
the CNS relate to the complexity of several interacting factors.
Firstly, there is the balance between quinolinic acid as an excitant
and potentially neurotoxic compound and kynurenic acid which
Frontiers in Immunology | www.frontiersin.org 26
inhibits neural excitation and is neuroprotective. Secondly, there is
the concentration dependence of responses to these agents since
excitation at low levels can cause inactivation or become toxic at
higher levels. Thirdly, there is a question of how changes in the
production of any of the kynurenine metabolites may modify
activity in a different cell type or tissue, generating a variety of
effects and modulatory influences on other tissues.

During fungal infection by Paracocidioides, kynurenine acted on
Aryl Hydrocarbon Receptors (AhR) to modulate the production of
immune cell sub-populations? (de Araújo et al.) AhR mediate some
effects of kynurenine and kynurenic acid on cell growth and
differentiation, and represent a central feature of the IDO1-
kynurenine-AhR-IDO1 positive feedback system (9, 10). The
kynurenines (particularly kynurenine itself) are well known to
promote regulatory T cell differentiation, while suppressing pro-
inflammatory Th17 cell generation and this concept was extended
by the authors to account for the reduced numbers of inflammatory
activated CD11c+ cells in the lungs, thus inhibiting pulmonary
inflammation. Kynurenine pathway activation is also likely to be
involved in other peripheral pathologies such as those affecting the
general vascular system (Ramprasath et al.) and coronary arteries
(Gáspár et al.).

One of the continuing debates in the field of the research on the
kynurenine pathway in the nervous system is whether
measurements of kynurenine and its downstream metabolites
in peripheral blood reflect their levels within the CNS. Only
kynurenine and 3-hydroxykynurenine (3-HK) have the ability
to cross cell membranes and penetrate tissue readily, or to cross
the blood-brain and placental barriers. This is an important issue
in view of the activity of the kynurenine pathway metabolites
quinolinic acid and kynurenic acid noted above. Skorobogatov
et al. have analysed the results of studies directly comparing blood
FIGURE 1 | Kynurenine metabolites and the blood brain barrier (BBB) Skorobogatov et al. Tryptophan (TRP) and kynurenine (KYN), and to a lesser degree 3-hydrox
kynurenine (3-HK) are actively transported into the brain over LAT1 transporters. Downstream metabolites of the kynurenine pathway (KP), like quinolinic acid
(QUINO) and kynurenic acid (KA), cannot make use of these transporters, but (probably limited) passive diffusion of these metabolites over the BBB is possible.
Anthranilic acid AA and 3-hydroxy anthranilic acid (not shown in figure) may equally pass the blood brain barrier through passive diffusion, much like QUINO. In the
brain, microglia are responsible for the production of metabolites 3-HK and QUINO, whereas astrocytes produce KA. Peripheral production of these KP metabolites
is done by blood immune cells, such as blood monocytes (PBMC) and other organs, including liver and kidney. The gut microbiome, which plays a role in psychiatric
illness through the gut-brain axis, also affects KP metabolization.
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and CNS levels (Cerebrospinal fluid or brain tissue) of kynurenine
pathway compounds (Figure 1) or their relationship to symptoms
and severity in a range of psychiatric conditions This demonstration
should help in the interpretation of peripheral measurements in
relation to disease progression and response to treatment for some
psychiatric disorders. However, it is important to highlight that this
may not be applicable to all disorders. For example, conditions with
different degrees of involvement of the immune system, other
peripheral tissues, and CNS may exhibit major differences because
there is a differential production or modulation of kynurenine
pathway activity influencing one tissue more than another.

Hebbrecht et al. summarise a systematic review of 21 studies
of patients with bipolar disorder. The conclusion was drawn that
kynurenine pathway activity is lower in these patients than in
control subjects. This is an important outcome, as a large body of
literature has suggested increased kynurenine pathway activity in
major depressive disorders. The qualitative difference in the
results may therefore provide valuable clues as to the aetiology,
symptomatic differences, long-term prognosis, and treatment
options in these rather different disorders.

ALS (Amyotrophic Lateral Sclerosis) is a late onset
neurodegenerative disease. Neuroinflammation and the kynurenine
pathwayhavebeen functionally implicated inmanyneurodegenerative
diseases including ALS (11). Fifita et al. investigated the genetic
contribution of 18 genes involved in tryptophan metabolism in
Frontiers in Immunology | www.frontiersin.org 37
patients with sporadic ALS. They concluded that genetic variation in
four genes were directly involved in kynurenic acid synthesis from 3-
hydroxykynurenine, and these genes may be associated with sporadic
ALS and may confer risk to developing disease.

Mondanelli et al. evaluated the in vivo IL-6 dependency of
IDO1 expression and activity in obesity. A dominant role of IL-6
in upregulating IDO1 in the adipose tissue of obese mice
was observed.

We would like to thank all the contributors to this Research
Topic and the reviewers for generously giving their time
and expertise.
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Objectives: Rheumatoid arthritis (RA) is a chronic, inflammatory joint disease with

complex pathogenesis involving a variety of immunological events. Recently, it has been

suggested that kynurenic acid (KYNA) might be a potential regulator of inflammatory

processes in arthritis. KYNA has a definitive anti-inflammatory and immunosuppressive

function. The aim of the present study is to investigate the complex effects of a newly

synthesized KYNA analog—SZR72 on the in vitro production of tumor necrosis factor-α

(TNF-α), tumor necrosis factor-stimulated gene-6 (TSG-6), calprotectin (SA1008/9),

SA100 12 (EN-RAGE), and HNP1–3 (defensin-α) in the peripheral blood of patients with

RA and the various effects of the disease.

Methods: Patients with RA (n = 93) were selected based on the DAS28 score,

medication, and their rheumatoid factor (RF) status, respectively. Peripheral blood

samples from 93 patients with RA and 50 controls were obtained, and activated by

heat-inactivated S. aureus. Parallel samples were pretreated before the activation with

the KYNA analog N-(2-N, N-dimethylaminoethyl)-4-oxo-1H-quinoline-2-carboxamide

hydrochloride. Following the incubation period (18 h), the supernatants were tested for

TNF-α, TSG-6, calprotectin, S100A12, and HNP1–3 content by ELISA.

Results: SZR72 inhibited the production of the following inflammatory mediators:

TNF-α, calprotectin, S100A12, and HNP1–3 in whole blood cultures. This effect was
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observed in each group of patients in various phases of the disease. The basic (control)

levels of these mediators were higher in the blood of patients than in healthy donors. In

contrast, lower TSG-6 levels were detected in patients with RA compared to healthy

controls. In addition, the KYNA analog exerted a stimulatory effect on the TSG-6

production ex vivo in human whole blood cultures of patients with RA in various phases

of the disease.

Conclusion: These data further support the immunomodulatory role of KYNA in RA

resulting in anti-inflammatory effects and draw the attention to the importance of the

synthesis of the KYNA analog, which might have a future therapeutic potential.

Keywords: kynurenine, TNF-α, TSG-6, TNFα-stimulated gene-6, calgranulins, HNP1–3, rheumatoid arthritis

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic, inflammatory joint
disease of autoimmune nature. The pathogenesis of the disease is
complex, involving both immunological and genetic factors (1).
RA is a systemic disease, but a variety of immunological events
may occur outside the joint (2). Cytokines are known to have
an established role in the disease pathogenesis. Pro-inflammatory
cytokines, such as tumor necrosis factor-α (TNF-α), IL-1, and
IL-17, provoke and maintain inflammation as well as bone and
cartilage degradation (3). It is plausible and noteworthy that

FIGURE 1 | The structures of (A) kynurenic acid (KYNA) and (B) of the KYNA

analog 2-(2-N,N-dimethylaminoethylamine-1-carbonyl)-1H-quinolin-4-one

hydrochloride (18, 19) SZR72.

TABLE 1 | Clinical characteristics of healthy individuals and RA patients.

Characteristics Healthy individuals

n = 50

RA remission

n = 30

RA mild

n = 18

RA moderate

n = 27

RA active

n = 18

Age, years 58 [46–67] 60 [53–67] 67 [59–73] 63 [55–73] 64 [56–74]

Gender, male/female 8/42 5/25 2/16 7/20 6/12

RA duration, years – 16 [4–19] 11 [3–19] 8 [1–12] 1.5b,c [0.33–9]

Rheumatoid factor (U/mL) – 258 [92–500] 84 [19–428] 94 [42–468] 181 [17–500]

Anti-MCV (U/mL) – 309 [53–999] 90 [24–825] 158 [55–−895] 83 [17–491]

CRP (mg/L) BLD [BLD−2.3] BLD [BLD−3.9] 3.6 [BLD−6.5] 11.4a,b,c [7.3–28] 23a,b,c [8.5–66]

ESR (mm/h) 7.5 [5–9] 11.5 [7–22] 25a [12–44] 38a,b [26–58] 38a,b [25–78]

Data are expressed as median [interquartile range]. Comparisons were made using the Kruskal–Wallis test. ap < 0.05 vs. healthy individuals, bp < 0.05 vs. RA remission, cp < 0.05 vs.

RA mild. BLD, below the level of detection (<2 mg/L).

anti-cytokine agents seem to emerge as potent biological active
molecules in the treatment of RA (4, 5).

Recently, it has been suggested that kynurenic acid (KYNA)
might be a potential regulator of inflammatory processes in
arthritic joints (6). Moreover, in a recent study, it has been
observed that kynurenine prevents the development of the
disease, while inhibition or deletion of indoleamine 2, 3-
dioxygenase 1 (IDO1) has increased its severity (7).

Kynurenic acid is a product of the kynurenine pathway of
tryptophan metabolism (8). KYNA is an antagonist of ionotropic
glutamate receptors, such as N-methyl-D-aspartate (NMDA)
(9) and the α7 nicotinic acetylcholine receptor (α7nAchR)
(10, 11), and it exerts neuroprotective impacts (12, 13). In
addition, KYNA has a definitive immunomodulatory function
(14, 15) exerting anti-inflammatory and immunosuppressive
effects. These immunomodulatory properties are based on
the signaling by G-protein-coupled receptor 35 (GP35) and
aryl hydrocarbon receptor (ARH)-mediated pathways (16, 17).
Previously, it has been reported that the newly synthesized
analog of KYNA, such as 2-(2-N,N-dimethylaminoethylamine-1-
carbonyl)-1H-quinolin-4-one hydrochloride—SZR72 (Figure 1)
(18, 19) reduces TNF-α expression and secretion in human
monocytes (20). Likewise, the KYNA analog has been shown to
inhibit the secretion of α-defensin, such as HNP1–3 in human
granulocyte cultures (20).

The chemical attributes of KYNA and SZR-72 are different,
possibly influencing their ability to cross through the BBB (blood

Frontiers in Immunology | www.frontiersin.org 2 April 2021 | Volume 12 | Article 6325139

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Balog et al. Kynurenic Acid and Rheumatoid Arthritis

brain barrier) and membranes. There is evidence that KYNA
could only poorly cross the BBB, while SZR-72 is BBB-permeable
due to a water-soluble side chain with an extra cationic center
(9, 18, 21). Furthermore, a facilitated membrane crossing of SZR-

72 is suspected, which could influence intracellular signaling,

including the activation of antioxidative and anti-apoptotic
pathways (22). On the other hand, a distinct binding to the

glycine site of the NMDA receptor has a higher affinity to SZR72

than KYNA (22).
Considering all of the above, the aim of our present study

is to investigate the complex effects of a newly synthesized
KYNA analog—SZR72 on the in vitro production of TNF-α,
calprotectin (SA1008/9), SA100-12 [extracellular newly identified
receptor for advanced glycation end-products binding protein
(EN-RAGE)], and HNP1–3 (defensin-α) in the peripheral blood
of patients with RA. Previously, it has been proven that the
suppressive effect of the KYNA analog was more potent than that
of an equimolar concentration of KYNA itself (20); therefore,
this was used in the present study. These experiments were
supplemented bymeasuring the effect of the KYNA analog on the
tumor necrosis factor-stimulated gene-6 protein TSG-6 (TSG-6)
concentrations in the human blood samples, since an opposite
effect of KYNA on the TSG-6 production has formerly been
observed (23).

The role of TNF-α is widely characterized in the pathogenesis

of rheumatoid arthritis (RA) (4). Leukocyte activation and
infiltration are critical events in the pathogenesis of RA.

Relatedly, the role of calgranulins in the pathogenesis, diagnosis,

and monitoring of rheumatic diseases has gained great attention

FIGURE 2 | KYNA analog, SZR72 attenuates tumor necrosis factor-α (TNF-α)

production in whole blood cells of normal controls stimulated by

heat-inactivated Staphylococcus aureus. Ethylenediaminetetraacetic acid

(EDTA)-anticoagulated blood samples of 1–1ml from each of 50 donors were

incubated with SZR72 at a concentration of 500µm for 30min prior to the

addition of heat-inactivated Staphylococcus aureus (107/ml). The

concentrations of TNF-α in the plasma were determined after 18 h-incubation

period. The data are depicted as box and whiskers plots, where the lines

inside the boxes denote medians, and the boxes mark the interval between 25

and 75 percentiles, and the whiskers, the maximum and minimum.

Significance was determined by the Friedman’s test followed by Dunn’s

post-test. In Friedman’d test, p < 0.0001; ooop < 0.001 in control vs. SA1,
###p < 0.001 in control vs. SA1 + SZR72, ***p < 0.001 in control vs. SA1.

in recent years (24, 25). Calgranulins are represented by the S100
protein family including S100A8, S100A9, and S100A12 (26). The
S100A8 and S100A9 complexes—as calprotectins—are found in
granulocytes and monocytes. S100A12 (EN-RAGE) is restricted
mainly to granulocytes (27, 28).

Human neutrophil peptide 1–3 (HNP1–3), also known as
defensin-α, may be secreted and released into the extracellular
milieu during an inflammatory response following the activation
of polymorphonuclear neutrophils during inflammation (29,
30). The defensin-α not only plays a role in microbial
killing, but also in immunomodulation during inflammatory
processes (31). The elevation of HNP1–3 has also been
reported in patients with RA (32, 33). Similarly, the so-
called calgranulins—calprotectin and S100A12 (EN-RAGE)—
correlated with the clinical status of patients with RA (24,
34). These data draw the attention to the role of these
inflammatory mediators, as alarmins in the development
of RA.

MATERIALS AND METHODS

Patients
Rheumatoid arthritis was classified according to the 2010
American College of Rheumatology (ACR)/European League
Against Rheumatism (EULAR) classification criteria for RA
(35). The detailed patient characteristics and clinical data are
presented in Table 1. Patients with RA (n = 93) were grouped
based on disease activity score in 28 joints (DAS28) of ≤2.6,
2.6 ≤ 3.2, 3.2 ≤ 5.1, and ≥5.1 remission (n = 30), mild (n
= 18), moderate (n = 27), and severe (n = 18), respectively.
Patients with RA were treated with biological response modifiers
as anti-TNF therapy (n = 29), IL-6R antagonist (n = 10),
rituximab (n = 4), abatacept (n = 1), tofacitinib (n = 1),
or with conventional disease-modifying antirheumatic drugs
(DMARDs), including methotrexate (n = 58), leflunomide
(n = 7), sulfosalazine (n = 3), chloroquine (n = 5), and
low dose methyl-prednisolone (n = 27). Anti-citrullinated
protein/peptide antibody (ACPA) was measured using the
ELISA-based routine laboratory methods with specificity to
mutated citrullinated vimentin (MCV). Patients with RA (n= 93)
were selected based on medication and their rheumatoid factor
status (RF), respectively.

As a further control group (healthy controls), we enrolled
50 age- and gender-matched healthy volunteers. All of them
had a negative history of RA symptoms and a negative
status upon detailed physical and laboratory examinations,
including normal CRP and ESR values. The project was
approved by the Ethics Committee of the University of
Szeged (ETT-TUKEB 905/PI/09 and 149/2019-SZOTE).
This study was conducted in full accordance with the
Declaration of Helsinki (1964). The patients/participants
provided their written informed consent to participate in
this study.

KYNA Analog SZR 72
KYNA amide (Figure 1) was designed in the Department of
Pharmaceutical Chemistry and MTA-SZTE Research Group for
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Stereochemistry, University of Szeged, Szeged, Hungary. The
synthesis was performed by the coupling of KYNA and 2-
dimethylaminoethylamine, afterwards, treatment of ethanolic
hydrogen chloride, resulting in N-(2-N, N-dimethylaminoethyl)-
4-oxo-1H-quinoline-2-carboxamide hydrochloride (18, 19, 21).

Human Blood Incubation Method
Ethylenediaminetetraacetic acid (EDTA)-anticoagulated
peripheral blood samples from 93 patients with RA and 50
healthy controls were obtained. The samples (1ml each) were
incubated for 18 h in Heracell CO2 incubator (Thermo
Fischer Scientific, MA, USA) at 37◦C under controlled
conditions, or in the presence of heat-inactivated S. aureus
for 18 h (107/m) as a TNF inducer (36). Parallel blood
samples were pretreated before activation for 30min with
the KYNA analog at a concentration of 500µ. SZR72 was
freshly dissolved in phosphate buffered saline (PBS), thereafter
diluted in Roswell Park Memorial Institute (RPMI) medium
(SIGMA), and added in 100 µl volume to the blood sample.
All other samples were supplemented thereafter with 100 µl
RPMI medium to equalize the volumes. This concentration

of SZR72 was considered optimal for the experiments
performed previously (20, 23). Following the incubation
period, the blood samples were centrifuged at 3,000 g, and
the supernatants were tested for TNF-α (SIGMA, St. Louis,
USA), TSG-6 (Fine Biotech, Wuhan, China), calprotectin
(Hycult-Biotech, HK373-02, Uden, the Netherlands), S100A12
(CircuLex CY-8058 V2) (MBL International Corporation,
MA, USA), and HNP1–3 (Hycult-Biotech HK324, Uden, the
Netherlands) content by ELISA according to the instructions
of the manufacturers. For the experiments performed with
the human blood, we gained the approval of the ethics
committee of the Medical Faculty of the University of Szeged,
Szeged, Hungary (ETT-TUKEB 905/PI/09 and 149/2019
SZOTE). This study was conducted in full accordance with
the Declaration of Helsinki (1964). The patients/participants
provided their written informed consent to participate in
this study.

Statistics
Comparing different groups of patients and healthy controls,
the Kruskal–Wallis test was applied. For the comparison of the

FIGURE 3 | The effect of SZR72 on tumor necrosis factor-α (TNF-α) production in human whole blood cells of various groups of patients with RA stimulated by heat-

inactivated Staphylococcus aureus. Each dot represents the individual value for one subject, and the horizontal lines denote the medians. Significance was

determined by the Friedman’s test and Dunn’s post-test. Remission group: n = 30, p < 0.0001; control vs. SA1, significant, ooop < 0.001; control vs. SA1 + SZR72,
###p < 0.001; SA1 vs. SA1 + SZR72, ***p < 0.001 according to the Dunn’s post-test. Mild group: n = 18, p < 0.0001; control vs. SA1, ooop < 0.001; control vs.

SA1 + SZR72, non-significant; SA1 vs. SA1 + SZR72, **p < 0.01 according to the Dunn’s post-test. Moderate group: n = 27, p < 0.0001; control vs. SA1, ooop <

0.001; control vs. SA1 + SZR72, ##p < 0.01; SA1 vs. SA1 + SZR72, ***p < 0.001. Severe group: n = 18, control vs. SA1, ooop < 0.001; control vs. SA1 + SZR72,
#p < 0.05; SA1 vs. SA1 + SZR72, **p < 0.01 according to the Dunn’s post-test.
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FIGURE 4 | The effect of KYNA analog, SZR72 on TSG-6 production in

human whole blood cells of normal donors stimulated by heat-inactivated

Staphylococcus aureus. Ethylenediaminetetraacetic acid

(EDTA)-anticoagulated blood samples 1–1ml from each of 50 healthy donors

were incubated with SZR72 at a concentration of 500µm for 30min prior to

the addition of heat-inactivated Staphylococcus aureus (107/ml). The

concentrations of TSG-6 in the plasma were determined after an 18

h-incubation period. The data are depicted as box and whiskers plots, where

the lines inside the boxes denote medians, and the boxes mark the interval

between 25 and 75 percentiles, and the whiskers, the maximum and

minimum. Significance was determined by the Friedman’s test and Dunn’s

post-test. Control vs. SA1, ooop < 0.001; control vs. SA1 + SZR72, ###p <

0.001; SA1 vs. SA1 + SZR72, ***p < 0.001.

concentrations of mediators within one group of patients, the
Friedman test was used with the Dunn’s post-test.

The p < 0.05 were considered significant. All statistical
calculations were performed with the Graph-Pad Prism 5
statistical program (Graph Pad Software Inc., San Diego,
CA, USA).

RESULTS

KYNA Analog, SZR72 Attenuates TNF-α
Production in the Human Whole Blood of
Healthy Controls and of Patients With RA
Stimulated by Heat-Inactivated
Staphylococcus aureus
In pilot experiments, we investigated the effect of SZR72 on
TNF-α production in healthy human blood donors (Figure 2).
During the course of these experiments, 500µm concentrations
of SZR72 were applied; hence in previous experiments, this
concentration proved to be the most effective (20, 23). There
was a significant decrease in the in vitro TNF-α concentration in
the supernatants of SA1-induced blood samples following SZR72
treatment. The TNF-α concentration in the basal (control) levels
of blood cultures was between 0.9 and 99.5 pg/ml with themedian
of 4.35 pg/ml, and in the supernatants, the SA1-induced blood
cultures were between 160 and 1,200 pg/ml, with a median of
450 pg/ml. SZR72 resulted in a significant decrease in TNF-α

concentration in SA1-induced blood samples to 200 ng/ml as a
median (Figure 2). Thereafter, we investigated to find whether
the TNF-α production and the effect of SZR72 on RA was
different in the various groups of the disease. Therefore, we
stratified the patients according to their clinical status, mild (n
= 18), moderate (n = 27), and severe (n = 18) status, or in
the remission phase (n = 30) of the disease. The inhibitory
effect of SZR72 on the SA1-mediated TNF-α production was
different in various groups of patients (Figure 3). The highest
concentrations were observed among patients with severe phase
of the disease (basal/control median level at 85 pg/ml; SA1-
induced median level at 995 pg/ml). The KYNA analog, SZR72
suppressed the TNF-α level of SA1-induced blood cultures to 500
pg/ml as a median; it was significant with the Friedman’s test and
with Dunn’s post-test (Figure 3). Similarly, SZR72 significantly
inhibited The SA1-induced TNF-α production in the remission
group, and also in the mild and moderate groups of patients
(Figure 3). The lowest basal/control TNF-α levels in the whole
blood supernatants were measured in the plasma samples of
patients with RA with the remission form of the disease [basal
level with a median of 5 pg/ml; SA1-induced concentration at a
median level of 30 pg/ml, and SZR72 suppressed it to 15 pg/m as
a median (Figure 3)].

The Effect of KYNA Analog SZR72 on
TSG-6 Production in Human Whole Blood
of Healthy Controls and of Patients With
RA Stimulated by Heat-Inactivated
Staphylococcus aureus
To ascertain whether the effects of the KYNA analog on the TNF-
α production might be influenced by the increased induction of
TSG-6, the concentrations of TSG-6 in whole blood cultures were
determined in 93 patients with RA comparing them with normal
control blood donors.

The TSG-6 level in the supernatants of basal/control
blood samples of healthy subjects were elevated following the
incubation with SA1, and it was further increased when 500
um SZR72 were added to the blood cultures (Figure 4). At a
concentration of 500µm, the KYNA analog SZR72 increased the
TSG-6 level significantly in SA1-induced blood samples, with the
median of 1,100 vs. 625 pg/ml, respectively, where p < 0.001
according to the Friedman’s test (Figure 4). These experiments
obtained with 500µm of KYNA analog support our previous
results (23) demonstrating the effects of KYNA and KYNA
analogs on the TSG-6 RNA expression and the elevation of TSG-6
protein level.

Next, we investigated to find whether the TSG-6 production
and the effect of SZR72 on it was different in the various groups of
the patients. Patients were categorized according to their clinical
status: mild (n = 18), moderate (n = 27), and severe (n = 18),
or being in the remission phase (n = 30) of the disease. The
TSG-6 production of the SA1-induced samples was increased
following SZR72 treatment in all groups of patients (Figure 5).
Interestingly but not surprisingly, the lowest concentrations
were observed in patients in the severe phase of the disease
(basal/control median level at 150 pg/ml; SA1-induced median
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FIGURE 5 | The effect of SZR72 on TSG-6 production in human whole blood cells of various groups of patients with RA stimulated by heat-inactivated

Staphylococcus aureus. Each dot represents the individual value for one subject, and the horizontal lines denote the medians. Significance was determined by the

Friedman’s test and Dunn’s post-test. Remission group: n = 30, p < 0.0001; control vs. SA1, non-significant; control vs. SA1 + SZR72, ###p < 0.001; SA1 vs. SA1

+ SZR72, ***p < 0.001 according to the Dunn’s post-test. Mild group: n = 18: p < 0.0001; control vs. SA1, non-significant; control vs. SA1 + SZR72, ###p <

0.001; SA1 vs. SA1 + SZR72, **p < 0.01. Moderate group: n = 27, control vs. SA1, non-significant; control vs. SA1 + SZR72, ###p < 0.001; SA1 vs. SA1 +

SZR72, ***p < 0.001. Severe group: n = 18: control vs. SA1, oop < 0.01; control vs. SA1 + SZR72, ###p < 0.001; SA1 vs. SA1 + SZR72, **p < 0.01.

level at 550 pg/ml). The KYNA analog, SZR72 increased the TSG-
6 level of SA1-induced blood cultures to 1,025 pg/ml as a median
(Figure 5). On the contrary, the highest basal TSG-6 levels in the
whole blood supernatants were measured in the plasma samples
of patients with RA in the remission form of the disease; the basal
level of TSG-6 showed amedian of 400 pg/ml, which was induced
to 1,800 pg/ml by SA1, and was further increased significantly
by 500µm SZR72 to 4,500 pg/ml (Figure 5). Similar results were
obtained by analyzing the patients in the mild phase of the
disease: basal level with a median of 445 pg/ml, SA1-induced
concentration at a median level of 550 pg/ml, and SZR72 were
increased to 4,950 pg/ml as a median.

The Effect of KYNA Analog, SZR72 on
Calprotectin Production in the Human
Whole Blood of Healthy Controls and of
Patients With RA Stimulated by
Heat-Inactivated Staphylococcus aureus
The role of calprotectin in the pathogenesis, diagnosis, and
monitoring of RA has gained great attention in recent years
(24, 25). Therefore, we investigated the effects of SZR 72 and
KYNA analog on the production of calprotectin in vitro in the
whole blood.

The concentrations in the basal levels of normal control
blood cultures were between 120 and 1,680 ng/ml with the
median of 500 ng/ml (Figure 6). The SA1-induced calprotectin
production in whole blood cultures is as follows: the calprotectin
concentrations in the supernatants in SA1-induced blood
cultures varied from 930 to 13,300 ng/ml, with a median of
1,900 ng/ml. At a concentration of 500µm, SZR72 suppressed
the calprotectin level significantly in the S. aureus-activated
blood cultures at a median of 1,000 ng/ml, where p < 0.01 with
Friedman’s test and Dunn’s post-test (Figure 6). We investigated
to find whether the calprotectin production and the effect of
SZR72 were different in the various groups of the disease.
Therefore, we grouped the patients according to their clinical
status as mild (n = 18), moderate (n = 26), and severe (n =

18), or being in remission phase (n = 33) of the disease. The
inhibitory effect of SZR72 on the SA1-mediated calprotectin
production was observed in all groups of patients, but at
a different level (Figure 7). As it was expected, the lowest
levels were detected in the blood samples of patients with RA
with a remission and mild state of the disease. Among the
remission group, the median was 911 ng/ml, which was induced
by SA1 (9,509 ng/mL) and SZR72 inhibited it to 6,520 ng/ml
as a median p < 0.001 according to the Friedman’s test.
Similar results were observed concerning the basal levels of
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FIGURE 6 | The effect of KYNA analog, SZR72 on calprotectin production in

human whole blood cells of normal donors stimulated by heat-inactivated

Staphylococcus aureus. Ethylenediaminetetraacetic acid

(EDTA)-anticoagulated blood samples 1–1ml from each of 50 normal blood

donors were incubated with SZR72 at a concentration of 500µm for 30min

prior to the addition of heat-inactivated Staphylococcus aureus (107/ml). The

concentrations of calprotectin in the plasma were determined after an 18

h-incubation period. The data are depicted as box and whiskers plots, where

the lines inside the boxes denote medians, and the boxes mark the interval

between 25 and 75 percentiles, and the whiskers, the maximum and

minimum. Significance was determined by the Friedman’s test. Control vs.

SA1, ooop < 0.001; control vs. SA1 + SZR72, ###p < 0.001; SA1 vs. SA1

+ SZR72, ***p < 0.001, according to the Dunn’s post-test.

calprotectin among patients with the mild phase of the disease;
their basal level was measured as 680 ng/ml as median, which
was induced by SA1 to 7,000 ng/ml, and was decreased to
5,100 ng/ml as median following an incubation period of 18 h
with SZR 72 (Figure 7). In contrast, the basal/control median
level of calprotectin among patients with a severe status of
disease was 6,700 ng/ml, which was increased to 9,800 ng/ml
following the induction with SA1, and it was decreased to
800 ng/ml as a median as a result of treatment with 500µm
SZR72 (Figure 7). An intermediate basal level of calprotectin
in patients with moderate form of disease was found to be
at 1,050 ng/ml, and it was induced with Staphylococcus aureus
to 9,500 ng/ml, and was decreased to 5,770 ng/ml, respectively
(statistically significant according to the Friedman’s test and
Dunne’s post-test (Figure 7).

The Effect of the KYNA Analog, SZR72 on
S100A12 (EN-RAGE) Production in the
Human Whole Blood Cells of Normal
Controls and of Patients With RA
Stimulated by Heat-Inactivated
Staphylococcus aureus
As S100A12 (EN-RAGE) is the product of mainly granulocytes,
it may be of interest to investigate its level separately in
patients with RA, especially the effect of the KYNA analog
on the production of EN-RAGE by activated granulocytes in

whole blood cultures. The concentration of S100A12 (or EN-
RAGE) increased to 1,800 ng/ml in the basal levels of blood
cultures of control individuals were between 150 and 700 ng/ml
with the median of 250 ng/ml (Figure 8). SA1 induced the
EN-RAGE production in whole blood cultures as follows: the
EN-RAGE concentrations in the supernatants of SA1-induced
blood cultures varied between 950 and 4,500 ng/ml, with a
median of 1,800 ng/ml. At a concentration of 500µm, SZR72
suppressed the EN-RAGE level significantly in the S. aureus-
activated blood cultures at a median of 800 ng/ml, where p <

0.01 with Friedman’s test and Dunn’s post-test (Figure 8). We
investigated whether the EN-RAGE production and the effect of
SZR72 was different in the various groups of the disease. Patients
were categorized according to their clinical status as mild (n =

18), moderate (n = 27), or severe (n = 18) status, or being in
remission phase (n = 30) of the disease. The basal (control)
median of the EN-RAGE level in 30 samples of patients in the
remission phase was 1,500 ng/ml, which was elevated by SA1 up
to 7,100 ng/ml. SZR72 suppressed the SA1-induced EN-RAGE
production to 5,300 ng/ml, with the significance of ∗∗∗p < 0.001
(Figure 9). The basal median level of EN-RAGE in 18 samples
of the mild form of the disease was 1,215 ng/ml, which was
increased in SA1-induced samples with a median of 6,400 ng/ml.
SZR72 inhibited it to a median concentration of 3,750 ng/ml
(Figure 9). The median level of EN-RAGE in 27 samples of the
moderate group was 1,300 ng/ml, and that of the SA1-induced
samples was 8,400 ng/ml, and it was suppressed by SZR72 to
6,020 ng/ml, with the significance of ∗∗p < 0.01.

The EN-RAGE median level in 18 samples of patients with
severe status was the highest; from 2,500 ng/ml, it was increased
to 7,900 ng/ml by SA1, and decreased to 5,050 ng/ml by 500µm
SZR 72; where p < 0.01 according to the Friedman’s test and
Dunn’s post-test (Figure 9).

The Effect of the KYNA Analog, SZR72 on
HNP1–3 Production in the Human Whole
Blood Cells of Normal Controls and of
Patients With RA Stimulated by
Heat-Inactivated Staphylococcus aureus
Incubation of the whole blood of the healthy control of blood
donors with heat-inactivated S. aureus resulted in a significant
HNP-1 secretion. The median value of the basal level of HNP1–
3 was 106 ng/ml. An 18 h induction by Staphylococcus aureus
resulted in an increase in HNP1–3 level to 1,200 ng/ml. This
was inhibited by the pretreatment with 500 um SZR72 to a
median of 475 ng/ml (p < 0.001; Figure 10) for the comparison;
altogether, 89 blood samples of patients with RA were processed
for measuring HNP1–3 by ELISA.

We stratified the patients into different groups according to
their clinical status: 18 patients with the mild form of disease,
18 patients with the severe form of the disease, 25 patients with
the intermediate form of the disease, and 28 patients with the
remission phase of RA. The basal (control) median HNP1–3 level
in 28 samples of patients with the remission phase was 250 ng/ml,
which was elevated by SA1 up to 2,250 ng/ml. SZR72 suppressed
the SA1-induced EN-RAGE production to 1,000 ng/ml; however,
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FIGURE 7 | The effect of SZR72 on calprotectin production in human whole blood cells of various groups of patients with RA stimulated by heat-inactivated

Staphylococcus aureus. Each dot represents the individual value for one subject, and the horizontal lines denote the medians. Significance was determined by the

Friedman’s test. Remission group: n = 30, p < 0.0001; control vs. SA1, ooop < 0.001; control vs. SA1 + SZR 72, ###p < 0.001; SA1 vs. SA1 + SZR72, ***p <

0.001 according to the Dunn’s post-test. Mild group: n = 18, p < 0.0001; control vs. SA1, ooop < 0.001; control vs. SA1 + SZR72, ##p < 0.01; SA1 vs. SA1 + SZR

72, *p < 0.05 according to the Dunn’s post-test. Moderate group: n = 27, p < 0.0001; control vs. SA1, ooop < 0.001; control vs. SA1 + SZR 72, ##p < 0.001; SA1

vs. SA1 + SZR 72, **p < 0.01 according to the Dunn post’s test. Severe group: n = 18, p < 0.0001; control vs. SA1, ooop < 0.001; control vs. SA1 + SZR72,

non-significant; SA1 vs. SA1 + SZR72, ***p < 0.001 according to the Dunn’s post-test.

this was not statistically significant (Figure 11). The HNP1–
3 concentration varied from 100 to 240 ng/ml in the whole
blood samples of patients in the mild group (Figure 11). SA1
enhanced HNP1–3 secretion to 2,100 ng/ml as median, which
was suppressed to 900 ng/ml by SZR72 (p < 0.01, Figure 11).
When 25 samples from the moderate group were analyzed, the
median level of HNP1–3 was 280 ng/ml, and the increase in its
secretion was observed following SA1 induction to 1,500 ng/ml,
and SZR72 significantly (p < 0.001) reduced it to 600 ng/ml as
a median, which was also significant according to Friedman’s
test and Dunn’s post-test (Figure 11). The median basal level
of HNP1–3 in samples of patients having a severe form of the
disease was the highest, reaching 700 ng/ml. These high HNP1–3
levels might be the consequence of the degranulation of recruited
neutrophils. SA1 activation resulted in 2,550 ng/ml, and the
SZR72 treatment resulted in a decrease to 1,500 ng/ml, which was
statistically significant (p < 0.001, Figure 11).

Comparison of the Effect of SZR72 on the
Blood of Patients With RA Divided
According to Seropositivity and Medication
Both medication and RF status would influence on the
investigated parameters. Therefore, we compared the different

FIGURE 8 | The effect of KYNA analog, SZR72 on S100A12 (EN-RAGE)

production in human whole blood cells of normal blood donors stimulated by

heat-inactivated Staphylococcus aureus. Ethylenediaminetetraacetic acid

(EDTA)-anticoagulated blood samples 1–1ml from each of 20 donors were

incubated with SZR72 at a concentration of 500µm for 30min prior to the

addition of heat-inactivated Staphylococcus aureus (107/ml). The

concentrations of EN-RAGE in the plasma were determined after an 18

h-incubation period. The data are depicted as box and whiskers plots, where

the lines inside the boxes denote medians, and the boxes mark the interval

between 25 and 75 percentiles, and the whiskers, the maximum and

minimum. Significance was determined by the Friedman’s test. Control vs.

SA1, ooop < 0.001; control vs. SA1 + SZR 72, ###p < 0.001; SA1 vs. SA1

+ SZR 72, ***p < 0.001, according to the Dunn’s post-test.
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FIGURE 9 | The effect of SZR72 on S100A12 (EN-RAGE) production in human whole blood cells of various groups of patients with RA stimulated by heat-inactivated

Staphylococcus aureus. Each dot represents the individual value for one subject, and the horizontal lines denote the medians. Significance was determined by the

Friedman’s test. Remission group: n = 30, p < 0.0001; control vs. SA1, ooop < 0.001; control vs. SA1 + SZR72, ###p < 0.001; ***SA1 vs. SA1 + SZR72,

p < 0.001 significant according to the Dunn’s post-test. Mild group: n = 18, p < 0.0001; control vs. SA1, ooop < 0.001; control vs. SA1 + SZR72, ###p < 0.001;

**SA1 vs. SA1 + SZR72, p < 0.01 significant with Dunn’s post-test, moderate group: n = 27, p < 0.0001, control vs. SA1, ooop < 0.001; control vs. SA1 + SZR72,
###p < 0.001; SA1 vs. SA1 + SZR72, **p < 0.01, according to the Dunn’s post-test. Severe group: n = 18, p < 0.0001; control vs. SA1 ooop < 0.001, control vs.

SA1 + SZR72, #p < 0.05; SA1 vs. SA1 + SZR72, **p < 0.01 according to the Dunn’s post-test.

patient groups according to their medication (Figure 12). There
was no significant difference between the patients treated with
cDMARD (conventional) vs. bDMARD (biological therapy)
(Figure 12). Similarly, there was no different tendency in
response on the KYNA analog based on the RF status of the
patients (Figure 13).

CONCLUSION

This is the first complex study to investigate the effects of KYNA
analog, SZR72 on the in vitro production of TNF-α, TSG-6, and
the calgranulins as calprotectin and EN-RAGE, together with
HNP1–3 (defensin-α) in patients with RA in various activities of
the disease.

In the whole blood model, which resembles closely the
physiological milieu, the KYNA analog, SZR72 inhibited the
production not only of TNF-α, but also of calprotectin, EN-
RAGE, and HNP1–3 in the in vitro activated blood cultures of
patients with RA.

Granulocytic defensin-α secretion was measured in our
experiments also in whole blood cultures. Since granulocytes
are the main source of HNP1–3 in the peripheral blood, the
observations obtained from the investigation of whole blood
may be regarded as reflective of the granulocyte functions
(37, 38). Our previous experiments revealed that HNP1–3 was

FIGURE 10 | The effect of KYNA analog, SZR72 on HNP1–3 production in

human whole blood cells of normal blood donors stimulated by

heat-inactivated Staphylococcus aureus. Ethylenediaminetetraacetic acid

(EDTA)-anticoagulated blood samples 1–1ml from each of 50 healthy donors

were incubated with SZR72 at a concentration of 500µm for 30min prior to

the addition of heat-inactivated Staphylococcus aureus (107/ml). The

concentrations of HNP-1 in the plasma were determined after an 18

h-incubation period. The data are depicted as box and whiskers plots, where

the lines inside the boxes denote medians, and the boxes mark the interval

between 25 and 75 percentiles, and the whiskers, the maximum and

minimum. Significance was determined by the Friedman’s test. The values,
ooop < 0.001 in control vs. SA1, ###p < 0.001 in control vs. SA1 + SZR72,

***p < 0.001 in SA1 + SZR72 vs. SA1.
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FIGURE 11 | The effect of SZR72 on HNP1–3 production in human whole blood cells of various groups of patients with RA stimulated by heat-inactivated

Staphylococcus aureus. Each dot represents the individual value for one subject, and the horizontal lines denote the medians. Significance was determined by the

Friedman’s test. Remission group: n = 28, p < 0.0001; control vs. SA1, ooop < 0.001; control vs. SA1 + SZR72, ###p < 0.001; SA1 vs. SA1 + SZR72,

non-significant, according to the Dunn’s post-test. Mild group: n = 18, p < 0.0001, control vs. SA1, ooop < 0.001; control vs. SA1 + SZR72, #p < 0.05, SA1 vs. SA1

+ SZR72, **p < 0.01 is significant with Dunn’s post-test; moderate group: n = 25, p < 0.0001; control vs. SA1, ooop < 0.001; control vs. SA1 + SZR72, ##p <

0.01; SA1 vs. SA1 + SZR72, ***p < 0.001 significant according to the Dunn’s post-test. Severe group: n = 18, p < 0.0001; ooop < 0.001; control vs. SA1, significant,

control vs. SA1 + SZR72, non-significant, ***SA1 vs. SA1 + SZR72, p < 0.001 significant according to the Dunn’s post-test.

secreted not only by purified granulocytes but also in the case
of the whole blood incubation method (20, 37). As mentioned,
neutrophil granulocytes are the main source of HNP1–3;
therefore, we suggest that the increase of HNP1–3 levels
following SA1 induction mostly originates from granulocyte
activity. Accordingly, we infer that the calgranulins in the
supernatants of whole blood cultures might be regarded as
products partially of monocytes and mainly of granulocytes (27,
28, 39).

There are previous data indicating the role of these
inflammatory mediators in the pathogenesis of RA. Especially,
TNF-α has a pivotal role in the exaggerated cytokine activation;
therefore, the therapeutic use of anti-TNF as a biological response
modifier has a pioneering importance in RA (4, 5). Higher levels
of calprotectin (24, 25, 40, 41), HNP1–3, and EN-RAGE in
sera of patients with RA have been detected in some clinical
studies (32–34).

In contrast, in our study, lower TSG-6 levels were detected
in the severe group of patients with RA compared to healthy
controls (Table 2). In the present study, the effect of the
KYNA analog was investigated on the TSG-6 production ex
vivo in human whole blood cultures of patients with RA. The

KYNA analog. SZR72 exerted a stimulatory effect on the TSG-
6 production in the whole blood cultures of patients with
RA in various activities of the disease. We hypothesize that
it contributes to the anti-inflammatory effect of the drug by
inhibiting the TNF-α synthesis (23, 42, 43). The beneficial role
of TSG-6 has been interpreted as inhibiting the association of
TLR4 with MyD88, thereby suppressing NF-κB activation (43).
TSG-6 has also prevented the expression of proinflammatory
proteins (iNOS, IL-6, TNFα, and IL-1β) (42), and its expression
might be under the influence of KYNA (44). Thus, we suppose
that increasing the production of TSG-6 by the KYNA analog
might contribute to the inhibitory effect toward TNF-α synthesis
in human blood cultures. The opposite effects of the KYNA
analogs on TNF-α and TSG-6 have been detected previously in
cell culture experiments (23).

In our experiments, SZR72 inhibited the production of the
inflammatory mediators in whole blood cultures, which were
induced by heat-inactivated SA1. This effect was observed in all
groups of patients in the various activities of the disease. It is
also noteworthy that the basic (control) levels of these mediators
were higher in the blood of patients than in healthy donors
(Table 2). When we compared the data of patients with that of
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FIGURE 12 | Levels of tumor necrosis factor-α (TNF-α), EN-RAGE, calprotectin, and TSG-6 at baseline and following treatments with SA1 and SA1 + SZR72 in

patients with RA on conventional disease modifying anti-rheumatic drugs (cDMARD, n = 41) or on biologic disease modifying anti-rheumatic drugs (bDMARD, n =

41). Comparisons were made with the Friedman’s test, where **p < 0.01 vs. control, ***p < 0.001 vs. control, and ###p < 0.001 vs. SA1. Horizontal line—median,

box—interquartile range, whiskers—range.

FIGURE 13 | Levels of TNF- α, EN-RAGE, calprotectin, and TSG-6 at baseline and following treatment with SA1 and SA1 + SZR72 in rheumatoid factor (RF) in

patients with positive (n = 72) and negative rheumatoid arthritis (RA) (n = 17). Comparisons were made with Friedman’s tests *p < 0.5 vs. control, ***p < 0.001 vs.

control, #p < 0.05 vs. SA1, ##p < 0.01 vs. SA1, ###p < 0.001 vs. SA1. Horizontal line—median, box—interquartile range, whiskers—range.
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TABLE 2 | Levels of inflammatory mediators in the plasma of RA patients and in healthy donors.

Healthy individuals

n = 50

RA remission

n = 30 (28+)

RA mild

n = 18

RA moderate

n = 27 (25+)

RA active

n = 18

TNF-α pg/mL 4.35 [1.94–15] 5.0 [1.8–15.0] 6.5 [2.1–12.75] 15 [2.5–49.5] 85 [19.5–4,000]***

TSG-6 pg/mL 340 [237–510] 400 [307–500] 445 [257–537] 260 [200–310]* 150 [59–210]***

Calprotectin ng/mL 500 [220–712] 911 [648–1,420]*** 680 [345–861]ns 1,056 [560–6,390]** 6,700 [5,713–7,716]***

EN-RAGE ng/mL 250 [187–450] 1,300 [1,100–1,825]*** 1,215 [1,000–1,500]* 1,300 [1,190–1,800]*** 2,500 [2,400–5,800]***

HNP1–3 ng/mL (+) 106 [80–160] 250 [53–999]*** 143 [109–157]ns 280 [200–410]*** 700 [587–1,000]***

Data are expressed as median [interquartile range]. Comparisons were made using the Kruskal–Wallis test. ***p < 0.001 vs. healthy individuals, **p < 0.01 vs healthy individuals, *p <

0.05 vs healthy individuals, ns, non-significant, (+): 89 test of RA patients.

EN-RAGE, extracellular newly identified receptor for advanced glycation end-products binding protein; RA, rheumatoid arthritis; TNF-α, Tumor Necrosis Factor-α; TSG-6, Tumor Necrosis

Factor-Stimulated Gene-6.

healthy individuals (n = 50), the levels of TNF-α, calprotectin,
EN-RAGE, HNP1–3 were lower compared to the data of all
patients with RA. These data are in good correlation with the
observations, concluding that these inflammatory mediators are
higher in patients with RA (4, 5, 25, 32–34, 41). Inhibition
of their secretion can, therefore, additionally result in an anti-
inflammatory effect in RA.

In inflamed tissues, calprotectins (S100A8 and S100A9) have
a potential role as a target of treatment in murine models of
autoimmune disorders, since the direct or indirect blockade of
these proteins result in amelioration of the disease process (45).

In our experiments, the basal levels of these mediators were
further increased following the activation of the blood cells, but
the KYNA analog significantly reduced their production from the
activated cells.

It was of interest to observe whether normal (healthy) control
cells subjected to Staphylococcus antigen with or without SZR72
would react similarly or in a different way than cells from patients
with RA. Therefore, in a pilot study, we performed similar ex
vivo experiments with the 50 normal blood donors (Figures 2,
4, 6, 8, 10). On the basis of these results, we conclude that
SZR72 at 500µm exerted a significant inhibitory effect on TNF-
α, calprotectin, EN-RAGE, and HNP-1–3 production on SA1-
stimulated whole blood, and increased the TSG-6 production.

We compared the different patient groups according to their
medication (Figure 12). There was no significant difference
between the patients treated with cDMARD vs. bDMARD.
Similarly, there was no different tendency in response to the
KYNA analog based on RF status of the patients (Figure 13).

Our study has limitations. According to our previous results
(20, 23), 500µm of KYNA analog was used. The median level
of KYNA in human sera is at nanomolar (30–40 nm) range of
concentration (6, 46, 47). However, it increases considerably
in the course of infections and inflammatory processes due
to increased degradation of tryptophan. In addition, during
different in vitro experiments, micromolar concentrations were
found to be effective (44, 47). High micromolar concentrations
of KYNA are able to block NMDA receptor function (47).
Moreover, we have to take into consideration that in our study,
a potential therapeutic effect was investigated. Another question
is the duration of the incubation period of the whole blood, that
is, 18 h. For the determination of the effect of SA1 and the KYNA

analog on the cytokine-protein production, it was considered to
be necessary. Similarly, relatively long or even longer incubation
periods were applied in experiments with mice splenocytes (48),
or with human mesenchymal cells (44). In another study (6),
human mononuclear cells or human monocytes were treated
with KYNA at 0.5–1mm for 18 h for the determination of TNF-
α in cell culture supernatants following lipopolysaccharide (LPS)
induction. The potential degradation of SZR72 to KYNA in our
experiments was not investigated, but it cannot be excluded
(15, 49–51).

Taken together, these data further support the
immunomodulatory role of KYNA in RA (52), and may
draw the attention to the importance of the synthesis of the
KYNA analog, which might have a future therapeutic potential.
Therefore, we suggest that these experiments further explore the
potential benefits of the future application of the KYNA analogs
in RA.
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Control the Severity of a Pulmonary
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Nayane AL Galdino†, Tânia A. Costa and Vera L. G. Calich*
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In agreement with other fungal infections, immunoprotection in pulmonary
paracoccidioidomycosis (PCM) is mediated by Th1/Th17 cells whereas disease
progression by prevalent Th2/Th9 immunity. Treg cells play a dual role, suppressing
immunity but also controlling excessive tissue inflammation. Our recent studies have
demonstrated that the enzyme indoleamine 2,3 dioxygenase (IDO) and the transcription
factor aryl hydrocarbon receptor (AhR) play an important role in the immunoregulation of
PCM. To further evaluate the immunomodulatory activity of AhR in this fungal infection,
Paracoccidioides brasiliensis infected mice were treated with two different AhR agonists,
L-Kynurenin (L-Kyn) or 6-formylindole [3,2-b] carbazole (FICZ), and one AhR specific
antagonist (CH223191). The disease severity and immune response of treated and
untreated mice were assessed 96 hours and 2 weeks after infection. Some similar
effects on host response were shared by FICZ and L-Kyn, such as the reduced fungal
loads, decreased numbers of CD11c+ lung myeloid cells expressing activation markers
(IA, CD40, CD80, CD86), and early increased expression of IDO and AhR. In contrast, the
AhR antagonist CH223191 induced increased fungal loads, increased number of
pulmonary CD11c+ leukocytes expressing activation markers, and a reduction in AhR
and IDO production. While FICZ treatment promoted large increases in ILC3, L-Kyn and
CH223191 significantly reduced this cell population. Each of these AhR ligands induced a
characteristic adaptive immunity. The large expansion of FICZ-induced myeloid, lymphoid,
and plasmacytoid dendritic cells (DCs) led to the increased expansion of all CD4+ T cell
subpopulations (Th1, Th2, Th17, Th22, and Treg), but with a clear predominance of Th17
and Th22 subsets. On the other hand, L-Kyn, that preferentially activated plasmacytoid
DCs, reduced Th1/Th22 development but caused a robust expansion of Treg cells. The
AhR antagonist CH223191 induced a preferential expansion of myeloid DCs, reduced
the number of Th1, Th22, and Treg cells, but increased Th17 differentiation. In conclusion,
the present study showed that the pathogen loads and the immune response in
org April 2021 | Volume 12 | Article 630938122
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pulmonary PCM can be modulated by AhR ligands. However, further studies are needed
to define the possible use of these compounds as adjuvant therapy for this
fungal infection.
Keywords: innate lymphoid cells (ILCs), L-kynurenine, FICZ, T cell subsets, paracoccidiodomycosis,
IDO - Indoleamine 2 3-dioxygenase, AhR (Aryl hydrocarbon Receptor)
INTRODUCTION

The aryl hydrocarbon receptor (Ahr), a ligand-dependent
transcription factor that resides in the cytoplasm of many cell
types, was first described due to its involvement in the
metabolism of xenobiotic compounds such as dioxin (1).
Currently, it is well known that AhR is activated by a diverse
set of endogenous and exogenous ligands (2). At a steady-state,
AhR remains in the cytoplasm (3) but translocates to the nucleus
after ligand binding. In the nucleus, AhR heterodimerizes with
AhR Nuclear Translocator (ARNT) and then interacts with its
genomic binding motifs inducing the transcription of its target
genes, including detoxifying enzymes of the cytochrome P450
family (4). AhR also interacts with other transcription factors
that regulate AhR signaling (3). It was also reported that the
ligand structure and affinity control AhR activity (5). Several
AhR ligands were described: L-Kynurenines (L-Kyn), products
of tryptophan degradation by the enzymatic action of
indoleamine 2,3 dioxygenase (IDO), 6-formylindole [3,2-b]
carbazole (FICZ), a tryptophan photoproduct, and several
microbial and dietary products (5–7). AhR is expressed by
innate and adaptive immune cells and influences the
development and activation of the immune system. This
transcription factor plays an important role in the control of
cell differentiation, proliferation, and cytokines production (7–
11). Indeed, AhR was shown to exert an important activity on T
helper 17 (Th17) and regulatory T cells (Treg) differentiation,
influencing the severity of several experimental pathologies (9–
11). Innate lymphoid cells (ILCs), a family of immune cells that
do not express antigen receptors but exhibit phenotypes that
reflect Th cell subpopulations, were also reported to be regulated
by the AhR expression. The differentiation of ILC3 and lymphoid
tissue inducing lymphocyte (LTi), that secrete IL-17, IL-22, and
lymphotoxin is dependent on the transcription factors RORgt
and AhR (12).

The regulatory activity of AhR has been demonstrated in
several infectious pathologies (13). However, the effects of AhR
activation were not homogeneous due to the various AhR ligand
used, type of pathology studied, and treatment protocols
employed (3, 13–15).

P. brasiliensis, a fungal pathogen endemic to Latin America, is
sensed by a variety of pattern recognition receptors that
stimulate the differentiation of a wide range of T cell
subpopulations involved in host immunity (16–23). In humans
and experimental models of PCM (PCM), Th1/Th17 promote
immunoprotection: Th1 by controlling fungal loads via IFN-g
activated macrophages and Th17 by promoting neutrophil
recruitment and activation. Th2 and Th9 cells are associated
org 223
with increased fungal growth, inefficient inflammatory reactions,
and disease severity (18, 19, 24, 25). In the human disease, Treg
cells are associated with the progressive and severe forms of the
disease (25–28), but experimental models of pulmonary PCM
clearly showed the dual role of this T cell subset: it is deleterious
due to its suppressive effect on protective immunity but it has
also a beneficial effect mediated by the inhibition of excessive
inflammatory reactions (24, 28, 29).

In experimental candidiasis, the enzyme indoleamine 2,3
dioxygenase (IDO), which regulates tryptophan (Trp)
degradation, was shown to reduce fungal loads but also to
control immunity by reducing Th17 expansion via increased
Treg cell proliferation mediated by L-Kyn-activated AhR (30–
32). Moreover, AhR was also involved in the protection of
Candida albicans infected mucosae (32) due to its regulatory
activity on IL-22 production (9, 33). In pulmonary PCM, our
recent studies have shown that P. brasiliensis infection induces a
vigorous IDO expression that mediates Trp catabolism, resulting
in increased L-Kyn production and AhR activation. P.
brasiliensis uses two distinct mechanisms to trigger IDO
expression. In susceptible (B10.A) mice, IDO is induced by
IFN-g and exhibits a prevalent enzymatic activity whereas in
resistant (A/J) mice IDO is TGF-b induced and behaves as a
signaling molecule (34–36). Our studies have also demonstrated
that IDO and AhR are mutually regulated and control the
number of ILCs and the Th17/Treg balance (34–37).
Altogether, our findings defined the important regulatory role
of the IDO/AhR axis in the immunity and severity of pulmonary
PCM leading us to better evaluate the role of AhR in pulmonary
PCM. To this aim, P. brasiliensis infected mice were treated with
three different AhR ligands, two agonists (L-Kyn and FICZ) and
an antagonist (CH223191), and disease severity and immune
response assessed 96 hours and 2 weeks after infection. We
verified that AhR ligands control fungal burdens, cytokines
production, and activation of pulmonary myeloid cells.
Importantly, FICZ showed a prevalent effect on the
differentiation of Th17 and Th22 cells, L-Kyn on Tregs, and
CH223191 on Th17 cells. Altogether, our findings demonstrate
that pulmonary PCM can be modulated by AhR ligands that
could be used to regulate the differentiation of pro- or anti-
inflammatory T cell subsets.
MATERIALS AND METHODS

Ethics Statement
The experiments were performed in strict accordance with the
Brazilian Federal Law 11,794 establishing procedures for the
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scientific use of animals, and the State Law establishing the
Animal Protection Code of the State of São Paulo. All efforts were
made to minimize animal suffering. The procedures were
approved by the Ethics Committee on Animal Experiments of
the Institute of Biomedical Sciences of the University of São
Paulo (Proc.180/11/CEEA).

Mice
C57B/6 SPF male mice, bred at the Isogenic Breeding Unit of the
Department of Immunology, Institute of Biomedical Sciences,
were used at the age of 6-8 weeks.

Fungus and Intratracheal (i.t.) Infection
The virulent Pb18 isolate from P. brasiliensis was maintained in
the yeast form by weekly cultivation in Fava Netto’s semi-solid
medium at 36°C and used on days 6–8 of culture. The fungus was
collected and washed with phosphate-buffered saline (PBS, pH
7.2). The fungal viability was determined by the Janus Green B
vital dye. All experimental procedures were carried out with
fungal suspensions presenting viability between 90 and 95%. For
i.t. infection, mice were anesthetized with ketamine and xylazine
and submitted to i.t. infection with 1x106 yeast cells, contained in
50 µL of PBS as previously described (35).

Treatment of Mice With AhR Agonists
and Antagonist
C57BL/6 mice were infected as described above and treated with
two different AhR agonists, 6-formylindol [3,2-b] carbazole
(FICZ, Enzo Labs) or L-Kynurenine (L-Kyn, Sigma Aldrich).
The drug 2-methyl-2H-pyrazole-3-carboxylic acid-amide
(CH223191-Signa Aldrich) was employed as an AhR
antagonist. Stock solutions of L-Kyn (20 mg/ml, 96 mM),
FICZ (2 mg/ml, 7 mM) and CH223191 (30 mg/ml, 90 mM)
were prepared in DMSO. These drugs were properly diluted in
phosphate buffered solution (PBS) just before use. After i.t.
infection, mice were inoculated intraperitoneally on alternate
days with 200 mg of FICZ, or 400 mg of CH223191or 800 mg of L-
Kyn per animal, contained in 500 ml of diluent solution. PBS was
used in control infected mice. These protocols were adapted from
those previously described (38–41).

Assessment of Disease Severity by
CFU Counts
The disease severity of control and ligand-treated infectedmice was
assessed after 96 hours and 2 weeks of infection. The analysis was
carried out by recovering viable fungal cells from lungs, liver, and
spleen, using a BHImedium supplemented with horse serum and a
culture filtrate obtained from P. brasiliensis (isolate 192).

Preparation of Cell Suspensions
Lung cell suspensions were prepared as previously described
(34). The lungs were removed and digested for 30 min. in
digestion buffer containing collagenase (Sigma). The organs
were then macerated in a homogenizer with RPMI 1640
culture medium. The erythrocytes were lysed with lysis buffer,
the cells counted, and their viability assessed by Trypan blue dye.
Frontiers in Immunology | www.frontiersin.org 324
Flow Cytometry for Characterization of
Cellular Subpopulations
Lung cell suspensions were adjusted to 1x106 cells and suspended
in PBS-azide (0.1%) containing fetal bovine serum (SFB, 5%). Fc
receptors were blocked with anti-CD16/32 monoclonal antibody
and then labeled with fluorophore-conjugated antibodies as
previously described (37) Labeled antibodies (BD Biosciences)
were used in the appropriate combination for the cell population
to be analyzed. For lymphocytes, the following antibodies were
used: anti-CD3, CD4, CD25, and Foxp3; for myeloid cells: anti-
CD45, CD11b, CD11c, CD40, CD80, CD86, MHC-II, and F4/80.
For ILCs characterization, lung leukocytes were first treated with
an anti-mouse lineage cocktail (Biolegend) containing antibodies
to CD3, Ly6G/Ly6C, CD11b, CD45R/B220, TER 119/erythroid
cells, that react with T cells, B cells, monocytes, macrophages, NK
cells, and erythrocytes. Intracellular staining was conducted
using the eBioscience Transcription Factor staining kit and
specific antibodies for IL-17, IL-4, IFN-g, IL-22, IL-1b, IL-12,
TNF-a, IL-6, TGF-b, IL-10, FoxP3, IDO-1, and AhR.
Supplementary Table 1 lists the monoclonal antibodies used
in flow cytometry assays. Cells were run on FACSCantoII (BD
Biosciences) and a minimum of 50,000 events was acquired using
FACSDiva software (BD Biosciences). Cells were analyzed using
FlowJo software (Tree Star).
Cytokines Detection (ELISA)
The presence and concentration of cytokines (IL-12, TNF-a,
IFN-g, IL-1b, IL-4, IL-10, TGF-b, IL-35, IL-6, IL-23, IL-17, and
IL-22 were determined in lung homogenates obtained 96 h and 2
weeks after infection of AhR ligands treated and untreated mice.
The methodology used was that recommended by the
supplier (EBioscience).
Real-Time PCR (qPCR)
RNA isolation from lung macerates of AhR ligand-treated and
untreated mice was performed as previously described (37). A
NanoDrop ND-1000 spectrophotometer was used to determine
RNA purity and concentration. The cDNA was synthesized using 1
µg of RNA and the high-capacity RNA-to-cDNA kit (Applied
Biosystems) according to the manufacturer’s instructions. The
cDNA was amplified using TaqMan Universal PCR Master Mix
(Applied Biosystems) and pre-developed TaqMan assay primers
and probes (Ifng, Mm001168134_m1, Tnf, Mm99999068_m1, Il6,
Mm00446190_m1 , I l 10 , Mm00439614_m1 , Tg fb1 ,
Mm00117882_m1 , I l 1 7 , Mm00439618_m1 , I l 2 2 ,
Mm01226722_m1, Tbet , Mm00450960_m1; Gata3 ,
Mm00484683_m1; Rorc , Mm01261022_m1; Foxp3 ,
Mm00475162_m1; Gapdh, Mm99999915_g1a, all from Applied
Biosystems.). PCR assays were performed on an MxP3000P
QPCR System and data were developed using the MxPro qPCR
software (Stratagene). The average threshold cycle (CT) values of
samples were normalized to the CT value of the Gapdh gene. The
relative expression was determined by the 2-DDCT method.
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Statistical Analysis
Data were analyzed as previously described (42) and expressed as
the M ± SD. Differences between groups were tested using a one-
way analysis of variance (ANOVA) followed by the Dunnet’s post
hoc test to compare every mean with a control mean. Data were
analyzed using GraphPad Prism 7.03 software (GraphPad Prism
Software, Inc.). A P value ≤ 0.05 was considered significant.
RESULTS

Treatment With AhR Agonists (FICZ and
L-Kyn) Reduces, While the Antagonist
(CH223191) Increases the Pulmonary
Fungal Load of P. brasiliensis Infected
Mice
C57BL/6 male mice were infected with 1 x 106 P. brasiliensis
yeasts and groups of 5 animals were treated with the AhR
agonists L-Kyn (800 mg i.p./mice) or FICZ (200 mg i.p./mice)
every other day starting at day-1 of fungal infection. Another
group was treated with the AhR antagonist CH223191 (400 mg
i.p./mice) on alternate days after infection. Control mice were
infected and treated with the drug vehicle following the same
protocol above described. The AhR ligands treated and untreated
infected mice were sacrificed 96 hours and 2 weeks after
infection, their lungs and liver macerated, and the presence of
viable fungi evaluated by the colony-forming units (CFU)
Frontiers in Immunology | www.frontiersin.org 425
method. Figure 1 shows that there was a significant reduction
in pulmonary and hepatic fungal loads in FICZ and L-Kyn
treated mice at both assayed periods; in contrast, treatment
with CH223191 increased the fungal load of the lungs, but not
that of the liver.

Treatment With AhR Agonists (FICZ and
L-Kyn) Decreases While the Antagonist
CH223191 Increases the Number of
Activated Myeloid Cells (CD11c+) in
P. brasiliensis Infected Mice
Treated and untreated infected mice were sacrificed 96 hours and
2 weeks after infection, their lungs removed, macerated and
CD11c+ lung myeloid cells analyzed by flow cytometry for the
expression of activation markers (IAb, CD40, CD80, and CD86).
As can be seen in Figure 2, the number of activated CD11c+
myeloid cells was present in reduced numbers in the lungs of
mice treated with AhR agonists. In contrast, treatment with the
CH223191 antagonist increased the number of activated CD11c+
cells in the lungs of infected mice.

Treatment With AhR Ligands Alters the
Intracellular Expression of IDO, AhR, and
Cytokines by CD11c+ Myeloid Cells
Mice were infected and treated as above described. The animals
were sacrificed 96 hours and 2 weeks after infection, their lungs
removed, macerated and the leukocytes analyzed by flow
FIGURE 1 | Treatment with AhR agonists (FICZ and L-Kyn) reduces while the antagonist (CH223191) increases the fungal load in mice infected with P. brasiliensis.
C57BL/6 mice (n = 5) were infected with 1x106 yeasts of P. brasiliensis and treated by route i,p. on alternate days with FICZ, L-Kyn, or CH22391 at doses of 200 mg
or 800 mg or 400 mg/animal, respectively. Control mice were treated with the PBS. The animals were sacrificed 96 hours and 2 weeks after infection, their lungs and
liver removed, macerated, and evaluated for the fungal load. The experiment was repeated twice, and data are expressed as M ± SD. P values < 0.05 were
considered significant (*p < 0.05; **p < 0.005 and ***p < 0.001).
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cytometry for the intracellular expression of IDO, AhR, and
cytokines (IL-12, TNF-a, IL-1b, IL-6, TGB-b, and IL-10) by
CD11c+ myeloid cells. Figure 3A shows the gating strategy used
to characterize these cells. As can be seen in Figure 3B, at 96
hours and 2 weeks after infection both agonists increased while
the antagonist reduced the number of CD11c+ cells expressing
intracellular IDO and AhR. As for cytokine expression, a general
view suggests that FICZ led to increased, while CH223191 to a
reduced number of CD11c+ cells expressing intracellular
cytokines. Interestingly, all treatments at both periods assayed
caused a robust reduction in IL-1b+ CD11c+ cells. At both post-
infection periods, FICZ increased the numbers of CD11c+ cells
expressing IL-12, IL-6, TGF-b and IL-10. L-Kyn reduced the
number of TNF-a+ and IL-1b+ CD11c+ cells at both infection
periods but increased the number of IL-12 and TGF-b expressing
CD11c+ cells by 96 hours of infection. On the other hand,
treatment with CH223191increased the number of CD11c+
myeloid cells expressing TNF-a but reduced those producing
IL-12, IL-1b, and IL-6 at both time points assayed.

Treatment With AhR Ligands Increases the
Migration of Dendritic Cells (DCs) to the
Lungs of P. brasiliensis Infected Mice
Mice were treated as previously described and analyzed two
weeks post-infection by flow cytometry regarding the presence of
Frontiers in Immunology | www.frontiersin.org 526
myeloid (CD11c+CD11b+), lymphoid (CD11c+CD8+), and
plasmacytoid (CD11c+mPDCA+) DCs in the lungs of infected
mice. Figure 4A shows the gating strategy used to define DCs
subpopulations. The number of CD11c+ cells increased in the
lungs of mice receiving all three treatments and at both time
points assayed (Figure 4B). All DC subpopulations were found
in higher numbers in FICZ treated mice at both post-infection
periods. L-Kyn also increased all DC subsets by 96 hours after
infection but only plasmacytoid DCs appeared in higher number
at week 2. The AhR antagonist CH223191 preferentially
augmented the migration of myeloid DCs to the lungs of
infected mice.
Treatment With AhR Ligands Alters the
Presence of Innate Lymphoid Cells (ILCs)
in the Lungs of P. brasiliensis Infected
Mice
We have also characterized the influence of the AhR ligands on the
differentiation of pulmonary ILCs. These cells represent a new
family of lymphocytes that do not express receptors for antigens,
produce significant amounts of cytokines, and can be cytotoxic
when activated. In ILCs, T and B cell receptors are absent, and their
development is independent of RAG genes. The different
subpopulations of ILCs exhibit transcription factors and cytokines
FIGURE 2 | Treatment with AhR agonists (FICZ and L-Kyn) reduces, while the antagonist (CH223191) increases the number of activated myeloid CD11c+ cells in the lungs
of P. brasiliensis infected mice. C57BL/6 mice (n = 5) were infected with 1 x 106 P. brasiliensis yeasts and treated by route i,p. on alternate days with FICZ, L-Kyn, or CH22
according to the protocol previously described. Control mice were treated with PBS. The animals were sacrificed 96 hours and 2 weeks after infection, their lungs removed,
macerated, and CD11c+ leukocytes analyzed by flow cytometry for the expression of activation markers (IAb, CD40, CD80, and CD86). The experiment was repeated twice,
and data are expressed as M ± SD. P values < 0.05 were considered significant (*p < 0.05; **p < 0.005 and ***p < 0.001).
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A

B

FIGURE 3 | Treatment with AhR ligands (FICZ, L-Kyn, and CH2231991) alters the intracellular expression of IDO, AhR, and cytokines by pulmonary myeloid
CD11c+ cells from P. brasiliensis infected mice. C57BL/6 mice (n = 5) were infected with 1 x 106 P. brasiliensis yeasts and treated by route i,p. on alternate days
with FICZ, L-Kyn, or CH223191 at doses of 200, 800, or 400 mg/animal, respectively. Control mice were treated with PBS. The animals were sacrificed 96 hours
and 2 weeks after infection, their lungs removed, macerated and CD11c+ leukocytes analyzed by flow cytometry for the intracellular expression of the enzyme IDO,
the AhR transcription factor, and cytokines (IL-12, TNF-a, IL -1b, IL-6, TGB-b and IL-10). (A) Gate strategy to define CD11c+ expressing IDO, AhR, and cytokines.
(B) Number of pulmonary CD11c+ cells expressing AhR, IDO and cytokines detected at 96 hours and 2 weeks after infection. The experiment was repeated twice,
and data are expressed as M ± SD. P values < 0.05 were considered significant (* p < 0.05; **p < 0.005 and ***p < 0.001).
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that are prototypical of CD4 + T cell subsets. These characteristics
include the shared expression of Tbet and IFN-g by ILC1 and Th1,
GATA-3, IL-5 and IL-13 by Th2 and ILC2; RORC, IL-17, and IL-22
by ILC3 and Th17/Th22 cells, as well as Eomes, IFN-g and cytotoxic
molecules by CD8+ T cells and conventional NK cells (43). Figure
5A depicts the gating strategy used to define ILCs subsets. We could
Frontiers in Immunology | www.frontiersin.org 728
demonstrate (Figure 5B) that FICZ treatment induced a great
expansion of ILC3 but reduced the number of NK1.1 and ILC1
cells. L-Kyn induced the expansion of ILC1 but reduced ILC3. On
the other hand, the AhR antagonist CH223191 caused only a
profound reduction in the presence of ILC3 lymphocytes in the
lungs of P. brasiliensis infected mice.
A

B

FIGURE 4 | Treatment with AhR agonists (FICZ and L-Kyn) and antagonist (CH223191) increases the migration of dendritic cells (DCs) to the lungs of P. brasiliensis
infected mice. C57BL/6 mice (n = 5) were infected with 1 x 106 P. brasiliensis yeasts and treated by route i,p. on alternate days with FICZ, L-Kyn, or CH223191 as
previously described. Control mice were treated with PBS. The animals were sacrificed 2 weeks after infection, their lungs removed, macerated and the number total
CD11c+, myeloid (CD11c+CD11b +), lymphoid (CD11c+CD8+), and plasmacytoid (CD11c+mPDCA+) dendritic cells analyzed by flow cytometry. (A) Gate strategy
to define DCs subsets. (B) Number of total pulmonary CD11c+ cells and DCs subsets observed 2 weeks after infection. The experiment was repeated twice, and
data are expressed as M ± SD. P values < 0.05 were considered significant (* p < 0.05; **p < 0.005 and ***p < 0.001).
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Treatment With AhR Ligands Alters
Cytokine Gene Expression in the Lungs of
P. brasiliensis Infected Mice
Infected control and AhR ligands treated mice were sacrificed,
their lungs removed, macerated, and the relative expression of
mRNA for cytokines analyzed by RT-PCR. The results obtained
at the two infection periods studied were similar (Figure 6).
Frontiers in Immunology | www.frontiersin.org 829
FICZ enhanced the expression of il-17, il-22, il-10, and tgf-b
mRNAs at both periods but reduced il-6 levels at 96 hours of
infection. L-Kyn increased the expression of ifn-g and tgf-b but
reduced the levels of il-6, il-17, and il-22 mRNAs. CH223191, on
the other hand, increased the synthesis of il-6 but reduced il-17
and il-22 mRNA at both post-infection periods, but tgf-b only at
96 hours after infection.
A

B

FIGURE 5 | Treatment with AhR ligands alters the expansion and presence of Innate Lymphoid Cells (ILCs) in the lungs of P. brasiliensis infected mice. C57BL/6
mice were infected with 1 x 106 P. brasiliensis yeasts and treated with FICZ, L-Kyn, CH223191 as previously described. Control mice were treated with PBS. The
animals were sacrificed 96 hours and 2 weeks after infection, their lungs removed, macerated, the leukocytes obtained, and analyzed by flow cytometry for ILCs
phenotypes (NK 1.1, ILC1, ILC2, and ILC3). (A) Gate strategy to define ILCs subsets. Lung leukocytes were first treated with an anti-mouse lineage cocktail
(Biolegend) containing antibodies to CD3, Ly6G/Ly6C, CD11b, CD45R/B220, TER 119/erythroid cells, that react with T cells, B cells, monocytes, macrophages, NK
cells, and erythrocytes. NK cells were then classified as Lin+CD45+NK1.1+ NKp46+Eomes+, ILC1 as CD45+Lin-CD127+Tbet+, ILC2 as CD45+Lin-CD127+Gata3+,
and ILC3 as CD45+Lin-CD127+RORC+. The cell surface and intracellular markers were measured by flow cytometry and 50.000 cells were counted. (B) Number of
NK1.1, ILC1, ILC2, and ILC3 positive cells detected in the lungs of mice at 96 hours and 2 weeks after infection. The experiment was repeated twice and data are
expressed as M ± SD. P values < 0.05 were considered significant (*p < 0.05; **p < 0.005 and ***p < 0.001).
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Treatment With AhR Ligands Modifies the
Levels of Pro- and Anti-inflammatory
Cytokines in the Lungs of P. brasiliensis
Infected Mice
Mice were treated as previously described. Supernatants from
lung macerates obtained 96 hours and 2 weeks post-infection
were analyzed by ELISA for the presence of pro- and anti-
inflammatory cytokines. As can be seen in Figure 7, IL-1b was
the only cytokine that appeared in increased levels at both
periods assayed and treatments used. In contrast, TNF-a and
cytokines involved in Th1 (IL-12, IFN-g) and Th2 (IL-4, IL-10)
Frontiers in Immunology | www.frontiersin.org 930
differentiation or activity appeared in reduced levels in almost all
treatments and time points studied. As expected, AhR ligands
have also altered the levels of cytokines involved in Th17 and
Treg cells differentiation and activity (Figure 8). IL-6, IL-23, and
TGF-b and were seen in reduced levels at least in one post-
infection period after L-Kyn and CH223191 treatments and this
was accompanied by reduced levels of IL-17 (week 2) and IL-22
(both infection periods). On the other hand, FICZ increased the
levels of IL-17 (96 hours) and IL-22 (96 hours and 2 weeks),
whereas CH223191 caused increased IL-17 production only in
the first period assayed. Besides, all employed AhR ligands
FIGURE 6 | Treatment with AhR ligands alters mRNA expression for pro- and anti-inflammatory cytokines in the lungs of P. brasiliensis infected mice. C57BL/6 mice
(n = 5) were infected with 1 x 106 P. brasiliensis yeasts and treated with FICZ, L-Kyn, CH223191 as previously described. Control mice were treated with PBS. The
animals were sacrificed 96 hours and 2 weeks after infection, their lungs removed, macerated, and the RNA obtained analyzed by RT-PCR as described in M&M.
The experiment was repeated twice, and data are expressed as M ± SD. P values < 0.05 were considered significant (*p < 0.05; **p < 0.005 and ***p < 0.001).
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caused at the late time point assayed a reduction in TGF-b and
IL-35, two suppressive cytokines involved in Treg cells activity.

AhR Ligands Modify the Message for
AhR, IDO, and Transcription Factors for
CD4+ T Cell Subsets
Control and FICZ, L-Kyn, and CH223191 treated mice were
sacrificed, their lungs removed, macerated, and the relative
expression of mRNA for AhR, IDO, and master transcription
factors for CD4+ T cell subsets differentiation were analyzed by
RT-PCR. Similar results were obtained in both periods of
infection (Figure 9). FICZ and L-Kyn agonists led to increased
mRNA expression for IDO and AhR, while the antagonist
CH223191 decreased their expression. FICZ reduced tbet but
increased the expression of gata3 and rorc. L-Kyn treatment
caused a robust increase in the foxp3 message while CH223191
Frontiers in Immunology | www.frontiersin.org 1031
did not significantly change the mRNA levels for all transcription
factors assayed.

AhR Ligands Modify the Expansion of
CD4+ T Cell Subsets That Migrate to the
Lungs of Infected Mice
Mice were treated as previously described. Two weeks after
infection, isolated lung leukocytes were analyzed by flow
cytometry regarding the presence of CD4+ T cell subsets. The
gating strategies used to define CD4+ T cell subsets are shown in
Figures 10A, B depicts the number of these cells present in the
lungs of treated and untreated mice. The FICZ agonist
significantly increased the migration of all cell T cell
subpopulations (Th1, Th2, Th17, Th22, and Treg). Concomitant
with the elevated expression of foxp3 mRNA, L-Kyn treatment
caused a vigorous increase in Treg cells associated with Th1 and
FIGURE 7 | Treatment with AhR ligands increases the levels of pulmonary IL-1b but reduces the levels of cytokines involved in the development or activity of Th1
and Th2 cells. C57BL/6 mice (n = 5) were infected with 1 x 106 P. brasiliensis yeasts and treated with FICZ, L-Kyn, CH223191 as previously described. Control mice
were treated with PBS. The animals were sacrificed 96 hours and 2 weeks after infection, their lungs removed, macerated and the supernatants analyzed for the
presence of cytokines by ELISA. The experiment was repeated twice, and data are expressed as M ± SD. P values < 0.05 were considered significant (*p < 0.05;
**p < 0.005 and ***p < 0.001).
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Th22 decrease. The CH223191 antagonist, on the other hand,
reduced the migration of Th1, Th22, and Tregs but increased the
presence of pulmonary Th17 lymphocytes. A general view of these
results suggests that FICZ has a great inducing effect on the
differentiation and migration of Th2, Th17, and Th22
subpopulations. L-Kyn has a great inducing effect on Treg cells,
while the greatest effect of CH223191 is the expansion of Th17
lymphocytes associated with concomitant reduction of Treg cells.
DISCUSSION

Traditionally considered a mediator in the toxic response to
dioxin, AhR was later described as an important regulator of the
immune response, including the immunity against infectious
agents (13). In addition to inducing detoxifying enzymes, AhR
modulates the differentiation and activity of innate and adaptive
Frontiers in Immunology | www.frontiersin.org 1132
immune cells (10, 11, 13, 44), profoundly influencing the
outcome of infectious and inflammatory processes (13, 45).

In pulmonary PCM, our group showed that P. brasiliensis
infection induces and activates the enzyme IDO that causes TRP
deprivation and L-Kyn production. TRP shortage leads to
reduced fungal growth and diminished infection of DCs and
macrophages. The enhanced L-Kyn synthesis, via AhR
activation, increases the expansion of Treg cells that control
excessive Th17-mediated tissue pathology (34–37, 46). Our
studies also demonstrated an important interconnection
between IDO and AhR expression, where a balanced activation
of these mediators proved to be fundamental for the control of
fungal immunity and disease tolerance (34–37, 46).

Since its description, the immunomodulatory effect of AhR
has been associated with the control of both, exacerbated and
deficient immune responses. These opposed effects result from
the diverse interactions between AhR and its ligands and
FIGURE 8 | Treatment with AhR ligands alters the levels of pulmonary cytokines involved with Th17 and Treg cells development and activity. C57BL/6 mice (n = 5)
were infected with 1 x 106 P. brasiliensis yeasts and treated with FICZ, L-Kyn, CH223191, as previously described. Control mice were treated with PBS. The animals
were sacrificed 96 hours and 2 weeks after infection, their lungs removed, macerated and the supernatants analyzed for the presence of cytokines by ELISA. The
experiment was repeated twice, and data are expressed as M ± SD. P values < 0.05 were considered significant (*p < 0.05; **p < 0.005 and ***p < 0.001).
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environmental cytokines, among other factors (10, 11, 47–49).
Thus, the AhR activation can enhance pro-inflammatory
responses, usually mediated by the Th1/Th17 subpopulations,
or anti-inflammatory or suppressive immunity mediated by Treg
and Tr1 cells (10, 11, 14). Environmental cytokines at the time of
cell differentiation are fundamental to this process, and each
pathogen and each specific disease induces complex patterns of
mediators that are greatly influenced by the host’s genetic
pattern, as well as more general environmental and metabolic
factors (13, 14, 45). Indeed, comparing the effect of four different
AhR agonists in the immunity and severity of a viral infection,
Boule et al. (45) elegantly demonstrated that ligand metabolism
and binding affinity, but not the chemical source, determines
their immunological effects. Despite this great variability, some
studies have shown that AhR agonists that are more difficult to
be metabolized (eg: TCDD) induce increased expression of Treg
Frontiers in Immunology | www.frontiersin.org 1233
(or Tr1) cells, while others, such as FICZ, induce greater
polarization of T cells to the Th17 phenotype that synthesizes
IL-17 and are also competent IL-22 producers (41, 50, 51). Th22
subpopulations, on the other hand, are most dependent on AhR
expression (52, 53).

Our previous findings demonstrating the important role of
the IDO/AhR/Treg/Th17 axis in the control of pulmonary PCM
led us to comparatively investigate the immunomodulatory effect
of two different agonists and one antagonist of AhR signaling.
Thus, different groups of infected mice were treated with FICZ, a
high-affinity agonist, L-Kyn, a low-affinity agonist, and
CH223191 a low-affinity antagonist of AhR (49). The findings
here reported demonstrate the peculiar effects of each of the AhR
ligands studied in the control of pulmonary PCM. Some similar
effects were shared by the FICZ and L-Kyn agonists, such as
reduced fungal loads, decreased number of pulmonary CD11c+
FIGURE 9 | Treatment with AhR ligands alters the expression of mRNA for IDO, AhR, and transcription factors in the lungs of P. brasiliensis infected mice. C57BL/6 mice (n
= 5) were infected with 1 x 106 P. brasiliensis yeasts and treated with FICZ, L-Kyn, CH223191 as previously described. Control mice were treated with PBS. The animals were
sacrificed 96 hours and 2 weeks after infection, their lungs removed, macerated, and the RNA obtained was analyzed by RT-PCR as described in M&M. The experiment was
repeated twice, and data are expressed as M ± SD. P values < 0.05 were considered significant (*p < 0.05; **p < 0.005 and ***p < 0.001).
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myeloid cells expressing activation markers (IA, CD40, CD80,
CD86), and increased expression of AhR and IDO. In contrast,
these effects were opposed when the animals were treated with
the AhR antagonist CH22319: there was an increase in
pulmonary fungal loads and the number of CD11c+ leukocytes
expressing activation markers, besides a drastic reduction in the
expression of AhR and IDO. In the adaptive immune response,
however, each of these ligands induced a characteristic profile.
The large expansion of myeloid, lymphoid, and plasmacytoid
DCs induced by FICZ increased all CD4+ T cell subpopulations
Frontiers in Immunology | www.frontiersin.org 1334
(Th1, Th2, Th17, Th22, and Treg), but with the predominance of
the Th17 and Th22 subsets. L-Kyn, which preferentially activated
plasmacytoid DCs, possibly tolerogenic (35, 46, 54, 55), reduced
the expansion of Th1 and Th22 cells but caused a great
expansion of Treg cells differentiation. CH223191, the AhR
antagonist, induced the preferential expansion of myeloid DCs,
reduced the number of Th1, Th22, and Treg lymphocytes, but
caused a significant increase in Th17 cells. This compound also
induced a great decrease in the synthesis of pulmonary cytokines,
with emphasis on the reduction of the various cytokines
A

B

FIGURE 10 | Treatment with AhR ligands alters the differentiation and migration of CD4+ T cell subsets to the lungs of P. brasiliensis infected mice. C57BL/6 mice
were infected with 1 x 106 P. brasiliensis yeasts and treated on alternate days with FICZ, L-Kyn, or CH223191 at doses of 200, 800, or 400 mg/animal, respectively.
Control mice were treated with PBS. The animals were sacrificed 2 weeks after infection, their lungs removed, macerated and the CD4+ T lymphocytes evaluated by
flow cytometry for intracellular expression of Th signature cytokines (IFN-g, IL-4, IL-17, IL-22) and the Treg phenotype (CD4+CD25+Foxp3+). (A) Gate strategy to
define T cell subsets. (B) Number of Th1, Th2, Th17, Th22, and Treg cells present in the lungs of control and AhR ligands treated mice. The experiment was
repeated twice, and data are expressed as M ± SD. P values < 0.05 were considered significant (*p < 0.05; **p < 0.005 and ***p < 0.001).
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associated with the suppressive function of Tregs (IL-10, IL-35,
and TGF-b). ILC3 was the most ILC subpopulation affected by
AhR ligands treatment. While treatment with FICZ promoted a
large increase in ILC3, the CH223191 antagonist drastically
reduced this cell population. L-Kyn increased the number of
ILC1 in the lungs but, similarly to CH223191, reduced the
expansion of ILC3.

Treatment with FICZ augmented the number of CD11c+
myeloid cells expressing some intracellular pro- and anti-
inflammatory cytokines that appear to have influenced the
differentiation of all CD4+ T cell subsets here described.
Interestingly, FICZ treatment caused a significant reduction in
almost all secreted pulmonary cytokines except for IL-1b, TGF-
b, IL-17, and IL-22, all cytokines involved in Th17 expansion and
activity, and a prominent Th cell expanded by this treatment.
Besides, the characterization of lung mRNA demonstrated
constant increases in ahr, rorc, il-22, and il-17, indicating the
tendency of this AhR agonist to induce prevalent Th17 and Th22
responses. This finding is in agreement with a pioneering
publication by Quintana et al. (11) demonstrating that FICZ
induces the production of transcription factors and cytokines
that coordinate the preferential differentiation of T cells to the
Th17 profile. The increased differentiation of Th22 is also in
agreement with the IL-22 dependence of AhR expression (56).
This AhR agonist also induced a large increase in ILC3
lymphocytes, IL-17, and IL-22 producers and highly dependent
on the transcription factors RORc and AhR [12, 57).

The analysis of mRNA present in the lungs of L-Kyn treated
mice confirmed a large increase in themessage for AhR and IDO in
the two post-infection periods analyzed. Analogous to FICZ,
treatment with L-Kyn increased the numbers of CD11c+ myeloid
cells expressing pro- and anti-inflammatory cytokines. However, a
large expansion of plasmacytoid DCs, which have a tolerogenic
profile in pulmonary PCM (35, 46), was detected in L-Kyn treated
mice. Indeed, L-Kyn treatment induced a robust increase in
pulmonary Treg (CD4+CD25+Foxp3+) cells, and this finding
was associated with the large expression of mRNA for Foxp3 in
the two periods of infection studied. The profile of soluble
pulmonary cytokines in L-Kyn treated mice showed a consistent
reduction in almost all cytokines assayed, except for TGF-b and IL-
35 that could be associated with the increased Treg cells expansion
heredescribed. Still, a reduction inTh22 cells observedat the second
week post-infection, and this finding was accompanied by a
reduction in IL-22 in the lung supernatants and in mRNA for IL-
22 of L-Kyn treatedmice at the two periods of disease assayed. Since
the synthesis of IL-22 is highly dependent on AhR (56), and this
transcription factor appeared at high levels as protein in myeloid
cells, and as mRNA in total lung cells, we can suppose that the
reduction inTh22 lymphocytesmediatedbyL-Kyn treatment could
have been influenced by the concomitant activity of other
transcription factors or the increased expansion of Treg cells. In
this respect, it is also worthmentioning the great reduction of ILC3,
which depends on the RORc transcription factor for IL-17
synthesis, but on AhR for IL-22 production (12, 57). The decrease
in ILC3 was consistently accompanied by a reduction in IL-17 and
IL-22 in the lung supernatants, but not in the expression of AhR.
Frontiers in Immunology | www.frontiersin.org 1435
However, to better analyze the effect of AhR on ILCs, we should
have phenotypically characterized the simultaneous synthesis of IL-
17 and IL-22 by ILC3 as well as the NCR-IL-22 subpopulation
whose IL-22 synthesis is AhR-dependent (57). In summary,
treatment with L-Kyn appears to have exerted a predominant
anti-inflammatory effect on PCM, mainly due to the early
increased expression of AhR and IDO that controlled the fungal
load and established a low expression of activation molecules by
myeloid cells, a predominant expansion of plasmacytoid DCs and
an increased differentiation of Foxp3+ Treg cells.

The AhR antagonist CH223191, as expected, caused opposed
effects to the studied agonists, in particular FICZ. CH223191
treatment reduced the number of IDO+ CD11c+ cells and
increased the number of viable P. brasiliensis yeasts present in the
lungs at both time points studied. This agrees with our previous
reports demonstrating the increased P. brasiliensis growth when
IDO ismetabolically inhibitedor genetically ablated, possiblyby the
increased TRP availability for fungal metabolism (34–37), The
reduction in IDO was concomitant with that of AhR, the two
components that are mutually controlled (14). Contrasting the
treatmentswithFICZandL-Kyn,CH223191causeda large increase
in the number of CD11c+ myeloid cells expressing activation
molecules, intracellular TNF-a and a preferential expansion of
myeloid DCs. It was also observed a reduction in Th1, Th22, and
Treg cells besides an increase in Th17 cells. The reduction in Treg
cells was concomitantwithdecreased levels of several cytokines (IL-
10, TGF-b, and IL-35) associated with their anti-inflammatory
function. The reduction of Th1 lymphocytes was concomitant with
a low presence of IFN-g in pulmonary cell supernatants, while the
increase in Th17 lymphocytes occurred with an increase in IL-17
only at 96 hours after infection. Contrasting the AhR agonists,
CH223191 reduced, as expected, the mRNA expression for IDO
and AhR. This reduced AhR expression was associated with
decreased numbers of AhR-dependent ILC3 since we did not
notice a reduction in RORc expression. As a whole, treatment
with an AhR antagonist reproduced the main findings that we
observed in P. brasiliensis infected AhR-/- mice (37), increased
fungal loads, and Th17 immunity not adequately controlled by
insufficient Treg cells expansion.

The lung is a barrier organ that expresses AhR at high levels
(58). This transcription factor is expressed by epithelial and
immune cells, is involved in mucous secretion (59) and the
balanced immune response in the lung (49). In accordance, our
studies have demonstrated the important participation of AhR in
the control of disease severity and immune response in pulmonary
PCM (34–37, 46). The present study allowed us to demonstrate
that this fungal infection can be modulated by AhR ligands in
opposed directions as previously demonstrated in other
experimental models (10, 11, 45), suggesting their therapeutic
use in different forms of the disease. FICZ, due to its fungicidal
effect and prominent pro-inflammatory activity that mediates the
increased expansion of all T cell subsets but prevalent Th17
differentiation, could be used as adjunct therapy of severe
human PCM characterized by T cell anergy and high fungal
loads (25). L-Kyn, which favors the expansion of Treg cells but
reduces fungal loads, could be used as an immunomodulator in
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those situations of severe tissue damage associated with
hyperreactivity of the immune system, which occasionally occurs
in thehumanPCM(60).Theuseof theAhRantagonist,which leads
to excessive fungal growth and increased Th17 immunity should be
therapeutically discarded since its effectmimics those observedwith
AhR-/- mice, where the uncontrolled fungal growth associated with
unrestrained pro-inflammatory reactions lead to extremely severe
disease. Finally, our data encourage further studies on the
immunomodulation of PCM by AhR agonists and open the
perspective of their use in future immunotherapeutic procedures.
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29. Bazan SB, Costa TA, de Araújo EF, Feriotti C, Loures FV, Pretel FD, et al.
Loss- and gain-of-function approaches indicate a dual role exerted by
regulatory T cells in pulmonary paracoccidioidomycosis. PloS Negl Trop Dis
(2015) 9:e0004189. doi: 10.1371/journal.pntd.0004189

30. De Luca A, Montagnoli C, Zelante T, Bonifazi P, Bozza S, Moretti S, et al.
Functional yet balanced reactivity to Candida albicans requires TRIF, MyD88,
and IDO-dependent inhibition of Rorc. J Immunol (2007) 179:5999–6008.
doi: 10.4049/jimmunol.179.9.5999

31. Romani L, Zelante T, De Luca A, Fallarino F, Puccetti P. IL-17 and therapeutic
L-Kynurenines in pathogenic inflammation to fungi. J Immunol (2008)
180:5157–62. doi: 10.4049/jimmunol.180.8.5157

32. De Luca A, Zelante T, D’Angelo C, Zagarella S, Fallarino F, Spreca A, et al. IL-
22 defines a novel immune pathway of antifungal resistance. Mucosal
Immunol (2010) 3:361–73. doi: 10.1038/mi.2010.22

33. Veldhoen M, Hirota K, Christensen J, O’Garra A, Stockinger B. Natural
agonists for aryl hydrocarbon receptor in culture medium are essential for
optimal differentiation of Th17 cells. J Exp Med (2009) 206:43–9. doi: 10.1084/
jem.20081438
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Objective: Tryptophan catabolites (TRYCATs) are implicated in the pathophysiology of
mood disorders by mediating immune-inflammation and neurodegenerative processes.
We performed a meta-analysis of TRYCAT levels in bipolar disorder (BD) patients
compared to healthy controls.

Methods: A systematic literature search in seven electronic databases (PubMed,
Embase, Web of Science, Cochrane, Emcare, PsycINFO, Academic Search Premier)
was conducted on TRYCAT levels in cerebrospinal fluid or peripheral blood according to
the PRISMA statement. A minimum of three studies per TRYCAT was required for
inclusion. Standardized mean differences (SMD) were computed using random effect
models. Subgroup analyses were performed for BD patients in a different mood state
(depressed, manic). The methodological quality of the studies was rated using the
modified Newcastle-Ottawa Quality assessment Scale.

Results: Twenty-one eligible studies were identified. Peripheral levels of tryptophan (SMD =
-0.44; p < 0.001), kynurenine (SMD = - 0.3; p = 0.001) and kynurenic acid (SMD = -.45;
p = < 0.001) were lower in BD patients versus healthy controls. In the only three eligible
studies investigating TRP in cerebrospinal fluid, tryptophan was not significantly different
between BD and healthy controls. The methodological quality of the studies was moderate.
Subgroup analyses revealed no significant difference in TRP and KYN values between
manic and depressed BD patients, but these results were based on a limited number
of studies.

Conclusion: The TRYCAT pathway appears to be downregulated in BD patients. There is
a need for more and high-quality studies of peripheral and central TRYCAT levels,
preferably using longitudinal designs.
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INTRODUCTION

Bipolar disorder (BD) is a chronic psychiatric disorder
characterized by alternating periods of depression and
abnormally elevated moods. BD is one of the leading causes of
global disability, resulting in cognitive and functional decline and
an increased mortality rate (1). The pathophysiology of BD
remains to be fully elucidated but accumulating evidence
points towards a pathophysiological role of chronic low-grade
inflammation (2).

The kynurenine pathway of tryptophan (TRP) degradation
has been proposed as the missing link through which
inflammation causes neurotoxicity and psychiatric symptoms.
TRP is an essential amino acid and a precursor for serotonin or
5‐hydroxytryptamine. In response to inflammation or
psychosocial stress (3), TRP is primarily metabolized into
kynurenine (KYN) following an upregulation of indoleamine
2,3‐deoxygenase (IDO‐1) and hereby leading to a reduction in
availability of serotonin (for a graphical illustration of the KYN
Pathway, see Figure 1). This depletion of serotonin has
been assumed to play a major role in the pathophysiology
of depression (5, 6). More recent studies also point towards
the imbalance supposedly neurotoxic [including 3-hydroxy
kynurenine (3-HK) and quinolinic acid (QA)) and
neuroprotective (kynurenic acid (KA)] TRP catabolites
(TRYCAT) as a central mechanism in the pathophysiology of
mood disorders (7, 8). In patients with Major Depressive
Disorder (MDD), a consistent increase in 3-HK and QA and a
decrease in KA in blood and cerebrospinal fluid has been found
(8, 9). In BD patients, however, results have been more divergent
and appear specific to the symptomatic state (10). In depressed
Frontiers in Immunology | www.frontiersin.org 240
or euthymic BD patients, TRYCAT alterations seem to be similar
to those in MDD (11–13). In contrast, BD patients with a history
of psychosis have shown elevated KA levels in cerebrospinal fluid
(CSF) but not in the periphery, analogous to schizophrenia
patients (13–16).

In the last decade, a growing number of studies in BD has
been published and TRYCATs are represented as promising
biomarkers related to BD (17). However, studies show
confl icting results and there is a great variation in
methodological quality between studies, with a potential risk of
bias as a consequence. Two previous meta-analyses synthesized
the role of kynurenine metabolites in broad psychiatric disorders
(18, 19). Both included a limited number of studies in BD which
investigated only a limited selection of TRYCATs (mostly TRP,
KYN and/or KA) and the impact of mood state was not
investigated. Arnone and colleagues (18) reported no
significant differences in peripheral KYN or TRP values
compared to controls, but only five studies were included and
there was considerable heterogeneity among studies. The meta-
analysis by Wang and Miller (19). found that CSF levels of KA
were significantly increased in euthymic BD patients compared
to healthy controls, but this finding were based upon two studies
with partly overlapping samples (15, 16). A third, recently
published, meta-analysis summarized the results of studies on
TRYCATs in BD, but they included only studies investigating
TRYCAT levels in peripheral blood that were published after
2006. Furthermore, they did not provide a critical evaluation of
the study quality (20).

The aim of this meta-analysis is to synthesize the available
evidence on peripheral and central TRYCAT alterations in case-
control studies of BD patients and to critically evaluate the
FIGURE 1 | Kynurenine Pathway [previously published in Morrens et al. (4)].
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quality of available studies. Furthermore, subgroup analyses were
performed to separately investigate the differences in TRYCAT
levels in manic (BD-M) and bipolar depressed (BD-D) patients.
MATERIAL AND METHODS

This meta-analysis was conducted and written according to the
principles of the PRISMA-P (preferred reporting items for
systematic review and meta-analysis protocols) guidelines (21).

Search Strategy
A search of seven electronic databases (PubMed, Embase, Web of
Science, Cochrane, Emcare, PsycINFO, Academic Search
Premier) was conducted for original papers on levels of
TRYCATs (i.e. TRP, KYN, KA, 3-HK, QA) in BD patients. A
medical librarian of the University of Leiden was involved in the
establishment of the search strings (see Supplementary S1) and
the literature search (last search: August, 19, 2020). Two authors
(M.M. and K.H.) independently assessed studies for suitability
for inclusion.

Inclusion criteria for eligible papers were: 1) English language
papers published in peer-reviewed journals; 2) Case-control
studies comparing BD patients (as confirmed by Research
Diagnostic Criteria (RDC), DSM-(III, III-R, IV, IV-TR) or
ICD-(9 or 10) to healthy controls, 3) assessment of at least 1
TRYCAT metabolite in peripheral blood, CSF or postmortem
tissue. In case of sample overlap between studies (as indicated by
the authors), only the largest study was included in the current
meta-analysis, in order to avoid double counting. Only baseline
data were included from longitudinal study articles.

Quality Assessment
Two researchers (KH and KS) independently assessed the risk of
bias and methodological quality of the included studies using a
modified version of the Newcastle-Ottawa Quality assessment
Scale for case-control studies (22). Following assessments were
added to the original scale: an evaluation of the sample size (i.e. a
required sample size of minimum twenty patients), assessment of
outcome consisting of an evaluation of the completeness of
TRYCAT description on the one hand as well as lab
procedures (including blinding) in order to guarantee
reproducibility on the other hand) and an assessment of
statistical reporting. Studies could obtain up to ten stars on
three overall quality domains (i.e. selection, comparability,
and outcome).

Data Synthesis and Analysis
Demographic variables (age and gender), clinical assessments
(mood state and symptom severity scores), and TRYCAT
metabolite levels (means and standard deviations) were
extracted from each study. Authors were contacted for
additional information when data could not be extracted from
the paper; this was received from four papers (13, 23–25). The
Review Manager 5.3 (RevMan 5.3) computer program was used
for performing the primary meta-analysis and subgroup
Frontiers in Immunology | www.frontiersin.org 341
analyses. The primary outcome measure was the standardized
mean difference (SMD) in random effect models, represented in
forest plot graphs (95% confidence interval). The presence of
heterogeneity was assessed using Chi2 and its magnitude using I2

statistics. Potential effect modification by gender, age, and
publication year was investigated by performing meta-
regression analyses (Knapp-Hartung method, maximum
likelihood) (26) in Comprehensive Meta-Analysis version 3
(CMA v3). For analyses with ten or more available studies,
funnel plots and Egger’s tests were used to assess the presence
of publication bias.

Subgroup analyses were performed to investigate the
difference in TRYCAT levels for BP patients in a different
mood state (depressed, manic). A minimum of three studies
per subgroup was required in order to perform a subgroup
analysis for each TRYCAT. A depressed state was defined as a
major depressive episode as diagnosed by the RDC, DSM-(III,
III-R, IV, IV-TR) or ICD-(9 or 10) criteria and/or defined as a
minimum threshold of 17 or 18 on the Hamilton Rating Scale for
Depression (HRSD-17) or 20 on the HRSD-24 (27). A manic
state was defined as fulfilling the criteria of the RDC, DSM-(III,
III-R, IV, IV-TR) or ICD-(9 or 10) ICD-10) criteria and/or as
having a minimum threshold of 13 on the Young Mania Rating
Scale (YMRS) (28), the most frequently used scale for assessment
of manic symptoms. By means of a supplementary analysis,
subgroup analyses were also performed to investigate the
differences in effect size between high and low quality studies.
The significance level was set at p < 0.05, the Benjamin-Hochberg
procedure was applied for controlling false discovery rates (FDR)
in meta-regression analyses.
RESULTS

Study Selection
The search strategy resulted in 903 hits and after deduplication
438 remained that were screened for relevance based on title and
abstract. A final of 47 papers were read in full, of which 26 were
excluded. The PRISMA Flow Diagram in Figure 2 depicts the
number of in- and excluded articles from each stage of screening.
Four studies investigated TRYCATs in CSF (15, 29–31), sixteen
in serum or plasma and one both in CSF and serum (13). Only
one post-mortem study met inclusion criteria (32), but this study
was excluded due to inadequate reporting. Of the twenty-one
included papers in the meta-analysis, twelve had a cross-
sectional design; nine a longitudinal design. Table 1 presents
the characteristics of the included studies. The analysis of TRP in
CSF and five TRYCATs (TRP, KYN, KA, 3-HK, QA) in
peripheral blood were included in the meta-analyses based on
the minimal requirement of three studies for each meta-analysis.

Two CSF studies included both BD-D and BD-M patients (29,
30), one solely BD-M (31) and one solely euthymic BD patients
(15). Eight serum/plasma studies included only BD-D (12, 23, 33,
35–37, 41, 42), one only BD-M (14), one only euthymic BD (39),
two both BD-D and BD-M patients (24, 40), one study both BD-
M and euthymic BD (34) and two studies BD-D, BD-M and
May 2021 | Volume 12 | Article 667179
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BD-Mixed patients (10, 17). In the two remaining studies the
mood state of BD patients was not specified (13, 38).

Quality Assessment
The results of the quality assessment can be found in Table 2.
The quality analysis showed an overall moderate methodological
quality with 12 studies (57%) scoring half of the maximum score
or more (5/10 or more). Eight studies (38%) had a sample size of
less than twenty patients (12, 23, 29–31, 33, 36, 42). Only five
studies recruited a matched control sample (13, 23, 24, 34, 38)
and all but one study (10) reported unadjusted mean TRYCAT
levels. Four studies reported that the laboratory technicians were
blind for diagnose status (10, 14, 31, 41).

Central Levels of Kynurenine Metabolites
CSF levels of TRP did not significantly differ from healthy
controls (nstudies = 3, npatients = 39, SMD = - 0.43, z = 0.86, p =
0.39). There was considerable inter-study heterogeneity (I2: 83%,
see Supplementary Figure 4). Only two studies investigated KA
in CSF in BD. No CSF studies were found for KYN, 3-HK and
QA in BD. Consequently, these four TRYCATs were not
included in the meta-analysis.

Peripheral Levels of Kynurenine
Metabolites
Peripheral blood levels of TRP,KYNandKAwere significantly lower
inBDcompared tohealthy controls (TRP: nstudies = 14, npatients = 552,
SMD = -0.44, z = 4.94, p < 0.001; KYN: nstudies = 12, npatients = 514,
SMD = - 0.30, z = 3.21, p = 0.001; KA: nstudies = 10, npatients =
522, SMD = - 0.45, z = 3.98, p <.001). Peripheral QA and 3-HK
concentrations did not differ significantly between BD and healthy
Frontiers in Immunology | www.frontiersin.org 442
controls (QA: nstudies = 4, npatients = 203, SMD = - 0.31, z = 1.37,
p = 0.17; 3-HK: nstudies = 5, npatients = 273, SMD = - 0.78, z = 0.54,
p = 0.59). Inter-study heterogeneity was present for all TRYCATs
with I2 ranging from 46 to 77%.

Publication Bias
Funnel plots (of metabolites with a minimum of 10 available
studies; TRP, KYN, KA in peripheral blood) are presented in
Supplementary Figures 1 to 3. The funnel plot of KA shows a
significant asymmetry, confirmed by the Egger’s test (shown in
Table 3), which potentially indicates a publication bias in favor
of research reporting lower KA levels in BD.

Subgroup Analyses and Meta-Regression
Subgroup analyses in euthymic patients could not be reliably
performed due to the scarcity of such studies, as there were only
three studies including euthymic BD patients, of which one
presented CSF levels. Subgroup effect by either depressed or
manic mood state for TRP and KYN did not show effect
modification (Chi2 test for subgroup differences were not
significant, see Supplementary Figures 11–12). Subgroup
analyses for KA, 3-HK and QA could not be performed since
the minimum criterion of three studies in each subgroup was not
fulfilled. The pooled effect estimate for TRP in the BD-M
subgroup was slightly larger than that of the BD-D subgroup
(BD-M: SMD = - 0.52; z = 2.32; p = 0.02; BD-D: SMD = - 0.43;
z = 2.96; p = 0.003). The pooled effect estimates for KYN in BD-D
and BD-M groups were comparable (BD-M: SMD = - 0.27; z =
1.98; p = 0.05; BD-D: SMD = - 0.38; z = 2.8; p = 0.005).
Considerate within-subgroup heterogeneity remained,
indicating that other unidentified factors likely affect TRYCAT
FIGURE 2 | Flowchart.
May 2021 | Volume 12 | Article 667179
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TABLE 1 | Characteristics of included studies.

(P/HC) D/M/E Sample Type Longitudinal (yes/no) TRP KYN 3-HK QA KA

D (6) M (7) CSF Yes x
0 D (10), M (3) CSF No x

M (13) CSF No x
00 E (55) CSF No x

NA CSF No x

3 2

2 D (18) Plasma Yes x
0 M (20)

E (12)
Plasma Yes x

2 D (20) Plasma No x x x x
D (18) Plasma No x

3 D (9), M (1), Mixed (10)* Plasma Yes x x
2 D (43) Serum Yes x x
0 M (39) Plasma Yes x x x
8 D (11) Serum Yes x
5 NA Plasma No x
9 E (68) Serum No x x x x
3 D (22) Serum No x x x x
6 D (55), M (17) Plasma No x x
0 D (63) Serum No x x x x x
6 NA Plasma No x
6 D (35), M(32) Plasma Yes x x x x x
6 D (15), M (25), Mixed (10)** Serum No x x x x x
8 D (16) Serum Yes x x x

14 12 5 4 10

N, kynurenine; 3-HK, 3-hydroxykynurenine; QA, Quinolinic acid; KA, Kynurenic Acid; CSF, cerebrospinal fluid; NA, not applicable.
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Author, Year No. of participants (P/HC) Mean Age (SD)(P/HC) %male

Ashcroft et al., 1973 (29) 13/26 NA N
Coppen et al., 1972 (30) 13/14 50.6 (4.09)/NA 23/
Gerner et al., 1984 (31) 13/37 NA N
Olsson et al., 2012 (15) 55/23 39(14)/33.1(6.9) 38/1
Sellgren et al., 2019 (13) 93/113 NA N

Total number of studies in CSF tissue (n = 5)

Chiaroni et al., 1990 (33) 18/33 57.9(17.6)/39.5 (8.4) 36/
Hoekstra et al., 2006 (34) 32/20 47.2(14.6)/50.1 (13.5) 63/

Liu et al., 2018 (35) 20/23 30.5(5.1)/29.3 (5.9) 40/
Moller and Amdisen, 1979 (36) 18/25 39.4 (14.1)/41.7 (12.4) 0/
Mukherjee et al., 2018 (17) 21/28 36.1 (11.3)/31.6 (10.3) 52/
Murata et al., 2020 (37) 43/26 42.3 (12.3)/39.6 (13.5) 48/
Myint et al., 2007 (9, 14), 39/80 37.6 (11.6)/39.1 (8.8) 38/
Olajossy et al., 23 (23) 11/48 44.7 (13.8)/35 (NA) 43/
Pan et al., 2018 (38) 30/40 35.8 (10.7)/36.8 (8.8) 43/
Platzer et al., 2017 (39) 68/93 44.9 (14.0)/38.9 (16.2) 62/
Poletti et al., 2018 (12) 22/15 46.5 (13.7)/27.2 (8.3) 36/
Poletti et al., 2019 (40) 72/36 48.0 (13.7)/43.9 (12.3) 40/
Savitz et al., 2015 (41) 63/48 38.8 (11.1)/32.6 (10.4) 19/
Sellgren et al., 2019 (13) (plasma) 163/114 34.0 (NR)/35.0 (NR) 39/
Van den Ameele et al., 2020 (24) 67/34 43.1 (11.2)/42.7 (11.6) 42/
Wurfel et al., 2017 (10) 53/92 40.2 (11.0)/32.3 (10.4) 30/
Zhou et al., 2018 (42) 16/6 37.8 (12.9)/31.6 (10.7) 69/

Total number of studies in peripheral blood tissue (n = 17)

*One patient did not have CARS-M data.
**Affective state missing from three patients.
SD, standard deviation; P, Patients; HC, healthy controls; D, Depressed; M, Manic; E, Euthymic; TRP, Tryptophan; K
An overview of the total number of studies in CSF and peripheral blood are shown in bold.
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TABLE 2 | Quality Analysis.

OUTCOME TOTAL
(max 10*)

Outcome
Assessment (max

1*)

Statistical
Analyses (max 1*)

0 0 1

0 0 1

* 0 2

0 * 6

0 * 7

0 * 2

0 * 6

0 * 3

0 0 2

0 * 5

0 0 4

* 0 6

0 * 2

0 * 7

0 * 5

0 * 3

0 * 5

* * 6

0 * 9

* * 8

0 * 5
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SELECTION COMPARABILITY

Case definition
(max 1 *)

Sample size
(max 1 *)

Selection of
controls (max 1*)

Definition of
controls (max 1*)

Outcome
assessment (max

2*)

Comparability
(max 2*)

Ashcroft et al. (29) 0 0 0 0 A: *
B: 0

0

Coppen et al. (30) 0 0 0 0 A: *
B: 0

0

Gerner et al. (31) 0 0 0 0 A: *
B: 0

0

Olsson et al. (15) * * * * A:0
B:*

0

Sellgren et al. (13) * * * * A:0
B:*

*

Chiaroni et al. (33) 0 0 0 0 A:*
B: 0

0

Hoekstra et al. (34) * * 0 0 A: *
B: 0

**

Liu et al. (35) 0 * 0 0 A:*
B: 0

0

Moller and Amdisen (36) 0 0 * 0 A:*
B: 0

0

Mukherjee et al. (17) * * 0 * A:*
B: 0

0

Murata et al. (37) * * * * A:0
B: 0

0

Myint et al. (9, 14) * * * 0 A:*
B:*

0

Olajossy et al. (23) 0 0 0 0 A:0
B: 0

*

Pan et al. (38) * * * 0 A:*
B: 0

**

Platzer et al. (39) * * 0 * A:*
B: 0

0

Poletti et al. (12) * 0 0 0 A:*
B: 0

0

Poletti et al. (40) * * 0 * A:*
B: 0

0

Savitz et al. (41) * * 0 * A:*
B: 0

0

Van den Ameele et al.
(24)

* * * * A:*
B:*

**

Wurfel et al. (10) 0 * * * A:*
B:0

**

Zhou et al. (42) * 0 * * A:*
B:0

0

0: not satisfying minimum requirements (see Supplement S1).
* or ** in case of a maximum score of 2**: adequately satisfying minimum requirements.
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levels in BD patients. By means of a supplementary analysis
(Supplementary Table 1), we performed a subgroup analysis
comparing effect sizes in high and low quality studies and this
indicated a significant subgroup effect for KYN (p = 0.04) and
KA (p = 0.04) with low quality studies showing larger effect sizes
compared to high quality studies.

As demonstrated in the meta-regression analyses (see
Supplementary Table 2), there was no effect modification for
TRP, KYN and KA by age. The gender of the control group
appeared to be a significant moderator of the effect in the studies
comparing KA in BD and controls, yet this was no longer
significant after correcting for false discovery rates. Meta-
regressions could not be performed for 3-HK and QA due to
the low number of studies (n = 5 and n = 4 respectively).
DISCUSSION

This meta-analysis summarizes the available evidence on a wide
range of TRYCAT metabolites, representative for the whole
kynurenine pathway, in BD patients compared to healthy
controls. Patients with BD showed lower peripheral levels of
TRP, KYN and KA compared to healthy controls. The levels of 3-
HK and QA were not significantly different between healthy
controls and BD. CSF levels of TRP showed no significant
difference between BD and healthy controls, but this finding
was based on only three studies.

Our results confirm that BD is associated with alterations in
TRYCATs. However, these findings do not entirely correspond
to the theoretically proposed hypotheses to explain the
relationship between inflammation, kynurenine metabolism
and BD. TRYCATs are assumed to act as inflammatory
mediators and to cause neurodegeneration through neurotoxic
effects (43), but the exact pathophysiological mechanism how
TRYCATS influence BD symptoms and course remain unclear.
The lower TRP levels in peripheral blood are consistent with the
inefficient serotonin turnover in BD (14, 17), but our findings are
not consistent with the theoretical hypothesis of an increased
TRP breakdown, under low-grade inflammatory conditions (11),
which would be expected to result in elevated KYN and KA
levels. A plausible explanation for this inconsistency may be that
a proposed microglial branch upregulation results in a reduced
shunt towards the astrocytic branch, resulting in lower KYNA
levels (44).

Our findings are in line with a recent meta-analysis by our
group on TRYCAT alterations in schizophrenia spectrum
disorder (SSD) which showed a partial downregulation of the
Frontiers in Immunology | www.frontiersin.org 745
kynurenine pathway (significantly lower levels of peripheral TRP
in all SSD patients but especially in acute psychotic, younger
patients and of peripheral KA and QA in symptomatic and/or
older SSD patients (4). Accumulating evidence shows that acute
psychotic exacerbations are associated with different
immunological alterations than non-acute states (45, 46) and
our group previously hypothesized differences in state (i.e.
emerging during acute exacerbations) and trait immune
markers (i.e. relatively unaltered throughout the disorder) in
SSD (47), which could also be the case in BD.

However, it should be noted that peripheral, rather than
central TRYCAT metabolites have been measured in most
studies. An important question is to what extent CSF and
plasma TRYCAT levels are correlated and how they
differentially influence the pathophysiology of BD. TRP, KYN,
and 3‐HK easily cross the blood brain barrier by active transport,
but the brain uptake of QA and KA is limited to passive diffusion
due to their polarity (48). Sellgren et al. (13) have demonstrated
that peripheral KA levels do not mirror central levels in a large
sample of BD and healthy controls. But other studies did show a
correlation between QA and KA levels in serum and CSF in
depressed patients with proven signs of inflammation levels (49,
50). A secondary issue concerns the binding capacity of TRP,
KYN and KA to plasma proteins, such as albumin, but the exact
result on peripheral values and blood-brain transport remains
unclear (48). Third, the peripheral kynurenine pathway is
regulated by immune markers, steroids and growth factors
(51–53) which can also potentially affect peripheral levels.

All analyses of studies investigating the TRYCAT levels in
peripheral blood showed substantial between-study heterogeneity,
with effect sizes varying noticeably between studies. This suggests
that a number of confounders and study-specific variables
contribute to the effect size and, consequently, to the divergence
in study results. We investigated the role of mood state (manic or
depressed state) in subgroup analyses but this did not explain a
significant proportion of the between-study variance. In a further
attempt to reveal study-specific characteristics related with
heterogeneity, meta-regression analyses were performed but these
revealed no significant associations between TRYCAT levels and
variables such as age, gender and publication year. It should be
emphasized that other, not-investigated, factors could play a role in
this heterogeneity. We can broadly categorize these factors into
three domains: methodological, clinical and conceptual issues.
Apart from differences in methodological quality between studies,
differences in lab techniques could also lead to heterogeneous
results. Although Liquid-Chromatography Mass Spectrometry is
currently considered as golden standard and consequently the most
commonly usedmethod, other techniques have been used in studies
such as High-Pressure Liquid Chromatography and Atomic
Absorption Spectrophotometry). Moreover, some TRYCAT
metabolites (such as QA) have extremely low concentrations in
peripheral blood tissue which tend to border the limits of the
detection range of most of these methods, which may greatly affect
reliability of some of these assessments. Several clinical factors are
assumed to influence TRYCAT levels, the most of which is the use
of psychotropic drugs. Several studies have demonstrated a
TABLE 3 | Results of Egger’s tests for publication bias.

Intercept 95% C.I. p (two-tailed)

TRPperipheral - 1.693 - 4.375 to 0.988 0.194
KYNperipheral -1.946 - 4.799 to 0.907 0.160
KAperipheral -2.812 -5.231 to -0.393 0.028*
TRP, tryptophan; KYN, kynurenine; KA, kynurenic acid; C.I., Confidence interval.
*significant outcomes are shown in bold.
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moderating effect of anticonvulsants (e.g. valproate) on TRYCAT
levels (24, 34) but there is a lack of large-scale studies. Moreover, age
and duration of illness may similarly have an effect on TRYCAT
changes, although the limited amount of available studies do not
allow for proper analyses of these effects. Lastly, between-study
heterogeneity could be a reflection of underlying genetic,
phenotypical or diagnostic diversity of BD patients included in
different studies (54). However, this heterogeneity, which may
translate in differential impact on the TRYCAT pathway, has
never been investigated in BD patient groups.

To our knowledge, this meta-analysis provides the most
extensive summary of all available studies on a wide range of
TRYCAT levels measured in CSF or serum/plasma in BD patients
published to date. Compared to previously published meta-
analyses (18, 19), we performed a broader literature search and
provided a more complete analysis of the data by contacting
authors for additional data on TRYCAT levels of BD subgroups.
Other strengths of our study are the critical quality assessment of
the included studies and the separate analysis of TRYCAT
alterations in BD patients in a different mood (manic,
depressed) resulting in a more nuanced picture of TRYCAT
alterations in BD and adding evidence to the discussion on
whether TRYCAT alterations should be considered as state or
trait dependent changes. However, our results need to be
interpreted in view of some limitations. Some analyses included
only a small number of studies and the methodological quality of
some studies was insufficient. The interpretation of our results is
further limited by the differential use of psychopharmacological
treatments between patients within and between studies as these
are known to have a confounding influence on inflammatory
mediators. The majority of the individual studies did not adjust
the analysis for important confounders, such as age, gender,
smoking status, duration of BD, (doses of) psychotropics, and
symptom severity.
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RECOMMENDATIONS FOR FURTHER
RESEARCH

Peripheral TRYCAT levels were lower in BD than healthy controls,
signaling a potential role in its pathophysiology. Our results indicate
an overall lack of well-powered studies measuring downstream
TRYCATs in BD. Future studies should aim to investigate intra-
individual analyses of both peripheral and central TRYCAT levels,
preferably in a longitudinal design, including patient groups
stratified in symptomatic, medicated and age groups.
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Multivariate Analysis of Red Blood Cell Membrane Transports and Plasma
Levels of L-Tyrosine and L-Tryptophan in Depressed Patients Before
Treatment and After Clinical Improvement. Neuropsychobiology (1990)
23:1–7. doi: 10.1159/000118707

34. Hoekstra R, Fekkes D, Loonen AJ, Pepplinkhuizen L, Tuinier S, Verhoeven
WM. Bipolar Mania and Plasma Amino Acids: Increased Levels of Glycine.
Eur Neuropsychopharmacol (2006) 16:71–7. doi: 10.1016/j.euroneuro.2005.
06.003

35. Liu H, Ding L, Zhang H, Mellor D, Wu H, Zhao D, et al. The Metabolic Factor
Kynurenic Acid of Kynurenine Pathway Predicts Major Depressive Disorder.
Front Psychiatry (2018) 9:552. doi: 10.3389/fpsyt.2018.00552

36. Moller SE, Amdisen A. Plasma Neutral Amino Acids in Mania and
Depression: Variation During Acute and Prolonged Treatment With L-
Tryptophan. Biol Psychiatry (1979) 14:131–9.

37. Murata S, Murphy M, Hoppensteadt D, Fareed J, Welborn A, Halaris A.
Effects of Adjunctive Inflammatory Modulation on IL-1b in Treatment
Resistant Bipolar Depression. Brain Behav Immun (2020) 87:369–76.
doi: 10.1016/j.bbi.2020.01.004

38. Pan JX, Xia JJ, Deng FL, Liang WW, Wu J, Yin BM, et al. Diagnosis of Major
Depress ive Disorder Based on Changes in Mult ip le Plasma
Neurotransmitters: A Targeted Metabolomics Study. Transl Psychiatry
(2018) 8:130. doi: 10.1038/s41398-018-0183-x

39. Platzer M, Dalkner N, Fellendorf FT, Birner A, Bengesser SA, Queissner R,
et al. Tryptophan Breakdown and Cognition in Bipolar Disorder.
Psychoneuroendocrinology (2017) 81:144–50. doi: 10.1016/j.psyneuen.
2017.04.015

40. Poletti S, Melloni E, Aggio V, Colombo C, Valtorta F, Benedetti F, et al. Grey
andWhite Matter Structure Associates With the Activation of the Tryptophan
to Kynurenine Pathway in Bipolar Disorder. J Affect Disord (2019) 259:404–
12. doi: 10.1016/j.jad.2019.08.034

41. Savitz J, Dantzer R, Wurfel BE, Victor TA, Ford BN, Bodurka J, et al.
Neuroprotective Kynurenine Metabolite Indices are Abnormally Reduced
and Positively Associated With Hippocampal and Amygdalar Volume in
Bipolar Disorder. Psychoneuroendocrinology (2015) 52:200–11. doi: 10.1016/
j.psyneuen.2014.11.015

42. Zhou Y, Zheng W, Liu W, Wang C, Zhan Y, Li H, et al. Antidepressant Effect
of Repeated Ketamine Administration on Kynurenine Pathway Metabolites in
Patients With Unipolar and Bipolar Depression. Brain Behav Immun (2018)
74:205–12. doi: 10.1016/j.bbi.2018.09.007

43. Anderson G, Maes M. Metabolic Syndrome, Alzheimer Disease,
Schizophrenia, and Depression: Role for Leptin, Melatonin, Kynurenine
Pathways, and Neuropeptides. In: Faroqui A, Faroqui T, editors. M.,
Syndome and Neurolgical Disorders. Wiley (2013). p. 235–248.

44. Garrison AM, Parrott JM, Tuñon A, Delgado J, Redus L, O’Connor JC.
Kynurenine Pathway Metabolic Balance Influences Microglia Activity:
Targeting Kynurenine Monooxygenase to Dampen Neuroinflammation.
Psychoneuroendocrinology (2018) 94:1–10. doi: 10.1016/j.psyneuen.
2018.04.019

45. De Picker LJ, Morrens M, Chance SA, Boche D. Microglia and Brain Plasticity
in Acute Psychosis and Schizophrenia Illness Course: A Meta-Review. Front
Psychiatry (2017) 16(8):238. doi: 10.3389/fpsyt.2017.00238

46. Miller BJ, Buckley P, Seabolt W, Mellor A, Kirkpatrick B. Meta-Analysis of
Cytokine Alterations in Schizophrenia: Clinical Status and Antipsychotic
Effects. Biol Psychiatry (2011) 70:663–71. doi: 10.1016/j.biopsych.
2011.04.013

47. De Picker L, Fransen E, Coppens V, Timmers M, de Boer P, Oberacher H,
et al. Immune and Neuroendocrine Trait and State Markers in Psychotic
Illness: Decreased Kynurenines Marking Psychotic Exacerbations. Front
Immunol (2020) 10:2971. doi: 10.3389/fimmu.2019.02971

48. Fukui S, Schwarcz R, Rapoport SI, Takada Y, Smith QR. Blood–Brain Barrier
Transport of Kynurenines: Implications for Brain Synthesis and Metabolism.
J Neurochem (1991) 56:2007–17. doi: 10.1111/j.1471-4159.1991.tb03460.x

49. Bay-Richter C, Linderholm KR, Lim CK, Samuelsson M, Träskman-Bendz
L, Guillemin GJ, et al. A Role for Inflammatory Metabolites as Modulators
of the Glutamate N-Methyl-D-Aspartate Receptor in Depression and
Suicidality. Brain Behav Immun (2015) 43:110–7. doi: 10.1016/j.bbi.
2014.07.012
May 2021 | Volume 12 | Article 667179

https://doi.org/10.1111/bdi.12009
https://doi.org/10.1111/bdi.12009
https://doi.org/10.1503/jpn.090180
https://doi.org/10.1503/jpn.090180
https://doi.org/10.1111/bdi.12529
https://doi.org/10.1016/j.neubiorev.2018.05.031
https://doi.org/10.1093/schbul/sbx035
https://doi.org/10.1038/s41380-020-00913-1
https://doi.org/10.1186/2046-4053-4-1
https://doi.org/10.12740/pp/61584
https://doi.org/10.1111/bdi.12814
https://doi.org/10.1016/j.psyneuen.2018.11.001
https://doi.org/10.1002/jrsm.1339
https://doi.org/10.1136/JNNP.23.1.56
https://doi.org/10.1192/bjp.133.5.429
https://doi.org/10.1017/s0033291700049606
https://doi.org/10.1017/s0033291700049606
https://doi.org/10.1016/s0140-67367291123-3
https://doi.org/10.1176/ajp.141.12.1533
https://doi.org/10.1016/j.neuint.2008.01.013
https://doi.org/10.1159/000118707
https://doi.org/10.1016/j.euroneuro.2005.06.003
https://doi.org/10.1016/j.euroneuro.2005.06.003
https://doi.org/10.3389/fpsyt.2018.00552
https://doi.org/10.1016/j.bbi.2020.01.004
https://doi.org/10.1038/s41398-018-0183-x
https://doi.org/10.1016/j.psyneuen.2017.04.015
https://doi.org/10.1016/j.psyneuen.2017.04.015
https://doi.org/10.1016/j.jad.2019.08.034
https://doi.org/10.1016/j.psyneuen.2014.11.015
https://doi.org/10.1016/j.psyneuen.2014.11.015
https://doi.org/10.1016/j.bbi.2018.09.007
https://doi.org/10.1016/j.psyneuen.2018.04.019
https://doi.org/10.1016/j.psyneuen.2018.04.019
https://doi.org/10.3389/fpsyt.2017.00238
https://doi.org/10.1016/j.biopsych.2011.04.013
https://doi.org/10.1016/j.biopsych.2011.04.013
https://doi.org/10.3389/fimmu.2019.02971
https://doi.org/10.1111/j.1471-4159.1991.tb03460.x
https://doi.org/10.1016/j.bbi.2014.07.012
https://doi.org/10.1016/j.bbi.2014.07.012
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Hebbrecht et al. TRYCATs in Bipolar Disorder
50. Raison CL, Dantzer R, Kelley KW, Lawson MA, Woolwine BJ, Vogt G, et al.
CSF Concentrations of Brain Tryptophan and Kynurenines During
Immune Stimulation With IFN-a: Relationship to CNS Immune
Responses and Depression. Mol Psychiatry (2010) 15:393–403. doi: 10.1038/
mp.2009.116

51. Belladonna ML, Grohmann U, Guidetti P, Volpi C, Bianchi R, Fioretti MC,
et al. Kynurenine Pathway Enzymes in Dendritic Cells Initiate Tolerogenesis
in the Absence of Functional IDO. J Immunol (2006) 177:130–7. doi: 10.4049/
jimmunol.177.1.130

52. Huang L, Baban B, Johnson BA, Mellor AL. Dendritic Cells, Indoleamine 2,3
Dioxygenase and Acquired Immune Privilege. Int Rev Immunol (2010) 29
(2):133–55. doi: 10.3109/08830180903349669

53. Salter M, Pogson CI. The Role of Tryptophan 2,3-Dioxygenase in the
Hormonal Control of Tryptophan Metabolism in Isolated Rat Liver Cells:
Effects of Glucocorticoids and Experimental Diabetes. Biochem J (1985)
229:499–504. doi: 10.1042/bj2290499
Frontiers in Immunology | www.frontiersin.org 1048
54. Askland K, Parsons M. Toward a Biaxial Model of “Bipolar” Affective
Disorders: Spectrum Phenotypes as the Products of Neuroelectrical and
Neurochemical Alterations. J Affect Disord (2006) 94(1–3):15–33.
doi: 10.1016/j.jad.2006.02.024

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Hebbrecht, Skorobogatov, Giltay, Coppens, De Picker and Morrens.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
May 2021 | Volume 12 | Article 667179

https://doi.org/10.1038/mp.2009.116
https://doi.org/10.1038/mp.2009.116
https://doi.org/10.4049/jimmunol.177.1.130
https://doi.org/10.4049/jimmunol.177.1.130
https://doi.org/10.3109/08830180903349669
https://doi.org/10.1042/bj2290499
https://doi.org/10.1016/j.jad.2006.02.024
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Frontiers in Immunology | www.frontiersin.

Edited by:
Sermin Genc,

Dokuz Eylul University, Turkey

Reviewed by:
Zhang-Yu Zou,

Fujian Medical University Union
Hospital, China

Nazli Ayse Basak,
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The essential amino acid tryptophan (TRP) is the initiating metabolite of the kynurenine
pathway (KP), which can be upregulated by inflammatory conditions in cells.
Neuroinflammation-triggered activation of the KP and excessive production of the KP
metabolite quinolinic acid are common features of multiple neurodegenerative diseases,
including amyotrophic lateral sclerosis (ALS). In addition to its role in the KP, genes
involved in TRP metabolism, including its incorporation into proteins, and synthesis of the
neurotransmitter serotonin, have also been genetically and functionally linked to these
diseases. ALS is a late onset neurodegenerative disease that is classified as familial or
sporadic, depending on the presence or absence of a family history of the disease.
Heritability estimates support a genetic basis for all ALS, including the sporadic form of the
disease. However, the genetic basis of sporadic ALS (SALS) is complex, with the
presence of multiple gene variants acting to increase disease susceptibility and is
further complicated by interaction with potential environmental factors. We aimed to
determine the genetic contribution of 18 genes involved in TRP metabolism, including
protein synthesis, serotonin synthesis and the KP, by interrogating whole-genome
sequencing data from 614 Australian sporadic ALS cases. Five genes in the KP
(AFMID, CCBL1, GOT2, KYNU, HAAO) were found to have either novel protein-altering
variants, and/or a burden of rare protein-altering variants in SALS cases compared to
controls. Four genes involved in TRP metabolism for protein synthesis (WARS) and
serotonin synthesis (TPH1, TPH2, MAOA) were also found to carry novel variants and/or
gene burden. These variants may represent ALS risk factors that act to alter the KP and
org June 2021 | Volume 12 | Article 701550149
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lead to neuroinflammation. These findings provide further evidence for the role of TRP
metabolism, the KP and neuroinflammation in ALS disease pathobiology.
Keywords: sporadic amyotrophic lateral sclerosis (SALS), whole-genome sequence (WGS), tryptophan, kynurenine
pathway (KP), serotonin
INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative
disease caused by the loss of upper and lower motor neurons resulting
in progressive muscle weakness, wasting, spasticity and eventual
paralysis (1). Disease generally occurs between 50 and 60 years of
age, and death usually occurs within three to five years from symptom
onset, though survival can vary greatly (2). Ten percent of ALS cases are
classified as familial, where there is clear evidence of a family history of
disease, while the remaining 90% are considered sporadic (SALS),
seemingly occurring at random in the population (3).

The genetics of ALS is heterogenous, with over 40 genes and
850 variants now implicated as causal or associated with the
disease (3, 4). In European populations, approximately 60% of
familial and 10% of SALS cases are attributed to a known causal
mutation in these genes (4–6). Additionally, there is strong
evidence of a complex genetic contribution to SALS. Studies on
the heritability of the disease suggest that 40-60% of SALS risk
may be attributed to genetic factors (7–9). A multi-step
hypothesis has been described to explain the late onset and
sporadic nature of ALS, whereby six ‘steps’ are required for
disease onset to occur (10, 11). These steps may include
mutations, genetic risk factors, environmental exposures, or
other unknown events. Recent genetic analysis identified genes
with an increased load, or burden, of rare protein-altering
variants in ALS cases. These included TBK1 and NEK1, as well
as known ALS genes, SOD1, TARDBP and OPTN (12). Gene
burden complements the multi-step hypothesis for the late onset
of ALS, where the presence of genetic alterations may contribute
to presentation of disease (10, 11).

Tryptophan (TRP) is an essential amino acid that is either used for
the synthesis of proteins, catabolised for the biosynthesis of serotonin
and melatonin, or shuttled through the kynurenine pathway (KP)
metabolites to produce nicotinamide adenine dinucleotide (NAD+).
A single enzyme, tryptophanyl-tRNA synthetase, encoded by WARS
(cytoplasmic) and WARS2 (mitochondrial), acts in the
aminoacylation of TRP to its tRNA for protein synthesis, four
enzymes are involved in serotonin synthesis, and 13 enzymes are
involved in the KP (Figure 1). The KP enzymes act to generate
several bioactive intermediates including kynurenine (KYN),
kynurenic acid (KYNA), picolinic acid (PIC), quinolinic acid
(QUIN) as well as NAD+ (13). In physiological conditions, QUIN
is usually in low abundance and rapidly transaminated into nicotinic
acid, and ultimately NAD+. Under neuroinflammatory conditions,
QUIN is an excitotoxin that is excessively produced by activated
microglia in the brain (14), while KYNA and PIC, produced by
astrocytes and neurons respectively, partly prevent QUIN toxicity (14,
15). Increased QUIN levels can amplify neuroinflammation by acting
to stimulate neuronal release and inhibit astroglial uptake of
glutamate leading to high extracellular glutamate and excitotoxicity,
org 250
subsequent mitochondrial dysfunction, and activation of
proteases (16).

Altered TRP levels and KP dysfunction have been linked to
neurodegenerative diseases both genetically and functionally.
Multiple mutations in WARS have been found to cause distal
hereditary motor neuropathy, a form of motor neuron disease
characterised by slowly progressive muscle weakness and
atrophy (17, 18). Protein-altering missense, nonsense and
splicing variants present in KP genes have also been identified
as associated with diseases such as multiple sclerosis, Parkinson’s
disease, schizophrenia, autism and others (19).

Neuroinflammation and the KP have been functionally
implicated in neurodegenerative diseases including ALS (14),
multiple sclerosis (20), Parkinson’s (21), Alzheimer’s (22), and
Huntington’s Diseases (16). Altered levels of KP metabolites
present in cerebrospinal fluid (CSF), serum and spinal cord
tissues of ALS patients have been significantly associated with
disease. CSF and serum levels of TRP, KYN and QUIN were found
to be significantly increased, and serum PIC levels were
significantly decreased in ALS patients compared to controls
(14). Similarly, KYNA levels in serum was found to be decreased
in ALS patients with severe clinical status, as compared to controls.
Conversely, in CSF, KYNA levels were lower in controls, indicating
a difference in KYNA production between the CNS and blood, as
well as the presence of immune activation (23). Additionally,
increased levels of IDO1 (the first and rate-limiting enzyme of
the KP) and QUIN were identified in the motor cortex and spinal
cord of patients (14). KP metabolites (KPMs) also represent
promising biomarkers for ALS progression [reviewed in (24)].

Although altered TRP metabolism, serotonin synthesis, the
KP and neuroinflammation have all been functionally implicated
in ALS, the contribution of variation in key genes from these
pathways has not been reported. We aimed to determine the
contribution of sequence variants in these genes to ALS through
the identification of novel and rare protein-altering variants, and
by preforming gene burden analysis in a large cohort of
Australian sporadic ALS cases.
MATERIALS AND METHODS

Subjects
Six-hundred and fourteen sporadic ALS cases were recruited
through the Macquarie University Neurodegenerative Disease
Biobank, Australian MND DNA bank (Royal Prince Alfred
Hospital) and the Brain and Mind Centre (University of
Sydney). All individuals provided informed consent for
research participation as approved by the human research
ethics committees of Macquarie University (5201600387),
Sydney South West Area Health District and The University of
June 2021 | Volume 12 | Article 701550
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Sydney. All sporadic ALS cases were of predominately European
descent, and were diagnosed with probable or definite
ALS according to El Escorial criteria (25). Demographic
characteristics of the cohort, such as sex, age of onset, and
mutation status were consistent with that of other European
datasets, where a subset of patients carried mutations in known
ALS genes including C9orf72, SOD1 and TARDBP or disease
associated variation in other ALS genes, as previously reported in
McCann et al. (4).

Control genotype data was ascertained from the non-
neurological subset of non-Finnish Europeans (nNFE,
n=51,592) from the Genome Aggregation Database (gnomAD)
(26). Population-specific Australian control genotype data were
ascertained through the Diamantina control dataset (AOGC,
n=967) and the Medical Genetics Reference Bank (MGRB, n=
1,144) (27). The AOGC dataset comprises of whole-exome
sequencing data from neurologically healthy Australians of
Frontiers in Immunology | www.frontiersin.org 351
predominately Western European descent. The MGRB dataset
comprises of PCR-amplified whole-genome sequencing data
from healthy Australians of >70 years of age and no history
of dementia.

Data Processing
All sporadic ALS samples underwent whole-genome sequencing
(WGS, Illumina 150bp PCR-free library, X-Ten sequencer) at
The Kinghorn Cancer Centre (Sydney, Australia), as detailed by
McCann et al. (4). Data was annotated to hg19 using
ANNOVAR and included in silico protein prediction tools
from the database for non-synonymous SNP’s functional
predictions v4.1a (dbNSFP) (4, 28–30). Custom UNIX scripts
were used to parse variant call format files for all variants in the
target genes. RStudio v3.6.3 (31) was used for all subsequent
analyses. Novel variants were considered accurate with base
coverage equal or greater than 25X, reference/alternate read
FIGURE 1 | Eighteen genes are involved in tryptophan metabolism and the kynurenine pathway. The gene WARS (cytoplasmic tryptophanyl-tRNA synthetase) is
responsible for TRP incorporation into proteins, while TPH1, TPH2 (Tryptophan Hydroxylases 1,2), MAOA (monoamine oxidase A), and DDC (Aromatic L-amino acid
decarboxylase/dopa decarboxylase) are involved in serotonin synthesis. IDO1, IDO2 (Indoleamine 2,3-Dioxygenase 1,2) and TDO2 (Tryptophan 2,3-Dioxygenase) are
responsible for the initial and rate limiting step of the KP. This is followed by a molecular cascade to produce active metabolites and ultimately NAD, carried out by
AFMID (Arylformamidase), CCBL1,CCBL2 (Kynurenine aminotransferase 1,2), AADAT (Aminoadipate Aminotransferase), GOT2 (Glutamic-Oxaloacetic Transaminase
4), KMO (Kynurenine 3-Monooxygenase), KYNU (Kynureninase), HAAO (3-hydroxyanthranilate 3,4-dioxygenase), ACMSD (2-amino-3-carboxymuconate-
semialdehyde decarboxylase), and QPRT (Quinolinate Phosphoribosyltransferase).
June 2021 | Volume 12 | Article 701550
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depth ratios of 50:50 (+/-15%), variant GQ score of 99, and
manual IGV visualisation (32).

Assessment of Genetic Variation
Single nucleotide genetic variation was assessed in the cytoplasmic
tryptophanyl-tRNA synthetase gene WARS (NM_004184), four
genes involved in serotonin metabolism: DDC; aromatic L-amino
acid decarboxylase/dopa decarboxylase (NM_001082971), MAOA;
monoamine oxidase A (NM_001270458), TPH1 and TPH2;
tryptophan hydroxylases 1,2 (NM_004179 and NM_173353
respectively), and 13 genes involved in the kynurenine pathway:
AADAT; aminoadipate aminotransferase (NM_016228), ACMSD; 2-
amino-3-carboxymuconate-semialdehyde decarboxylase
(NM_138326), AFMID; arylformamidase (NM_001010982), GOT2;
glutamic-oxaloacetic transaminase 4 (NM_002080), HAAO; 3-
hydroxyanthranilate 3,4-dioxygenase (NM_012205), IDO1 and,
IDO2; indoleamine 2,3-dioxygenase 1,2 (NM_002164 and
NM_194294 respectively), KMO; kynurenine 3-monooxygenase
(NM_003679), KYAT1/CCBL1 and KYAT3/CCBL2; kynurenine
aminotransferase 1,2 (NM_001122671 and NM_001008662
respectively), KYNU; kynureninase (NM_003937), QPRT;
quinolinate phosphoribosyltransferase (NM_014298), and TDO2;
tryptophan 2,3-dioxygenase (NM_005651).

Variant Filtering and Pathogenicity Scoring
Filtering criteria were applied to identify qualifying variants
present in WGS data for burden analysis (both heterozygous
and homozygous variants were included). Qualifying variants
were defined as those which alter the protein sequence including
missense, insertions or deletions, splicing and stop gain or loss
variants, and were considered as rare in the population. Rare
variants were defined as present at a minor allele frequency
(MAF) equal to or less than 0.005, with the exception of the
gnomAD nNFE controls, where a MAF equal to or less than
0.0001 was used due the large sample size. Novel genetic variants
were defined as those present in SALS, and absent, or only
present in a single individual, from all control datasets including
the National Centre for Biotechnology Information (NCBI)
dbSNP153 database (https://www.ncbi.nlm.nih.gov/snp/).

The potential pathogenicity of novel gene variants was assessed
using 12 functional prediction tools from dbNSFP, including SIFT,
PolyPhen2-HDIV, PolyPhen2-HVAR, LRT, MutationTaster,
MutationAssessor, FATHMM, PROVEAN, MetaSVM, MetaLR,
M-CAP and CADD (29). The percentage of deleterious
predictions was used to calculate a pathogenicity score, whereby a
score of 1 indicates that 100% of tools predicted a deleterious effect.
Meta-analysis prediction tools REVEL (nonsynonymous variants
only) and BayesDel (nonsynonymous and splicing variants) were
also noted from dbNSFP annotation, as these tools were recently
found to outperform other in silico prediction tools (33–35).
Pathogenic cut-off scores were 0.5 for REVEL and -0.057 for
BayesDel. The splicing variants were analysed for functional
affects using Human Splicing Finder v3.1 (36), NNSplice as part
of the MutationTaster tool, CADD and BayesDel. Additional ALS
datasets including the ALS Data Browser (ALSdb, New York City,
New York (URL: http://alsdb.org) [June 2020]), ALS Variant Server
(AVS, Worcester, MA (URL: http://als.umassmed.edu/) [June
Frontiers in Immunology | www.frontiersin.org 452
2020]), Project MinE (37) [June 2020] and dbGaP (https://www.
ncbi.nlm.nih.gov/gap/; Study Accession: phs000101.v5.p1) were also
screened for the presence of the novel gene variants identified in
Australian SALS cases.

Gene Burden
Burden analysis was performed on qualifying variants only, as
defined above. For burden testing, the total number of qualifying
variants per gene in sporadic ALS cases was compared to that of
multiple control datasets separately. The Fisher’s exact test (from
the R package exact 2x2) was used for analysis. As 18 genes were
analysed in this project, a Bonferroni correction of the p-value
was applied (n=18, p=0.00278).
RESULTS

Eighteen genes involved in TRP metabolism and the KP
(Figure 1) were screened for genetic variants in whole-genome
sequencing data from 614 Australian sporadic ALS patients.
Three-hundred and eleven single nucleotide non-intergenic
variants were identified including 50 synonymous, 76
nonsynonymous, one stop gain, one frameshift, four splicing,
128 3’UTR, and 51 5’UTR variants. Of these, 84 rare protein-
altering variants that qualified for burden analysis were identified,
and all genes had a least one such variant. Five genes (AFMID,
HAAO, KYAT1/CCBL1, TPH1 and WARS) showed a burden of
qualifying variants in SALS cases compared to the gnomAD nNFE
dataset, however, this was not replicated when compared to the
Australian control cohorts (Table 1). Nine novel variants in six
genes were identified, each in a single individual (Table 2). In silico
assessment of novel missense variants indicated that three variants
present in GOT2 (1), KYNU (1) andMAOA (1) were predicted to
be pathogenic by more than 80% of the total protein prediction
tools that provided prediction results (Table 2). Meta-analysis
prediction scores from REVEL and BayeDel also correlated with
these predictions (Table 2). The MAOA (X chromosome) variant
was present in the heterozygous state in one female. None of these
variants were present in additional ALS cohorts (MAOA data not
present in Project MinE), nor were they previously implicated in
other diseases (NCBI ClinVar database, https://www.ncbi.nlm.nih.
gov/clinvar/). The novel HAAO intronic splicing variants were
also predicted to affect splicing by altering intronic acceptor sites
using Human Splicing Finder (36), and to be deleterious by
MutationTaster, CADD and BayesDel.
DISCUSSION

We sought to determine the prevalence of novel genetic variants
or burden of rare protein-altering variants in genes that play a
key role in TRP metabolism or the KP in Australian sporadic
ALS. Nine novel genetic variants (absent from public control
databases, including population-specific controls) were identified
in WARS (protein synthesis), TPH2 and MAOA (serotonin
June 2021 | Volume 12 | Article 701550
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synthesis), and GOT2, KYNU and HAAO (KP) (Table 2). The
genes WARS and TPH1, and KP genes AFMID, HAAO, and
KYAT1/CCBL1 were shown to have a significant burden of
qualifying rare protein-altering variants in sporadic ALS
compared to the non-neuronal Non-Finnish European subset
of the gnomAD dataset (Table 1), although this was not
replicated when compared to Australian controls. This may be
due to technical differences in data generation (whole-exome,
PCR-amplified or PCR-free whole-genome sequencing), sample
size or unidentified differences in population structure due to the
highly multicultural and diverse Australian population. The
increased burden of rare protein-altering variants, including
the presence of novel variants, provides support for the role of
TRP metabolism and the KP in ALS, and suggests these variants
may act to increase risk of developing disease.

Aminoacyl-tRNA synthetases (ARSs) such as WARS are
responsible for the first step of translation and protein synthesis.
Mutations in the tryptophan ARS gene,WARS, have been found to
cause the neurodegenerative disease, distal hereditary motor
neuropathy (17, 18). WARS mutations were found to negatively
affect protein synthesis and cell viability and cause neurite
degeneration in neuronal cell lines and rat motor neurons (17,
18). We identified three additional novelWARS variants in sporadic
Frontiers in Immunology | www.frontiersin.org 553
ALS cases. Two variants (c.G91A, p.A31T and c.T107C, p.I36T)
were located in close proximity within the N-terminal helix-turn-
helix (WHEP) domain, responsible for protein-protein interactions
(17). Interestingly, deletion of the WHEP domain of a
Caenorhabditis elegans glycyl-tRNA synthetase was found to affect
protein structure and reduce enzyme function (38). However, these
WARSWHEP domain variants were predicted to benign by protein
prediction software tools, and therefore, further analysis is required
to establish their potential pathogenicity.

The neurotransmitter serotonin acts as a critical mood regulator,
with its depletion highly associated with depression. This depletion
may be a result of decreased availability of TRP due to activation of
IDO1 and the KP, which is associated with neuroinflammation and
psychological or physiological (illness) stress (39, 40). Four enzymes
are involved in serotonin synthesis from TRP, with TPH1/TPH2
converting TRP to serotonin precursor 5-hydroxytrypophan (5-
HTP), andMAOA converting 5-HTP to 5-hydroxyindoleacetic acid
(5-HIAA, Figure 1). Serotonin depletion has also been associated
with neurodegenerative diseases including Alzheimer’s disease and
frontotemporal dementia. Decreased levels of serotonin and 5-
HIAA have also been found in the spinal cord of ALS patients
(41, 42), as well as in ALS patient platelets, with serotonin levels
positively correlating with improved survival (41). Interestingly,
TABLE 1 | Burden of qualifying variants in sporadic ALS compared to controls.

Gene SALS variants (%) nNFE variants (%) nNFE p-value AOGC variants (%) AOGC p-value MGRB variants (%) MGRB p-value

AFMID 8 (1.30) 155 (0.30) 0.0023 9 (0.93) 0.6181 11 (0.96) 0.6294
HAAO 7 (1.14) 97 (0.19) 0.0012 3 (0.31) 0.0546 18 (1.57) 0.5328
KYAT1/CCBL1 11 (1.79) 173 (0.34) 0.0001 8 (0.83) 0.1010 15 (1.31) 0.4166
TPH1 8 (1.30) 121 (0.23) 0.0005 8 (0.83) 0.4414 12 (1.05) 0.6425
WARS 8 (1.30) 146 (0.28) 0.0022 6 (0.62) 0.1773 19 (1.66) 0.6858
AADAT 1 (0.16) 80 (0.16) 1 2 (0.21) 1 3 (0.26) 1
ACMSD 2 (0.33) 110 (0.21) 0.6744 1 (0.10) 0.5639 4 (0.35) 1
DDC 4 (0.65) 171 (0.33) 0.3192 5 (0.52) 0.7425 6 (0.52) 0.7469
GOT2 1 (0.16) 111 (0.22) 1 4 (0.41) 0.6544 4 (0.35) 0.6635
IDO1/INDO 6 (0.98) 152 (0.29) 0.0338 4 (0.41) 0.2012 4 (0.35) 0.1083
IDO2/INDOL1 3 (0.49) 129 (0.25) 0.4422 7 (0.72) 0.7492 8 (0.70) 0.7567
KMO 7 (1.14) 126 (0.24) 0.0030 6 (0.62) 0.2708 10 (0.87) 0.6141
KYAT3/CCBL2 5 (0.81) 129 (0.25) 0.0457 2 (0.21) 0.1176 11 (0.96) 1
KYNU 2 (0.33) 170 (0.33) 1.0000 7 (0.72) 0.4958 7 (0.61) 0.5088
MAOA 3 (0.49) 60 (0.12) 0.1143 3 (0.31) 0.6830 1 (0.09) 0.1264
QPRT 2 (0.33) 90 (0.17) 0.3725 n/a* n/a 17 (1.49) 0.0279
TDO2 4 (0.65) 138 (0.27) 0.1471 4 (0.41) 0.7186 12 (1.05) 0.5991
TPH2 2 (0.33) 134 (0.26) 0.7143 6 (0.62) 0.4958 1 (0.09) 0.2814
June 2021 | Volume 12
*Insufficient data available to calculate gene burden.
TABLE 2 | Novel protein-altering variants in sporadic ALS cases.

Gene hg19 physical
position

Type Accession
number

cDNA change protein
change

Score (# tools
with results)

REVEL
prediction

BayesDel
prediction

GOT2 chr16:58756092 exonic NM_002080 c.G337A p.A113T 0.92 (12) Pathogenic Damaging
HAAO chr2:43010561 splicing NM_012205 c.244-1G>C . 1 (4) n/a Damaging
HAAO chr2:43011008 splicing NM_012205 c.160-1G>C . 1 (4) n/a Damaging
KYNU chr2:143799665 exonic NM_003937 c.A1322G p.Y441C 0.83 (12) Pathogenic Damaging
MAOA chrX:43571952 exonic NM_000240 c.A412T p.I138F 0.83 (12) Pathogenic Damaging
TPH2 chr12:72332852 exonic NM_173353 c.A86G p.Q29R 0.58 (12) Benign Tolerated
WARS chr14:100835432 exonic NM_004184 c.G91A p.A31T 0.5 (12) Benign Tolerated
WARS chr14:100828251 exonic NM_004184 c.T107C p.I36T 0.33 (12) Benign Tolerated
WARS chr14:100801280 exonic NM_004184 c.A1348C p.K450Q 0.25 (12) Benign Tolerated
| Art
n/a, not available
icle 701550
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administration of 5-HTP in an ALS SOD1 mouse model
significantly improved phenotype, which also corresponded with
increased platelet serotonin levels in the animals (43). In an alternate
ALS SOD1 mouse model, degeneration of serotonergic neurons in
the brainstem was found to lead to spasticity, a common clinical
feature of ALS. Expression of mutant SOD1 caused a loss of
serotonergic neurons in the brainstem, a phenotype that was
rescued with SOD1 deletion. This, in turn, abolished spasticity in
the mouse (44). We found a burden of qualifying variants in TPH1,
and novel variants in TPH2 and MAOA in sporadic ALS cases
compared to controls. These genes encode tryptophan hydroxylases
(TPHs) involved in 5-HTP synthesis and 5-HIAA synthesis
respectively. Additionally, the MAOA variant, p.I138F was
predicted to have a pathogenic effect by eight prediction
tools (Table 2).

In the central nervous system, neuroinflammatory conditions
result in increased numbers of M1 neurotoxic microglia, which
produce excessive levels of QUIN (45). QUIN acts to agonise the
N-methyl-D-aspartate (NMDA) receptor, resulting in an
excitotoxic cascade that ultimately results in neuronal death
(45). Mechanisms of QUIN neurotoxicity include protein
dysfunction, oxidative stress, glutamate excitotoxicity,
mitochondrial dysfunction, neuroinflammation, autophagy and
apoptosis (46, 47). In ALS, several studies have found increased
levels of QUIN in the CSF of patients as well as in spinal cord
neuronal and microglial cells (46). Additionally, increased levels
of QUIN by intracerebral injection into rat striatum resulted in
increased astrocyte expression of the major ALS protein, SOD1.
As a free superoxide radical scavenger, the increased SOD1 levels
were thought to be a neuroprotective response to limit QUIN
oxidative toxicity, a function that may be inhibited by ALS-
causing mutant SOD1 protein forms (46, 48). QUIN
excitotoxicity can partly be mediated by KYNA, which is
produced by astrocytes (49). Interestingly, KYNA levels were
also found to be higher in ALS patient CSF compared to controls,
which may reflect an astroglial attempt to produce the
neuroprotective metabolite (13). In serum, however, KYNA
levels were conversely found to be significantly lower in ALS
patients with severe clinical status compared to both patients
with mild clinical status and controls (23). In a separate study, we
have found similarly decreased levels of KYNA in the serum of
patients with ALS as compared to controls (n= 238, p <0.001,
Student’s T-test; data not shown). Of the five KP genes found to
carry novel variants and/or a significant burden of qualifying
variants in this study, four were directly involved in KYNA
(KYAT1/CCBL1 and GOT2) and QUIN (KYNU and HAAO)
synthesis from 3-hydroxykynurenine (Figure 1).

The role of TRP and the KP in neuroinflammation, and its link
to several major neurodegenerative diseases including ALS has been
widely studied. We have shown for the first time that genetic
variation in these genes may be associated with sporadic ALS and
may confer risk to developing disease, however replication in
additional cohorts is required to confirm this relationship. The
protein-altering variants in the genes involved in these pathways
may trigger functional effects that influence disease risk and when
combined with other pathogenic ‘steps’ may progressively lead to
Frontiers in Immunology | www.frontiersin.org 654
ALS onset. Further studies can now commence to determine the
specific pathogenic role of the novel variants and genes that carry a
burden of variants in sporadic ALS.
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Obesity is a metabolic disease characterized by a state of chronic, low-grade inflammation
and dominated by pro-inflammatory cytokines such as IL-6. Indoleamine 2,3-dioxygenase
1 (IDO1) is an enzyme that catalyzes the first step in the kynurenine pathway by
transforming L-tryptophan (Trp) into L-kynurenine (Kyn), a metabolite endowed with anti-
inflammatory and immunoregulatory effects. In dendritic cells, IL-6 induces IDO1
proteasomal degradation and shuts down IDO1-mediated immunosuppressive effects.
In tumor cells, IL-6 upregulates IDO1 expression and favors tumor immune escape
mechanisms. To investigate the role of IDO1 and its possible relationship with IL-6 in
obesity, we induced the disease by feeding mice with a high fat diet (HFD). Mice on a
standard diet were used as control. Experimental obesity was associated with high IDO1
expression and Kyn levels in the stromal vascular fraction of visceral white adipose tissue
(SVF WAT). IDO1-deficient mice on HFD gained less weight and were less insulin resistant
as compared to wild type counterparts. Administration of tocilizumab (TCZ), an IL-6
receptor (IL-6R) antagonist, to mice on HFD significantly reduced weight gain, controlled
adipose tissue hypertrophy, increased insulin sensitivity, and induced a better glucose
tolerance. TCZ also induced a dramatic inhibition of IDO1 expression and Kyn production
in the SVF WAT. Thus our data indicated that the IL-6/IDO1 axis may play a pathogenetic
role in a chronic, low-grade inflammation condition, and, perhaps most importantly, IL-6R
blockade may be considered a valid option for obesity treatment.

Keywords: experimental obesity, tryptophanmetabolism, indoleamine 2, 3 dioxygenase 1 (IDO1), tocilizumab (TCZ),
white adipose tissue (WAT), IL-6 receptor (IL-6R), high fat diet (HFD)
INTRODUCTION

IL-6 is a pleiotropic cytokine that modulates a diverse array of functions relevant to hematopoiesis,
tissue homeostasis, metabolism, and immunity (1). Its deregulation is associated with several
diseases, including chronic inflammation, autoimmune disorders, and cancer. Inflammatory
arthritis can indeed be successfully treated with tocilizumab (TCZ), a monoclonal antibody
capable of binding and blocking the IL-6R subunit of the IL-6 receptor (2). In cancer, IL-6 drives
proliferation, survival, invasiveness, and metastasis of tumor cells, while strongly suppressing the
anti-tumor immune response (3).
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Indoleamine 2,3-dioxygenase 1 (IDO1) is an enzyme that
catalyzes the first, rate-limiting step in the kynurenine pathway,
leading to depletion of the essential amino acid L-tryptophan (Trp)
and production of a series of immunoregulatory molecules
collectively known as kynurenines (4, 5). Both effects – namely,
Trp starvation and kynurenine (Kyn) production – are involved in
the generation of regulatory T cells (6). Highest IDO1 expression
is detectable in dendritic cells (DCs), especially in the presence of
IFN-g (4). In contrast, the presence of a microenvironment
dominated by IL-6 favors IDO1 targeting for proteasomal
degradation via recruitment of the E3 ubiquitin ligase complex
(7). Therefore, in contrast to IFN-g, IL-6 reduces IDO1 half-life,
thus interrupting immunosuppressive mechanisms and favoring a
pro-inflammatory phenotype in the DCs. However, in human
cancer [in which IDO1 is often overexpressed (8)], IL-6 sustains
constitutive IDO1 expression (9). Moreover, inhibition of IL-6
production by tumor cells reduces IDO1 expression and tumor-
mediated immunosuppressive effects (9).

Obesity is a metabolic disorder characterized by a chronic,
low-grade inflammatory state and associated with the
development of numerous comorbid conditions, including
insulin resistance and type 2 diabetes (10). The inflammatory
program is activated early in adipose expansion and during
chronic obesity, permanently skewing the immune system to a
pro-inflammatory phenotype characterized by M1 macrophages
and the production of IL-1b, IL-6, IFN-g, and TNF-a (11).
Interestingly, the chronic, low-grade inflammation associated
to obesity also promotes the development of numerous tumors,
such as liver and colorectal cancer (12). Unexpectedly, in a
previous study, mice fed with a high fat diet (HFD) and
lacking IDO1 expression gained less weight, had a lower fat
mass and better glucose tolerance (13). Depletion of IDO1 was
found to increase the production of protective Trp metabolites
by gut bacteria. Consistent with the observation in mice, obese
patients have lower Trp and higher Kyn in plasma (14).

In the present study, we investigated the possible relationship
between IL-6 and IDO1 in obesity. To do so, we resorted to
HFD-fed mice and found that (i) IDO1 and Kyn production
increase in the stromal vascular fraction of visceral white
adipose tissue (SVF WAT) along weight gain, increased fat
mass, and reduced glucose tolerance and insulin sensitivity;
(ii) administration of TCZ abrogates IDO1 expression and Kyn
production in SVF WAT, greatly reduces weight gain and
adipose tissue hypertrophy, increases insulin sensitivity, and
induces a better glucose tolerance. Therefore, our data
indicated the existence of an aberrant interplay between IL-6
and IDO1 in obesity and the possibility to use IL-6R blockers for
therapeutic purposes in obese patients.
MATERIALS AND METHODS

Mice and In Vivo Treatments
Six- to eight-week-old male C57BL/6 mice were obtained from
Charles River Breeding Laborator ies and used for
pharmacological studies. Ido1−/− C57BL/6 mice were obtained
Frontiers in Immunology | www.frontiersin.org 258
from an internal breeding at the Plaisant S.r.l. animal facility. All
animal studies were approved by the Italian Ministry of Health.
Mice were fed with either a standard diet (SD) (Mucedola Srl) or
high fat diet (HFD) containing 42% fat (Mucedola Srl). HFD was
started at 8 weeks of age and continued for 10 wk or less with ad
libitum access to water and food. Daily food intake was
determined at 8 a.m. by weighing the metal cage top, including
the food. The average WAT weight per mouse was determined
by the ratio of the total weight of the visceral WAT isolated from
mice to the number of mice analyzed in each experimental
group. Six to eight mice were used in each treatment or
control group. Impairment of glucose homeostasis was
investigated by intraperitoneal (i.p.) glucose tolerance testing
(IPGTT) at specific time points of HFD feeding. Briefly, 16−h
fasted mice were administered i.p. with 1 g/kg D-glucose. Blood
glucose concentrations were measured before anesthesia by tail
incision using a digital glucometer (Roche). TCZ (Chugai
Pharmaceutical Co.) or saline was administered i.p. at the dose
of 5 mg/kg (15) every other day for 4 wk, in parallel with the diet-
induced feeding, or twice a week for 6 wk, when the drug
treatment was delayed 2 wk later the starting of HFD diet.
Animals were sacrificed after anesthesia by i.p. administration
of Avertin (125 mg/kg) for ex vivo analyses.
Isolation of SVF and Morphometry
of Adipose Tissues
Visceral white adipose tissue (WAT) was excised from mice and
processed for SVF cell isolation as described (16). Briefly, tissues
were cut into small pieces and digested in 1 mg/ml collagenase P
(Roche) in HBSS for 40 min at 37°C. The digested tissues were
passed through a 100-mm cell strainer to remove debris. After
centrifugation, the floating cell layer and supernatant were
removed and the cell pellet was washed with HBSS. Primary
SVF cells were maintained in DMEM plus 10% FCS. For
histology, 3–4 mm of paraffin-embedded sections of WAT were
stained with hematoxylin and eosin and analyzed by light
microscopy. For quantification of adipocyte size, sections were
analyzed by a DM2500 Leica microscope equipped with Leica
DFC420C digital camera (Leica microsystem). Adipocyte
diameters were measured in 30 adipocytes per section (five
sections for each WAT sample), and data analysis was
performed using Leica Application Suite (LAS v3.8, Leica
microsystems) for digital image processing.

Determination of Insulin Sensitivity in
Primary Hepatocytes
Insulin sensitivity was evaluated in primary hepatocytes isolated
from mice euthanized at the end of the experiment. Specifically,
the liver was cut into small pieces and perfused with a digestion
medium containing 0.8 mg/mL of collagenase type IV (Sigma-
Aldrich) in HBSS for 40 min at 37°C. Hepatocytes were dispersed
in the medium using a pipette and filtered through a 100-mm cell
strainer. After centrifugation, cells were washed with HBSS and
kept in a serum-free medium for 1 h at 37°C before insulin
stimulation. Hepatocytes were treated with 100 nM of insulin
(Sigma-Aldrich) and incubated at 37°C for 5, 15, 30, and 60
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minutes. Cells were then washed with ice-cold PBS and lysed
with ice-cold RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM
NaCl, 1% Nonidet P-40, 0.25% Na-deoxycholate) supplemented
with Halt Protease inhibitor and Halt Phosphatase Inhibitor
Cocktail (Thermo Scientific™). Cell lysates were immediately
analyzed by immunoblot.

Western Blot Analyses
These procedures were done as described (17–19). Briefly, protein
lysates were subjected to SDS-PAGE and electro-blotted onto 0.2
mm nitrocellulose membranes (Bio-Rad). Membranes were
blocked with 5% non-fat dried milk in TBS and probed with a
primary antibody specific for the protein of interest in
combination with an appropriate horseradish peroxidase-
conjugated antibody (Millipore), followed by enhanced
chemiluminescence (ECL) (Bio-Rad). IDO1 was investigated
with a rabbit monoclonal anti-mouse IDO1 antibody (cv152)
(20) in SVF WAT cells. Akt and its phosphorylated form were
revealed by specific anti-Akt and -pAkt (Ser 473) antibodies (Cell
Signaling) in primary hepathocytes. Anti-b-tubulin (Sigma-
Aldrich) was used as a normalizer.

Kynurenine and Cytokine Determinations
IDO1 activity was measured in terms of the ability to metabolize
Trp to Kyn. Briefly, SVF WAT cells, at the concentration of 1.5 x
106 cells/ml, were mantained in DMEM plus 10% FCS at 37°C in
a humidified 7% CO2 incubator. Kyn concentration in
the culture supernatants was measured by high performance
liquid chromatography after 24 h of incubation (21, 22).
Mouse cytokines (IL-1b, IL-4, IL-6, IL-10, IL-17A, IFN-g,
TGF-b, and TNF-a) were measured in 24−h SVF WAT
culture supernatants by ELISA using specific kits (eBioscience
and Thermo Fisher Scientific) and according to the
manufacturer’s recommendations.

Real-Time PCR
Real-Time PCR (for mouse Ido1, Ucp1, and Gapdh) analyses
were carried out as described (17–19). Briefly, total RNA was
extracted from SVF cells by TRIzol (Invitrogen) and reverse
transcribed to cDNA with QuantiTect Reverse Transcription Kit
(Qiagen). Real-time PCR was performed using SYBR Green
detection and the following specific primers were used: Ido1,
5’- GATGTTCGAAAGGTGCTGC-3’ and 5’-GCAGGAG
AAGCTGCGATTTC-3 ’ ; Ucp1 , 5 ’ -TCAGGATTGG
CCTCTACGAC-3’ and 5’-TGCCACACCTCCAGTCATTA-3’;
Gapdh, 5’-CTGCCCAGAACATCATCCCT-3’ and 5’-ACT
TGG CAG GTT TCT CCA GG-3’. Values (means ± SD of
triplicate determination) were expressed as the ratio of Gapdh-
normalized transcript expression in SVF cells from HFD-fed
mice to Gapdh-normalized transcript expression in SVF cells
from SD-fed mice (calibrator, in which the fold change = 1;
dotted line).

Statistical Analyses
Data are expressed as means, and error bars indicate standard
deviation. At least three biological replicates were used for each
Frontiers in Immunology | www.frontiersin.org 359
measurement. The exact number of biological replicates for a
specific experiment is indicated in the figure legends. A
‘‘biological replicate’’ is a mouse for in vivo studies. A single
value for a biological replicate could be the average of values
from technical replicates of the same biological replicate, but
statistical comparisons were made for averages of values from
biological replicates. All statistical analyses were performed using
Prism version 6.0 (GraphPad Software). Data were analyzed by
two-tailed unpaired Student’s t test or 2-way ANOVA followed
by post hoc Bonferroni’s test, when three or more samples were
under comparison, respectively. Differences were considered
significant with p < 0.05. Data are representative of two-three
independent experiments.
RESULTS

We first examined HFD-fed mice in our setting in terms of
several parameters typical of obesity, such as weight gain, daily
food intake, and glucose tolerance. Mice fed with SD were used as
control. We focused the analysis on WAT in terms of adipocyte
hypertrophy and weight. Moreover, we measured the production
of cytokines by SVFWAT cells [mainly containing macrophages,
hematopoietic progenitor cells (21), and adipocyte precursor
cells (22)]. Starting from 2 wk of feeding, mice on HFD
showed significantly higher weights, which further increased
over time reaching a gain of approximately 18 g in 10 wk
(Figure 1A). At 10 wk of feeding, obese mice were
characterized by a significant higher daily food intake
(Figure 1B), WAT adipocyte diameter (Figure 1C), and
weight (Figure 1D). Moreover, at the same time, obese mice
exhibited higher blood glucose concentrations when challenged
with the glucose tolerance test (Figure 1E). The cytokine profile
of SVF WAT cells revealed a significantly higher release of pro-
inflammatory IL-1b, IL-6, IFN-g, and TNF-a but not of IL-4, IL-
10, IL-17A, and TGF-b in HFD-fed mice (Figure 1F).

In order to evaluate IDO1 expression and activity in our
setting, levels of IDO1 transcript and protein as well as release of
Kyn, the main IDO1 product, were evaluated in SVF WAT cells.
Results showed that, at 10 wk of feeding, obese mice expressed a
6-fold increase in Ido1-encoding transcripts (Figure 2A) and 2-
fold in IDO1 protein expression (Figures 2B, C). Kyn release
also increased 3-fold in the same SVF WAT cells (Figure 2D).
We next compared the obesity parameters in wild-type (WT)
and Ido1−/− mice, both fed with HFD. In agreement with
previous data (13), results showed that IDO1-deficient mice
gain significantly less weight (Figure 2E), and have a better
glucose tolerance (Figure 2F), but a reduced adipocyte
hypertrophy could not be observed (Figure 2G).

Because IL-6 is a cytokine widely recognized to play a major
role in obesity and is also known to exert dichotomic effects on
IDO1 expression (7, 13), we investigated the possible effect of the
cytokine on IDO1 expression and activity in the WAT of diet-
induced obese mice. To do so, we resorted to TCZ, a monoclonal
antibody blocking the activation of the IL-6 receptor already used
by us in nonobese diabetic mice (15). More specifically, WT mice
July 2021 | Volume 12 | Article 713989
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on HFD were administered i.p. with TCZ at the dose of 5 mg/kg
every other day for 4 wk (15). Saline injection and TCZ treatment
of SD fed mice were used as controls. We observed that TCZ
treatment completely abrogated IDO1 expression in terms of
transcripts (Figure 3A), protein (Figures 3B, C), and Kyn release
(Figure 3D) in SVFWAT cells of HFD-fed mice at the end of the
Frontiers in Immunology | www.frontiersin.org 460
feeding. No IDO1 modulation was observed in the SVF WAT
cells of the TCZ-treated mice on SD, thus suggesting a dominant
role of IL-6 in upregulating IDO1 in the adipose tissue of obese
animals. Perhaps most impressively, TCZ administration
rendered the effects of HFD similar to those of a standard diet.
Indeed, no weight gain (Figure 4A) and adipocyte hypertrophy
A B C

D

F

E

FIGURE 1 | Obesity and inflammatory parameters of HFD-fed mice. (A) Body weight (g) of 6-wk male mice fed with high-fat diet (HFD, n = 10) for 10 wk compared
with gender- and age-matched controls fed with a standard diet (SD, n = 10). (B) Average food intake (g) per mouse per day (n = 10, from two independent
experiments). (C) Hematoxylin and eosin staining of visceral WATs (left panel, scale bars of 100 mm.). Analysis of adipocyte diameter (right panel). (D) Average WAT
weight (g) per mouse (n = 5, from two independent experiments). (E) Intraperitoneal glucose tolerance test (IPGTT) after 10 weeks of HFD (n = 5, from two
independent experiments). Glycaemia (mg/dl) was measured at different time points (0, 15, 30, 60, and 120 min) from the administration of glucose. (F) Levels of
cytokines secreted by SVF WAT cells in 24-h culture supernatants. Results are represented as means ± S.D (n = 3 biological replicates, from two independent
experiments). *p < 0.05, **p < 0.01, ***p < 0.001 HFD versus SD, two-tailed unpaired Student’s t test and multiple Student’s t test per row, corrected by post hoc
Sidak-Bonferroni’s method.
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(Figure 4B) could be observed in TCZ-treated obese mice as
compared to untreated obese mice. Likewise, glucose tolerance of
TCZ-treated mice on HFD was indistinguishable from that of
mice on standard diet (Figure 4C). TCZ effects could also be
observed when the drug administration was delayed at 2 wk of
feeding with HFD, when obese mice had already gained weight
(Figures 4D–F). To confirm the glucose tolerance induced by
TCZ treatment as a surrogate marker of insulin responsiveness,
we also evaluated the insulin-induced AKT phosphorylation
(pAKT) (23) in primary hepatocytes from the experimental
groups shown in Figure 4D. In contrast to control mice, very
low levels of pAKT could be induced in the cells from HFD-fed
Frontiers in Immunology | www.frontiersin.org 561
mice. However, the TCZ treatment completely restored insulin
sensitivity by significantly increasing the ratio pAKT/AKT
(Figures 4G, H). In order to see whether TCZ could also have
an impact on browning, i.e., the process by which some
adipocytes within WAT acquire properties of brown
adipocytes (“beiging” effect), the transcript expression of
uncoupling protein-1 [UCP-1; i.e., provoking energy
dissipation by uncoupling respiration from ATP synthesis
(24)] was evaluated. Results showed that the Ucp1 gene
expression was significantly upregulated by TCZ treatment in
WAT of HFD-mice as compared to untreated animals
(Figure 4I). Differently from HFD-fed mice, both insulin-
A B C D

F

G

E

FIGURE 2 | IDO1 expression and activity in diet-induced obesity. Expression of IDO1 gene (A) and protein (B) in SVF WAT cells of HFD versus SD mice after 10
weeks of diet. (C) Quantitative analysis of immunoblots from two independent ex vivo experiments, one of which represented in (B). Data (mean ± S.D., n = 3
biological replicates) represent the ratio of tubulin-normalized IDO1 protein in SVF WAT from mice on HFD to that expressed in SD control counterparts. (D) Levels of
Kyn (mean ± S.D., n = 3 biological replicates) secreted by SVF WAT cells in 24-h culture supernatants. *p < 0.05, **p < 0.01, HFD versus SD (two-tail unpaired
Student’s t test for C, D). (E) Body weight gain of WT and Ido1−/− mice throughout 9 wk of high-fat diet (HFD, n = 10) treatment compared with gender- and age-
matched controls fed with a standard diet (SD, n = 10). *p < 0.05, HFD WT versus HFD Ido1−/− mice, ANOVA followed by post hoc Bonferroni’s method. (F)
Intraperitoneal glucose tolerance test (IPGTT) after 9 wk of HFD (n = 5, from two independent experiments). Glycaemia (mg/dl) at different time points (0, 15, 30, 60,
and 120 min) from the administration of glucose. (G) Hematoxylin and eosin staining of visceral WAT (left panel, scale bars are 100 mm.). Analysis of adipocyte
diameter (right panel). **p < 0.01, ***p < 0.001 HFD versus SD mice per genotype (ANOVA followed by post hoc Bonferroni’s method for F, G).
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induced phosphorylation of AKT in primary hepatocytes and
induction of the Ucp1 gene resulted to be insensitive to TCZ
treatment in mice fed with SD (Supplementary Figure 1).
DISCUSSION

Low-grade, chronic inflammation has also been termed
metaflammation, i.e., an inflammatory state orchestrated by
metabolic cells in response to excess nutrients and energy (25). In
metabolic organs including the liver, pancreas, and adipose tissue,
the interaction of metabolic cells with the stromal components
represents an important determinant in the maintenance of tissue
homeostasis, thus preventing metaflammation.

Apart from its function as an energy storage, WAT is a large
metabolically and immunologically active endocrine organ
Frontiers in Immunology | www.frontiersin.org 662
composed of mature adipocytes in addition to adipose-derived
stem cells, fibroblasts, endothelial cells, and a wide range of
immune cells (i.e., mainly macrophages) that overall constitute
the SVF WAT (26). Depending on the microenvironmental
conditions, adipose-derived stem cells can differentiate into
either white or brown-like adipocyte phenotypes (27). When
caloric intake exceeds caloric expenditure, WAT becomes
hypertrophied and heavily infiltrated by immune cells with a
pro-inflammatory phenotype, causing metaflammation and
obesity often associated with insulin resistance.

In animal models, it is well documented that HFD induces
metaflammation (25), with the production of pro-inflammatory
cytokines such as TNF-a, IL-1b, and IL-6 by the adipose tissue
(28). By using HFD-fed mice as an experimental model of
obesity, we indeed found increased levels of those cytokines as
well as of IFN-g in the culture supernatants of SVF WAT cells
A B

C D

FIGURE 3 | TCZ inhibits IDO1 expression in SVF WAT. (A) Gene transcription of Ido1 in SVF WAT cells after 9 wk of diet. Data (mean ± S.D., n = 3 biological
replicates, from two independent experiments) represent the fold change expression of Gapdh-normalized transcripts in which the calibrator is represented by SVF
WAT from SD-fed mice (fold change = 1; dotted line). (B) IDO1 protein expression in SVF WAT cells and quantitative analysis (C) of immunoblots from two
independent ex vivo experiments, one of which shown in (B). Data (mean ± S.D., n = 3 biological replicates, from two independent experiments) represent the ratio
of tubulin-normalized IDO1 protein expression in SVF cells from HFD-fed mice to that expressed in SVF from animals on SD (n=3 mice per group). (D) Levels of Kyn
(mean ± S.D., n = 3 biological replicates, from two independent experiments) secreted by SVF WAT cells in 24−h culture supernatants. *p < 0.05 (ANOVA followed
by post hoc Bonferroni’s method for A, C, D).
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A B

C D

FE

G H

I

FIGURE 4 | TCZ effects in diet-induced obesity. (A, D) Body weight (g) of HFD-fed mice receiving TCZ 5 mg/Kg (HFD TCZ, n = 8) or saline (HFD, n = 8)
administered i.p. compared with gender- and age-matched controls fed with a standard diet (SD, n = 8). TCZ treatment started with HFD (A) or 2 wk later (D) and
ended after 4 and 6 weeks, respectively, in A and D (grey box). (B, E) Hematoxylin and eosin staining of visceral WAT (left panel, scale bars of 100 mm.). Analysis of
adipocyte diameter (right panel). (C, F) Intraperitoneal glucose tolerance test (IPGTT) at the end of TCZ treatment. Glycaemia (mg/dl) was measured at different time
points (0, 15, 30, 60, and 120 min) from the administration of glucose. (G, H) Immunoblot and quantitative analysis of insulin-driven AKT phosphorylation in ex vivo
hepatocytes from mice represented in (D). Data from two independent experiments (means ± S.D., n = 3 biological replicates per group) represent the fold change
of the pAKT/AKT ratio in hepatocytes stimulated with insulin at the indicated times in which the calibrator is represented by pAKT/AKT ratio at time 0. (I) Gene
transcription of Ucp1 in SVF WAT cells from mice represented in (D). Data (mean ± S.D., n = 3 biological replicates per group) represent the fold change expression
of Gapdh-normalized transcripts in which the calibrator is represented by samples from SVF WAT from SD-fed mice (fold change=1; dotted line). *p < 0.05,
**p < 0.01, ***p < 0.001; HFD TCZ versus HFD (ANOVA followed by post hoc Bonferroni’s method).
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from obese animals as compared to their counterparts on SD. In
the same cells, such pro-inflammatory profile was accompanied
by high expression and activity of IDO1, an immunometabolic
enzyme involved in Trp metabolism and endowed with potent
anti-inflammatory and immunoregulatory properties when
expressed in DCs (5, 29). As hypothesized previously (13),
high IDO1 expression in WAT of obese mice could be caused
by higher local levels of IFN-g, the potent inducer of the enzyme
(30). Lack of IDO1 expression ameliorated the disease in terms of
weight gain and glucose tolerance but not of adipocyte
hypertrophy, suggesting that Trp metabolism exerts
pathogenetic rather than protective effects in obesity.
Mitigating effects of IDO1 depletion have been ascribed to a
rewiring of host to microbiota Trp metabolism producing a
protective indole derivative and not to the absence of Kyn (13),
the IDO1 product known to promote arterial vessel relaxation
and thus pro-inflammatory effects (31). Therefore, our data
would sustain the importance of the microbiota Trp
metabolism in obesity.

In addition to IFN-g, IDO1 expression can also be
upregulated in macrophages by combinations of TNF-a, IL-1b,
and IL-6 but not by the single cytokines (32). However, in human
tumor cells, IL-6 alone can significantly upregulate the enzyme
expression (9). Because remarkable similarities between adipose
expansion and growth of solid tumors have been observed (22),
we evaluated the in vivo IL-6 dependency of IDO1 expression
and activity in obesity. Administration of TCZ, an IL-6R blocker,
to HFD-fed mice brought the levels of IDO1 transcript and
protein expressions as well as Kyn production to those of control
animals, thus suggesting a major role of IL-6 rather than IFN-g in
upregulating Trp metabolism in the obese adipose tissue.
Perhaps most importantly, the TCZ treatment, either
commenced at 0 or 2 wk of HFD, profoundly changed all the
parameters examined by us for obesity so far, such that HFD-
mice were indistinguishable from their counterparts on SD. Of
note, the monoclonal antibody significantly increased the
expression of Ucp1, suggesting a beiging effect on the adipose-
derived stem cell component of SVF WAT of obese animals that
may greatly contribute to the overall therapeutic effect of TCZ.
Because the TCZ treatment but not IDO1 depletion also reduced
adipocyte hypertrophy, our data suggested that the pathogenic
role of IL-6 in the disease goes beyond IDO1 and other IL-6
−driven mechanisms may be at work.

The incidence of obesity and its serious complications,
particularly cardiovascular and metabolic diseases, is steadily
increasing worldwide. Unfortunately, no truly effective and safe
therapeutic options are available yet. Targeting specific
molecules of metaflammation with biologic drugs in the
adipose tissue may provide novel opportunities of drug
Frontiers in Immunology | www.frontiersin.org 864
treatment. However, blockade of either IL-1b (33) or TNF-a
(34) has shown limited success in obese patients. Besides a few
number of studies in patients with rheumatoid arthritis aimed at
evaluating the effects of obesity on drug effectiveness (35, 36), no
clinical trial has been performed with TCZ in obese patients yet.
In addition to provide the evidence for the existence of a
pathogenetic IL-6/IDO1 axis in obesity, our data suggested that
IL-6 blockade by TCZ may represent a promising therapeutic
option for obese patients.
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Background and Aims: The systemic host response in sepsis is frequently
accompanied by central nervous system (CNS) dysfunction. Evidence suggests that
excessive formation of neutrophil extracellular traps (NETs) can increase the permeability
of the blood–brain barrier (BBB) and that the evolving mitochondrial damage may
contribute to the pathogenesis of sepsis-associated encephalopathy. Kynurenic acid
(KYNA), a metabolite of tryptophan catabolism, exerts pleiotropic cell-protective effects
under pro-inflammatory conditions. Our aim was to investigate whether exogenous KYNA
or its synthetic analogues SZR-72 and SZR-104 affect BBB permeability secondary to
NET formation and influence cerebral mitochondrial disturbances in a clinically relevant
rodent model of intraabdominal sepsis.

Methods: Sprague–Dawley rats were subjected to fecal peritonitis (0.6 g kg-1 ip) or a
sham operation. Septic animals were treated with saline or KYNA, SZR-72 or SZR-104
(160 µmol kg-1 each ip) 16h and 22h after induction. Invasive monitoring was performed
on anesthetized animals to evaluate respiratory, cardiovascular, renal, hepatic and
metabolic parameters to calculate rat organ failure assessment (ROFA) scores. NET
components (citrullinated histone H3 (CitH3); myeloperoxidase (MPO)) and the NET
inducer IL-1b, as well as IL-6 and a brain injury marker (S100B) were detected from
plasma samples. After 24h, leukocyte infiltration (tissue MPO) and mitochondrial complex
I- and II-linked (CI–CII) oxidative phosphorylation (OXPHOS) were evaluated. In a separate
series, Evans Blue extravasation and the edema index were used to assess BBB
permeability in the same regions.

Results: Sepsis was characterized by significantly elevated ROFA scores, while the
increased BBB permeability and plasma S100B levels demonstrated brain damage.
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Plasma levels of CitH3, MPO and IL-1b were elevated in sepsis but were ameliorated by
KYNA and its synthetic analogues. The sepsis-induced deterioration in tissue CI–CII-
linked OXPHOS and BBB parameters as well as the increase in tissue MPO content were
positively affected by KYNA/KYNA analogues.

Conclusion: This study is the first to report that KYNA and KYNA analogues are potential
neuroprotective agents in experimental sepsis. The proposed mechanistic steps involve
reduced peripheral NET formation, lowered BBB permeability changes and alleviation of
mitochondrial dysfunction in the CNS.
Keywords: N-methyl-D-aspartate receptor, blood-brain barrier, mitochondrial respiration, brain injury, neutrophil
extracellular trap
INTRODUCTION

Sepsis is defined as a dysregulated host response to infection,
which can lead to life-threatening organ failure (1). The brain is
among the potentially injured vital organs; and central nervous
system (CNS) abnormalities assessed by sequential organ failure
assessment (SOFA) scores can be present in up to 70% of
patients, in association with higher mortality (2, 3).

Although the pathomechanism of sepsis-associated
encephalopathy is not fully understood, it is recognized that
the CNS responds to peripheral cytokine release through an
increase in blood–brain barrier (BBB) permeability (4). BBB
leakage associated with edematous cerebral cortex lesions (5–7)
and injury of hippocampal-cerebellar structures have already
been identified at the early phase (~6–8h) of various models of
sepsis (8). In parallel with damage to BBB integrity, infiltration of
activated polymorphonuclear leukocytes into brain tissues also
occurs (9). The activation of circulatory leukocytes with
neutrophil extracellular trap (NET) formation leads to
excessive release of proteases and generation of reactive oxygen
species (ROS), which exacerbates BBB damage (10–12). NETs
are web-like DNA and intracellular protein structures with
constant components, such as histones, myeloperoxidase
(MPO) and neutrophil elastase, while other components
depend on stimuli, e.g., pathogens, cytokines, antibodies and
immune complexes (13). Most importantly, a regulated form of
neutrophil cell death with NET formation defined as NETosis
correlates with the severity of organ failure (14).

Along with BBB injury and immune activation, cerebral
mitochondria are also affected soon after an inflammatory
insult (~12–24h) at least in rodent experiments. Functional
and morphological changes within the organelles and changes
in microglial energy metabolism (15) have been demonstrated,
manifested by decreased respiratory chain function and oxidative
phosphorylation (OXPHOS) (16) and loss of mitochondrial
membrane potential (DYmt) (17). These events may ultimately
lead to a release of mitochondrial damage-associated molecular
patterns to the extracellular space, which further stimulate the
immune response. In addition, mitochondria-driven
inflammation may contribute to cell death, multiorgan failure
or long-term cognitive dysfunction as well (18–20).
org 267
In this context, it has been shown that the neuronal
N-methyl-D-aspartate receptors (NMDA-Rs) can play an
important role in sepsis-induced neuroinflammation and
sensory dysfunction, but the underlying molecular mechanisms
remain unknown (21, 22). Kynurenic acid (KYNA), a metabolite
of the tryptophan–L-kynurenine pathway, is a naturally
occurring antagonist of NMDA-R and acts as an endogenous
neuroprotectant in a number of brain diseases (23).
Furthermore, exogenously administered KYNA exerted cell-
protective effects in neuronal (23) and non-neuronal tissues
(e.g., liver and intestine) (24) in various pro-inflammatory
circumstances. In addition to glutamate receptor antagonism,
KYNA acts as an agonist for G protein-coupled receptor GPR35
and the aryl hydrocarbon receptor and regulates glutamatergic
neurotransmission and immune activation (25). Previously, we
have already shown that KYNA and its synthetic analogue,
termed SZR-72, ameliorated sepsis induced mitochondrial
dysfunction (decreased oxygen consumption and DYmt) in the
rat liver (17). Nevertheless, the mitochondrial effects of these
compounds in the CNS have not been examined before.

Given this background, the main goal of our study was to
characterize the mechanism of a KYNA-based therapy
specifically targeted for brain neuroprotection during a septic
reaction. We hypothesized that exogenously administered
KYNA and its BBB-permeable synthetic analogues (SZR-72
and SZR-104) might be therapeutic tools to reduce
mitochondrial disturbances in the CNS by influencing
peripheral NET formation and BBB permeability in a clinically
relevant rodent model of intraabdominal sepsis.
MATERIALS AND METHODS

Animals
The experiments were performed on male Sprague–Dawley rats
(n∑=77; 410 ± 30 g) housed in plastic cages (21–23°C) with a 12/
12h dark/light cycle and access to standard rodent food and
water ad libitum. The study was performed in accordance with
the National Institutes of Health guidelines on the handling and
care of experimental animals and EU Directive 2010/63 for the
protection of animals used for scientific purposes, and it was
August 2021 | Volume 12 | Article 717157
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approved by the National Scientific Ethical Committee on
Animal Experimentation under license number V/175/2018.

Sepsis Induction and Treatments
The animals were randomly divided into sham-operated (n∑=15)
and septic groups (n∑=62). Polymicrobial sepsis was induced
with intraperitoneally (ip)-administered fecal inoculum, as
described before (17, 26). Briefly, fresh feces samples were
randomly collected from healthy rats (n=4–5), suspended and
incubated in physiological saline (37°C, 5h). After filtering, the
count for colony forming units (CFUs) in the suspension used
for sepsis induction was determined with the standard poured
plate count method. This analysis retrospectively demonstrated
that the CFU range of the inducer inoculum was 1.02×106–
5.6 ×106 CFU mL-1. Rats in the sham-operated groups received
the same amount of saline ip. The septic animals were further
divided into saline-treated (n=17), KYNA- (Sigma-Aldrich Inc.,
St. Louis, MO, USA; 160 mmol kg−1 ip; n=15), SZR-72- [N-(2-
(dimethylamino)ethyl)-4-hydroxyquinoline-2-carboxamide
hydrochloride, 160 mmol kg−1 ip; n=15] or SZR-104- [N-(2-
( d ime thy l am ino ) e t h y l ) - 3 - (morpho l i nome thy l ) - 4 -
hydroxyquinoline-2-carboxamide, 160 mmol kg−1 ip; n=15]
treated groups. Both SZR-72 and SZR-104 were synthesized by
the Institute of Pharmaceutical Chemistry, University of Szeged,
Hungary (27, 28). The compounds can be classified into acid
(KYNA), amide (SZR-72) and aminoalkylated amide (SZR-104)
derivatives. All bear the crucial 4-hydroxyquinoline-2-carboxyl
scaffold (i.e. KYNA); however, one or two tertiary nitrogen
bearing groups have been built-in. Thus, SZR-72 contains one
cationic center, while SZR-104 contains two cationic centers,
which has been previously proved to be responsible for better
BBB-penetration (28) and could result in different biological
effects. Treatments were performed in two steps (80 µmol kg-1; in
3 mL kg-1 saline each; pH=7.2–7.4) 16h and 22h after
sepsis induction.

Monitoring of Animal Well-Being
The general condition of the animals was evaluated at 6h and 16h
after the induction of sepsis using a modified 0–9-point rat-
specific sickness (RSS) scoring system, where a cumulative value
above 6 was considered a humane endpoint for euthanasia
(Supplementary Table S1). At the time of the RSS
assessments, the animals received 10 mL kg-1 crystalloid
solution subcutaneously (sc) (Ringerfundin, B. Braun,
Hungary) to avoid dehydration and 15 µg kg-1 buprenorphine
sc (Bupaq, Merck, USA) to maintain analgesia according to the
Minimum Quality Threshold in Preclinical Sepsis Studies
(MQTiPSS) recommendations (29).

Experimental Protocol
The experiments were performed in two series (Figure 1). In
Experimental Series I, sepsis-induced pathological changes in
NETosis were estimated, and cerebral mitochondrial respiration
analyzed. A second series of experiments had to be established to
measure the BBB permeability of the cerebellum and
hippocampus using the fluorescence Evans Blue technique to
Frontiers in Immunology | www.frontiersin.org 368
avoid methodology interference with the fluorescent dye
(see later).

Experimental Series I – Assessment of
NETosis and Mitochondrial Functions
Surgical Interventions and Sampling
At 22h of sepsis, the animals were anesthetized ip with a mixture
of ketamine (45.7 mg kg−1) and xylazine (9.12 mg kg−1). The rats
were placed on a heating pad to maintain normal core body
temperature (37°C). After tracheostomy, mechanical ventilation
(Inspira Advanced Safety Ventilator 55-7058; Harvard Apparatus
Inc., Holliston, MA, USA) was started with 7–8 mL kg-1 volume
of room air. The ventilation parameters (tidal volume and breath
rate) were set up based on arterial blood gas values (see later).
PE50 tubing was placed into the right jugular vein to administer
fluid infusion (10 mL kg-1 h-1 Ringerfundin iv) and to maintain
anesthesia (ketamine 12 mg kg-1 h-1, xylazine 2.4 mg kg-1 h-1 and
diazepam 0.576 mg kg-1 h-1 iv). The left carotid artery was also
cannulated for continuous monitoring of the heart rate (HR) and
the mean arterial pressure (MAP; SPEL Advanced Cardiosys 1.4;
Experimetria Ltd., Budapest, Hungary). After the 30-min
stabilization period, lactate levels of the venous blood were
measured (Accutrend Plus Kit; Roche Diagnostics Ltd.,
Rotkreuz, Switzerland) to determine metabolic imbalance. MAP
and HR data were recorded, and arterial blood samples were
collected for blood gas analysis (Cobas b123; Roche Ltd., Basel,
Switzerland). After 60 min of monitoring, HR and MAP values
were registered, and arterial and venous blood samples were
collected for blood gas analysis. Based on a standard formula
(SaO2–SvO2)/SaO2), simplified oxygen extraction (OER) was
calculated from arterial (SaO2) and venous oxygen saturations
(SvO2). Lung function was determined by calculating the PaO2/
FiO2 ratio (Carrico index) from partial arterial oxygen pressure
(PaO2) and fraction of inspired oxygen (FiO2), which was 0.21.

Following a median laparotomy, blood samples were collected
from the inferior vena cava into pre-cooled EDTA-coated tubes,
centrifuged (1200 g at 4°C for 10 min) and stored at -70°C for
later analysis. The rats were then sacrificed under deep
anesthesia, followed by a quick decapitation. After the removal
of the skin and skull bones, the hippocampus and cerebellum
were dissected for analysis of mitochondrial respiratory
functions and tissue MPO determination (Figure 1).

Experimental Series II – Measurement of
Blood–Brain Barrier Permeability
In the second series, sepsis induction, treatments with KYNA or
KYNA analogues and the surgical preparations were identical
with Experimental Series I (sham-operated n=7; saline-treated
sepsis n=7; KYNA- n=7; SZR-72 n=7 and SZR-104-treated sepsis
n=7, respectively). Following the hemodynamic and arterial
blood gas measurement, Evans Blue (EB) dye was injected iv
for the determination of BBB permeability as described earlier
(30) (Figure 1).

Briefly, 2% EB (1 mL kg-1 dissolved in saline; Sigma-Aldrich
Inc.) iv bolus was injected 23h after sepsis induction. After a 20-min
circulation of the tracer, animals were perfused transcardially with
August 2021 | Volume 12 | Article 717157

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Poles et al. Kynurenic Acid-Based Sepsis Therapy
250mL of saline to remove dye with a 8mLmin-1 flow rate until the
liver was cleared and a colorless washing fluid appeared from the
right atrium. After decapitation, the hippocampus and cerebellum
were dissected and wet weight measurements were performed to
calculate wet tissue/body weight ratio. Cerebral tissues were
homogenized in trichloroacetic acid (50%, Sigma-Aldrich Inc.) to
extract the dye from the tissue. After centrifugation (10,000 g, 4°C,
20 min), supernatant was collected and diluted 3:1 with ethanol
(70%, Sigma-Aldrich Inc.). Fluorescence intensity was determined
at a wavelength of 680 nm (RF-6000 Spectrofluorometer, Shimadzu
Corporation, Kyoto, Japan), and tissue EB content was quantified
from a standard linear curve derived from known amounts of dye
and expressed in ng g-1 tissue.

Rat Organ Failure Assessment
Rat organ failure assessment scores (ROFA) (17) were calculated
based on the idea of adapting the SOFA scoring system to rats. The
components were scored between 0 and 4 based on threshold
values determined earlier. Lung function was assessed by
calculating the Carrico index (PaO2/FiO2 ratio). Cardiovascular
function was evaluated from MAP values registered during the
Frontiers in Immunology | www.frontiersin.org 469
monitoring phase. Metabolic imbalance caused by tissue hypoxia
was indicated by blood lactate levels. Severity of kidney injury was
determined from plasma urea levels, whereas liver dysfunction was
assessed by measuring plasma alanine aminotransferase (ALT)
levels using a Roche/Hitachi 917 analyzer (F. Hoffmann–La Roche
AG, Switzerland). Rats with ROFA scores above 2 were considered
as septic (Table 1).

Measurement of Cerebral
Mitochondrial Functions
Mitochondrial oxygen consumption was assessed from the
cerebellum and hippocampus using High-Resolution
FluoRespirometry (17) (Oxygraph-2k; Oroboros Instruments,
Innsbruck, Austria). In brief, the whole brain was removed
rapidly, and the cerebellum and both the left and right
hippocampi were dissected on a pre-cooled Petri dish. The
remaining blood was washed out with ice-cold phosphate-
buffered saline (pH 7.4). Tissue samples were weighed on an
analytical balance (Precisia100A-300M; Precisa Gravimetrics AG,
Dietikon, Switzerland), cut into small pieces (~10–15 mg) with a
sharp scissors and then homogenized in five times the amount of
FIGURE 1 | The schemes for the experimental protocols (groups, interventions and assessments). In Series I, sampling for NETosis parameters and measurements
of brain mitochondrial oxygen consumption were conducted, whereas blood–brain barrier permeability measurements were performed in Series II. The animals were
randomly assigned to sham-operated or septic groups, which later was further divided into four independent groups according to the treatment (saline, KYNA, SZR-
72 or SZR-104) applied at the 16th and 22nd hours of sepsis.
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Mir05 media (pH 7.1) using a Potter–Elvehjem homogenizer. All
measurements were performed under continuous stirring
(750 rpm) at 37°C in a 2mL Mir05 respiration medium. After a
stable baseline respiration had been achieved, LEAK respirations
were evaluated after the oxidation of complex specific substrates: 10
mM glutamate, 2 mM malate (complex I-linked respirations;
LEAKGM) or 10 mM succinate (complex II-linked respirations;
LEAKs). Maximal capacities of oxidative phosphorylation
(OXPHOS I and OXPHOS II) were achieved by saturating
concentration of ADP (2.5 mM). Reverse electron transport-
derived ROS production was inhibited with rotenone (complex I
inhibitor; 0.5 mM), prior to the addition of succinate. The
cytochrome c test (cytc; 10 mM) was used after the addition of
ADP to assess the integrity of the outer membrane. ATP synthase
was inhibited by oligomycin (2.5 mM) to evaluate LEAK respiration
in a non-phosphorylating state (LEAKOmy). Electron transport-
independent respiration (or residual oxygen consumption; ROX)
was determined following complex III inhibition with antimycin A
(2.5 mM). The respiratory control ratio (RCR), an index of coupling
between respiration and phosphorylation, was expressed as a ratio
of OXPHOS to LEAKOmy state. The DatLab software (Oroboros
Instruments, Innsbruck, Austria) was used for online display,
respirometry data acquisition and analysis. Mitochondrial oxygen
consumption was normalized to wet weight (cerebellum: 19 mg and
hippocampus: 25 mg) and expressed in pmol s−1 mL−1.

Measurements of Inflammatory Markers
and Indices of NET Formation
Tissue and Plasma Myeloperoxidase
Circulating MPO level was regarded as an indicator of systemic
neutrophil activation and NET formation, whereas MPO being
retrieved from tissues (31) was regarded as a marker of
neutrophil granulocyte infiltration in brain tissue. Plasma
MPO level was detected from 100 µL undiluted plasma, while
the tissue MPO content was measured after a 2-step extraction
method from the pellet of the cerebral homogenate. The latter
data were referred to the protein content of the sample and were
given in mU mg protein-1.

Plasma Levels of Interleukin 6, Interleukin 1b,
Citrullinated Histone H3, and S100B
Sandwich enzyme-linked immunosorbent assay (ELISA) kits
were used to quantify proinflammatory cytokine interleukin 6
(IL-6; BioLegend, San Diego, CA, USA), NETosis inducer
Frontiers in Immunology | www.frontiersin.org 570
interleukin 1b (IL-1b; R&D Systems, Inc., Minneapolis, MN,
USA), NETosis-related biomarker citrullinated histone H3 (Cit
H3; MyBioSource, Inc., San Diego, CA, USA) and brain/BBB
injury marker S100B (MyBioSource, Inc., San Diego, CA, USA).
All measurements of plasma samples were carried out according
to the manufacturers’ instructions.

Statistical Analysis
The sample size estimation was based on a power analysis using
the PS Power and Sample Size Calculation software (version
3.1.2). Data analysis was performed using a statistical software
package (SigmaStat for Windows; Jandel Scientific, Erkrath,
Germany). Normality of data distribution was analyzed with
the Shapiro–Wilk test. Differences between groups were
calculated by either one-way analysis of variance (ANOVA)
completed with the Holm–Sidak post-hoc test or Kruskal–
Wallis one-way ANOVA on ranks followed by Dunn’s method
depending on the distribution of the data. Median values and
75th and 25th percentiles are provided in the figures; P<0.05 were
considered significant.
RESULTS

Characterization of Sepsis Progression
Changes in Oxygen Dynamics, Inflammatory Marker,
and Organ Dysfunction Score
The overall health condition of the septic animals in all the
groups deteriorated significantly to the same extent 16h after
sepsis induction, as shown by the RSS scores (Supplementary
Figure S1).

When compared to the sham-operated animals, the saline-
treated septic animals showed lower OER, but higher IL-6 and
organ dysfunction (ROFA) scores 24h after sepsis induction
(Figures 2A–C). The OER values in the SZR-72-treated septic
animals, however, did not significantly differ from those of the
sham-operated animals (Figure 2A). IL-6 and ROFA score
elevations similar to those in the non-treated septic group were
also evident in the septic groups treated with KYNA, SZR-72 and
SZR-104 (Figures 2B, C). All the components of the ROFA score
showed significantly higher values in the saline-treated septic
animals than in the sham-operated animals (Supplementary
Table S2). Although the PaO2/FiO2 ratio and plasma levels of
ALT and urea were similar to those in the sham-operated
TABLE 1 | Threshold values of the components of the rat-specific organ failure assessment (ROFA) scoring system. Sepsis was defined as cumulative ROFA score
above 2.

Score ROFA parameters

Respiratory system Cardiovascular system Metabolism Renal function Liver function

PaO2/FiO2 ratio MAP (mmHg) blood lactate (mmol L-1) plasma urea (mmol L-1) plasma ALT (U L-1)
0 400< 75< <1.64 <7.5 <17.5
1 300–400 65–75 1.64–3 7.5–21 17.5–30.2
2 200–300 55–65 3–4 21< 30.2<
3 100–200 <55 4–5 – –

4 – – 5< – –
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animals in all the treated groups, we highlight that SZR-72 was
able to significantly reduce the liver damage caused by sepsis.
Despite this, these treatments did not influence the overall
ROFA score.

Changes in Blood–Brain Barrier Permeability and
Brain Damage
Sepsis caused a significantly higher wet tissue/body weight ratio
in the brain regions studied as compared with those in the sham-
operated animals. However, these local manifestations of brain
edema reached a lower extent in the hippocampus in all three of
the treated septic groups and in the cerebellum in the septic
Frontiers in Immunology | www.frontiersin.org 671
groups treated with SZR-72 and SZR-104 (Supplementary
Figure S2).

Sepsis induced a significant increase in BBB permeability in
the hippocampus and cerebellum as detected by the Evans Blue
method (Figures 3A, B), which was not substantially influenced
by any of the treatments in the cerebellum (Figure 3A). In the
case of the hippocampus, EB extravasation reached a similar
extent to that in the sham-operated group in all three of the
treated septic groups (Figure 3B).

The plasma level of S100B was used as a marker of brain
damage and an indirect measure of BBB disruption. Significantly
higher S100B levels were observed in the saline- and SZR-72-
A

B

C

FIGURE 2 | Oxygen extraction ratio (OER, A), plasma IL-6 levels (B) and rat-
specific organ failure assessment (ROFA) score (C) in the sham-operated
group and in the different sepsis groups treated with saline, KYNA, SZR-72
and SZR-104. The plots demonstrate the median (horizontal line in the box)
and the 25th (lower whisker) and 75th (upper whisker) percentiles. Kruskal–
Wallis test and Dunn’s post-hoc test; *P < 0.05 vs. sham-operated group.
A

B

C

FIGURE 3 | Blood–brain barrier permeability detected by the tissue levels of
Evans Blue (EB) in the cerebellum (A) and hippocampus (B) and changes in
plasma S100B levels (C) in a sham-operated group and in different sepsis
groups treated with saline, KYNA, SZR-72 and SZR-104. The plots
demonstrate the median (horizontal line in the box) and the 25th (lower whisker)
and 75th (upper whisker) percentiles. Kruskal–Wallis test, Dunn’s post-hoc test;
*P < 0.05 vs. sham-operated group; xP < 0.05 vs. sepsis+saline group.
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treated septic groups as compared to those in the sham-operated
animals, whereas this parameter was markedly lower in response
to SZR-104 treatment than that in the saline-treated septic
group (Figure 3C).

Changes in Markers of NET Formation
Plasma levels of IL-1b (an inducer of NETs) and CitH3 and
MPO (the latter two being components of NETs formation)
showed significantly higher plasma levels in the saline-treated
septic groups than in any of the other groups (Figures 4A–C).
Furthermore, no differences from the sham-operated groups
were detected in any of the treated septic groups in these
Frontiers in Immunology | www.frontiersin.org 772
parameters. As compared to the values of the saline-treated
sepsis groups, all the treatments resulted in significantly lower
CitH3 and MPO values (Figures 4B, C), whereas IL-1b was
lower only in response to SZR-104 treatment (Figure 4A).

Sepsis also caused significant increases in tissue MPO content
(an indicator of neutrophil leukocyte infiltration) in both
hippocampal and cerebellar tissues (Figures 5A, B). These
elevations were not present in the cerebellum in any of the
treated groups, and all three treatments resulted in significantly
lower tissue MPO values than untreated sepsis. In the
hippocampus, higher tissue MPO values were also present in
the KYNA and SZR-104-treated animals than those of the sham
operation, but also significantly lower levels were evident in
response to all three treatments than those after the saline
treatment (Figure 5B).

Changes in Cerebral Mitochondrial Functions
As a result of sepsis, both cerebellar and hippocampal complex I-
linked respirations were significantly reduced, as indicated by
decreased oxidation of complex I-linked substrates (LEAKGM),
ADP-stimulated respiration (OXPHOS I) and respiratory
acceptor control ratios (RCR I; Figures 6A, B). Neither KYNA
nor KYNA analogues restored the sepsis-induced decrease in
complex I-linked OXPHOS capacity, and RCR values remained
A

B

C

FIGURE 4 | Plasma IL-1b (A), citrullinated histone H3 (CitH3, B) and
myeloperoxidase levels (MPO, C) in a sham-operated group and in different
sepsis groups treated with saline, KYNA, SZR-72 and SZR-104. The plots
demonstrate the median (horizontal line in the box) and the 25th (lower
whisker) and 75th (upper whisker) percentiles. (A) Kruskal–Wallis test, Dunn’s
post-hoc test; (B, C) One-way ANOVA, Holm–Sidak post-hoc test; *P < 0.05
vs. sham-operated group; xP < 0.05 vs. sepsis+saline group.
A

B

FIGURE 5 | Cerebellar (A) and hippocampal (B) levels of myeloperoxidase
(MPO) in the sham-operated group and in the different sepsis groups treated
with saline, KYNA, SZR-72 and SZR-104. The plots demonstrate the median
(horizontal line in the box) and the 25th (lower whisker) and 75th (upper
whisker) percentiles. Kruskal–Wallis test, Dunn’s post-hoc test; *P < 0.05 vs.
sham-operated group; xP < 0.05 vs. sepsis+saline group.
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close to the septic values. However, complex I-supported LEAK
respiration (LEAKGM) was slightly, but significantly increased
following KYNA therapy in the cerebellum.

Similarly, reduced complex II-dependent respirations were
found following the septic insult, and there was a significant
decrease in complex II-linked substrate oxidation (LEAKS) and
OXPHOS II capacity in the hippocampal and cerebellar regions
(Figures 7A, B). Remarkably, the treatments with KYNA, SZR-72
and SZR-104 improved LEAKS andOXPHOS II in the cerebellum.
Among the three compounds tested, only SZR-104 partially
restored complex II-linked OXPHOS in the hippocampus.
DISCUSSION

The present study demonstrated the efficacy of KYNA and
KYNA analogue-based treatments in reducing BBB injury and
brain mitochondrial dysfunction during the early phases of
experimental intraabdominal sepsis. These changes may occur
due to NET-associated BBB injury. In this rodent model, proper
analgesia, fluid resuscitation and sequential assessment of organ
failure was performed according to the most recent
Frontiers in Immunology | www.frontiersin.org 873
recommendations (29). BBB change and brain injury were
associated with local neutrophil infiltration, which likely
coincided with systemic NET formation. In this scenario,
KYNA and its synthetic analogues only influenced a few
components of the ROFA score but exerted marked effects on
plasma and the cerebral tissue components of NET formation.
Further, the treatments significantly influenced sepsis-induced
BBB permeability changes and mitochondrial respiration in the
cerebellar and hippocampal regions.

Infiltration of immune cells into the CNS following BBB
injury causes myelin degradation and axonal damage (4), thus
underlining the importance of modulating BBB permeability
during systemic inflammation. In our model, S100B served not
only as a marker of astrocyte-derived brain injury but also as an
indicator of early BBB damage during sepsis (8). In this model, a
diffuse BBB dysfunction can be presumed because EB
accumulation (a good indicator of macromolecular passage
through the BBB), occurred in both the hippocampal and
cerebellar regions. KYNA and KYNA analogues differentially
affected these changes due to their different BBB penetration
abilities. Unlike both synthetic analogues, KYNA poorly
penetrates the BBB under normal physiological conditions (27,
A

B

FIGURE 6 | Complex I-linked mitochondrial oxygen consumption in the
cerebellum (A) and the hippocampus (B) in the sham-operated group and in
the different sepsis groups treated with saline, KYNA, SZR-72 and SZR-104.
The plots demonstrate the median (horizontal line in the box) and the 25th

(lower whisker) and 75th (upper whisker) percentiles. One-way ANOVA, Holm–

Sidak post-hoc test; *P < 0.05 vs. sham-operated group; xP < 0.05 vs.
sepsis+saline group.
A

B

FIGURE 7 | Complex II-linked mitochondrial oxygen consumption in the
cerebellum (A) and the hippocampus (B) in the sham-operated group and in
the different sepsis groups treated with saline, KYNA, SZR-72 and SZR-104.
The plots demonstrate the median (horizontal line in the box) and the 25th

(lower whisker) and 75th (upper whisker) percentiles. One-way ANOVA, Holm–

Sidak post-hoc test; *P < 0.05 vs. sham-operated group; xP < 0.05 vs.
sepsis+saline group.
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28). However, we cannot rule out the possibility that BBB injury
favored the penetration of all the compounds into the CNS at the
time of the treatments (16h and 22h of sepsis). Both KYNA and
SZR-104 significantly reduced (the latter more effectively) the
sepsis-induced increase in S100B plasma levels. Recently, a link
between NMDA-R and organization of the cytoskeleton in
regulating BBB permeability causing reduced S100B release
(32) and a shrinkage of brain endothelial cells via the
cytoskeletal reorganization (via a NMDA-R triggered Rho-
associated and a protein kinase-dependent phosphorylation of
the myosin light chain) were also described (33). Therefore, the
positive effect of SZR-104 on BBB integrity may also occur
through the inhibition of NMDA-R-dependent signaling
pathways (28).

A l ink between BBB damage and intravascular/
intraparenchymal NET formation in the CNS has already been
suggested (34), and reduced BBB damage as a consequence of
neutrophil depletion has also been demonstrated (9). Since
KYNA and KYNA analogues modulated NET components and
inhibited neutrophil accumulation (and their potential-tissue
damaging effects related to MPO and NADPH oxidase) in the
brain, a causal relationship between ameliorated BBB function
and attenuated NETosis is very likely. This assumption was
supported by the strong correlation (Spearman coefficient;
r=0.806; P<0.001) found between plasma CitH3 and plasma
S100B levels in septic rats (Supplementary Figure S3).

NET formation/NETosis is a systemic phenomenon which
plays a role in the pathogenesis of sepsis-associated organ
dysfunction (35). Although numerous variable components of
NETs have been identified, some structural elements of NETs are
consistent and comprehensive biomarkers (13). Levels of many
circulating NET markers (including plasma MPO, CitH3,
circulating cell-free DNA-histone complexes) and NET
inducers (IL-1b and interleukin-8; IL-8) increase under various
inflammatory conditions (36, 37). Among these, CitH3 is highly
specific to NET formation, and it was also suggested as a
therapeutic target in experimental models of sepsis (38, 39).
CitH3, together with its generating enzymes, peptidylarginine
deiminases, was implicated in accelerating thrombotic processes
(40), and their levels correlated with SOFA scores, disease
severity and ICU mortality in septic shock patients (41, 42). In
our study, apart from elevations in CitH3 plasma levels, plasma
levels of the NET-inducer IL-1b and the neutrophil-derived
MPO in plasma and brain tissues were also markedly increased
in septic rats. The sepsis-induced increases in MPO and CitH3
levels in plasma were significantly reduced by KYNA and its
analogues, and IL-1b plasma levels were also positively
influenced by SZR-104.

The effects of KYNA and its analogues on neutrophil-
dependent NET markers in the periphery and the CNS were
first examined in our study. The more detailed mechanism of
action calls for further investigations, but a concurrently reduced
release of pro-inflammatory cytokines (tumor necrosis factor
alpha (TNF-a); high mobility group box 1 (HMGB1) and IL-1b)
cannot be ruled out, as shown in other studies (43–45).
Previously, reduced tissue MPO and plasma pro-inflammatory
Frontiers in Immunology | www.frontiersin.org 974
markers (TNF-a, IL-6) were also demonstrated in response to
KYNA and SZR-72 treatments in experimental colitis (24).
Activated platelets induce extracellular trap formation via
HMGB1 (46), and the role of HMGB1 in facilitating NETosis
and mediating brain injury has also been demonstrated (47). An
inhibitory effect of KYNA and SZR-72 on human mononuclear
cell-derived TNF-a and HMGB1 production represents another
pathway for the anti-inflammatory action of these compounds
(48). In addition, IL-1b activation has been shown to drop
following pretreatment with SZR-72 in a rat model of
Complete Freund’s Adjuvant-induced dural inflammation (45).
It is therefore plausible that KYNA and its derivatives inhibit
NET formation during sepsis through the inhibition of TNF-a
and HMGB1 release and IL-1b activation.

Crosstalk between mitochondria and NETosis has recently
been emphasized. Vorobjeva et al. demonstrated that the calcium
(Ca2+)-triggered opening of mitochondrial permeability
transition pores (mPTPs) stimulated mitochondrial ROS
production (mtROS), which in turn activated NET formation
independently of NADPH oxidase and MPO in neutrophil
leukocytes (49). On the other hand, NETs cause a reduction in
the capillary–mitochondrial oxygen gradient by enhancing the
formation of occluding thrombi (40), thereby impairing
mitochondrial respiration. As regards organelle function,
imbalance in mitochondrial homeostasis has previously been
demonstrated in the liver after sepsis, and it was effectively
reduced by KYNA and SZR-72 administration (17).

Our study has also shown that brain mitochondria are
affected early after the septic insult, with a decrease in
substrate (LEAKGM and LEAKS) and ADP-activated
respiration (OXPHOS) in cerebellar and hippocampal samples.
These findings support previous reports on a decrease in
mitochondrial activity (complex I) and enhanced ROS
production in different brain regions following CLP-induced
sepsis (16). One regulatory mechanism of OXPHOS machinery
can be mediated through phosphorylation/dephosphorylation of
respiratory chain proteins executed by opposing actions of
tyrosine kinase Src and protein tyrosine phosphatase 1B
(PTP1B). Sepsis or LPS stimuli initiate a pathologic imbalance
between Src/PTP1B activities (decreased Src and increased
PTP1B) that can ultimately reduce ATP synthesis in the brain
(3, 50). Moreover, energy metabolism can also be reprogrammed
from OXPHOS to aerobic glycolysis in microglial cells, resulting
in less net gain energy production per glucose (15).

In our experiments, KYNA and KYNA derivative-based
therapies ameliorated complex II-linked OXPHOS capacities
and substrate-activated respiration in cerebellum samples. This
finding is also consistent with other studies, in which KYNA
improved various mitochondrial parameters, such as complex II
activity, mitochondrial mass and membrane potential, antioxidant
enzyme levels, and ROS against quinolinic acid-induced neuronal
injury (51). There is also evidence that KYNA acting onG protein-
coupled receptor GPR35 regulates adipocyte energy homeostasis
via stimulation of lipid metabolism and mitochondrial respiration
(52). Additionally, NMDA-Rs were shown to be present in the
inner mitochondrial membrane (53), where they may play a
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regulatory role in Ca2+ transport. Inhibitory action exhibited by
KYNA or its synthetic analogues on NMDA-R may reduce (I)
receptor-driven Ca2+ influx, (II) mitochondrial Ca2+ overload and
(III) release of apoptosis inducer cytochrome c (54). Although
KYNA-mediated cell- and mito-protective properties were
identified in models of various diseases, KYNA itself did not
affect the bioenergetic function in the normal brain and normal
liver mitochondria (55).

The present study was first to describe the mitochondrial
effects of SZR-72 and SZR-104 in the CNS. Although only SZR-
104 ameliorated complex II-linked OXPHOS in the
hippocampus, all the treatments enhanced complex II-linked
OXPHOS in the cerebellum without affecting complex I
respiration. These differences may arise from the different
membrane localization of complexes I and II. Besides, complex
I is potentially more vulnerable to neuronal injury than other
ETS components, and the level of pyridine nucleotide and other
cofactors is also reduced during sepsis. There is also evidence
that the hippocampus is more susceptible to insults, such as
ischemia, anoxia, inflammation and sepsis (56). Therefore, a
functional difference in distinct brain regions, particularly after
BBB injury, cannot be ruled out. The mechanism by which SZR-
72 and SZR-104 preserve brain mitochondrial function is not yet
known with certainty; however, the microcirculatory
improvement can be mediated with different receptors
(NMDA-R and GPR35, respectively) (17). Better tissue
oxygenation along the capillary–mitochondrial oxygen gradient
may ameliorate oxygen consumption and subsequently results in
better energy production in the organelle (26).
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Our study has limitations as well. Firstly, the observation
period was relatively short; detection of other endpoints
(mortality or the cognitive component) would thus be needed
in longer follow-up studies. Only PAD-dependent NET
formation was addressed and plasma levels of CitH3 (and not
DNA-CitH3 complexes) were determined in our study, and the
number of inflammatory mediators (and NET inducers)
examined was also limited. Furthermore, the current design
did not allow us to investigate whether changes in BBB
permeability are transient or irreversible or involve
paracellular and/or transcellular pathways. The methodology
applied did not allow for an assessment of any causal
relationship between NET formation and BBB disintegration.
Likewise, the effects of the ketamine-containing anesthetic
agents cannot be disregarded. It should also be added that
since antibiotics affect mitochondrial functions, this
confounding option was purposefully omitted from the
protocol (57).

In conclusion, KYNA and its analogues on NET-associated
markers were first examined, and the compounds significantly
attenuated sepsis-induced leukocyte activation and alleviated
cerebral mitochondrial dysfunction. These compounds, either
via inhibition NMDA-R or NET formation, may influence BBB
permeability and mitochondrial damage, thereby reducing
sepsis-related brain injury (Figure 8). Alternatively, KYNA-
and analogue-based treatments may also affect tissue
oxygenation, and, as a consequence, they may improve
mitochondrial respiration. Our results suggest that KYNA or
synthetic derivatives, particularly SZR-104, might be applicable
FIGURE 8 | Effects and potential targets of KYNA and its analogues. NMDA and GPR35 receptor-dependent mechanisms are highlighted. Gray arrows indicate the
literature-based mechanisms, and black arrows indicate the mechanisms examined in the study. BBB, blood–brain barrier; GPR35, G protein-coupled receptor 35;
KYNA, kynurenic acid; mPTP, mitochondrial permeability transition pore; mtROS, mitochondrial reactive oxygen species; NET, neutrophil extracellular trap; NMDA-R,
N-methyl-D-aspartate receptor; DYmt, mitochondrial membrane potential.
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Supplementary Figure 1 | Animal sickness assessment score in the sham-operated
group and in the different sepsis groups treated with saline, KYNA, SZR-72 and SZR-
104 taken 16h after sepsis induction. The plots demonstrate themedian (horizontal line in
the box) and the 25th (lower whisker) and 75th (upper whisker) percentiles. Kruskal–Wallis
test, Dunn’s post-hoc test; *P < 0.05 vs. sham-operated group.

Supplementary Figure 2 | Cerebellar (A) and hippocampal (B) wet weight/body
weight ratio in the sham-operated group and in the different sepsis groups treated with
saline, KYNA, SZR-72 and SZR-104. The plots demonstrate the median (horizontal
line in the box) and the 25th (lower whisker) and 75th (upper whisker) percentiles.
Kruskal–Wallis test, Dunn’s post-hoc test; *P < 0.05 vs. sham-operated group.

Supplementary Figure 3 | Correlation between plasma citrullinated histone H3
(CitH3) and plasma S100B values in septic rats. Spearman’s correlation coefficient r
values and (null hypothesis-related) P values are provided, regression line and 95%
confidence interval are indicated.
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27. Fülöp F, Szatmári I, Vámos E, Zádor D, Toldi J, Vécsei L. Syntheses,
Transformations and Pharmaceutical Applications of Kynurenic Acid
Derivatives. Curr Med Chem (2009) 16:4828–42. doi: 10.2174/
092986709789909602
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Recurrent abdominal pain (RAP) is a common medically unexplained symptom among
children worldwide. However, the biological mechanisms behind the development of
functional and behavioral symptoms and changes in blood markers have not been well
explored. This study aimed to assess changes in the concentrations of inflammatory
markers, including cytokines and tryptophan catabolites, in the serum of children with
RAP compared to those with subclinical infections. Children with RAP but without organic
diseases were included, and those with asymptomatic intestinal parasitic infections were
used as a subclinical infection cohort. Blood samples were collected and used to measure
the cytokine profile using Multiplex Immunoassay and tryptophan catabolites using high
performance liquid chromatography. Children with RAP showed significantly higher
concentrations of serum tumor necrotic factor-a, p<0.05, but lower concentrations of
IL-10, p<0.001, IL-6, p<0.001 and brain-derived neurotrophic factors (BDNF) p<0.01. In
addition, a significant increase in the metabolite of the kynurenine pathway, 3-
hydroxyanthranilic acid (3-HAA) p<0.01, a significant decrease in the concentrations of
anthranilic acid (AA) p<0.001, together with an increased ratio of serum 3-HAA to AA (3-
HAA/AA) p<0.001, was found in this cohort. These findings indicate the significant
activation of the immune system and presence of inflammation in children with RAP
than those with subclinical parasitic infections. Moreover, children with RAP tested with
the Strengths and Difficulties Questionnaire (SDQ), displayed high psychological problems
though these SDQ scores were not statistically associated with measured cytokines and
kynurenine metabolites. We however could hypothesize that the pro-inflammatory state
together with concomitant low concentrations of BDNF in those children with RAP could
play a role in psychological stress and experiencing medically unexplained symptoms.
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INTRODUCTION

In paediatric primary care, children display symptoms that
commonly include headache, fatigue and abdominal pain, but
only about 10% of these symptoms have an identifiable infectious
or metabolic aetiology (1). The term “medically unexplained
symptoms (MUS)” is routinely used in paediatric literature to
describe those cases (2). MUS or functional symptoms are
defined as “somatic symptoms” where no clear infectious or
metabolic cause can be identified after comprehensive medical
assessment (3, 4). MUS are broad and most of the time, transient
and self-limiting.

However, in most MUS cases, the underlying pathophysiology
of abdominal pain cannot be identified and is found to be linked
with a psychogenic origin. The term “recurrent abdominal pain
(RAP)” was used by Apley to refer to the presence of 3 or more
discrete episodes of pain over a period of at least 3 months,
interfering with normal daily activity (5). RAP prevalence varies,
ranging from 10.8% in British school children (5), 10-20% in
school-going Singaporean children (1, 6) to 26.9% in Australian
students (7). In Malaysia, the overall prevalence of RAP among
school children aged from 11 to 16 years was 10.2% (8).

The pathophysiology of RAP and MUS in children is still not
well understood. Evidence has shown that these symptoms can
be triggered by recent stressful life events (9) and emotional
stress (5). It is well established that chronic stress has a significant
impact on the hypothalamo-pituitary adrenal (HPA) axis (10)
and also on the immune system through inducing the secretion
of pro-inflammatory mediators (11, 12). The evidence of stress-
induced inflammation is well documented in young adults.
Growing up in a socially tough environment (13), childhood
abuse (14) and maltreatment (15), and also acute stressful life
events (16) are all associated with an increased production of
pro-inflammatory cytokines. A concomitant decreased
sensitivity of immune cell to anti-inflammatory mediators has
also been reported (17). Imbalance between the concentrations
of pro-inflammatory- and anti-inflammatory cytokines is
associated with the development of psychological illnesses (18–20).
Moreover, neurotrophin, brain-derived neurotrophic factor (BDNF),
appears to bridge the environmental challenges with enduring change
in neuronal function through HPA axis and immune modulation,
hence, failure of neuronal adaptive capability may also implicate in
development of psychopathological and neurodegenerative diseases
(21, 22). When combined, it is likely that a stress-induced immune
activation could be associated with the development of symptoms in
children with RAP. However, to our knowledge, there is no published
literature that has looked at neurotrophin and cytokine responses in
children with RAP.

The kynurenine pathway (KP) of the tryptophan (TRP)
metabolism is considered to be a key cross-talk between
immune and neuroendocrine systems (23–25). Stress through
the increase in cortisol concentrations has a significant impact on
the immune system imbalance diverting TRP metabolism away
from serotonin and melatonin production towards production of
the KP neuroactive metabolites (24, 26–31). The KP can be
initiated by activation of indoleamine 2, 3-dioxygenase (IDO-1)
in most organs and brain cells including astrocytes, microglia,
Frontiers in Immunology | www.frontiersin.org 280
microvascular endothelial cells and infiltrating macrophages (32)
or tryptophan 2, 3-dioxygenase (TDO-2) in liver, kidney and
brain (33).While TDO-2 is activated by cortisol, IDO-1 is induced
by pro-inflammatory mediators especially interferon-g (IFN-g)
(31, 34). The key branching point in the KP is the formation of the
first stable intermediate kynurenine (KYN) (Figure 1). In the
context of neuroinflammation, KYN can be converted in 3 ways:
1) by the kynurenine aminotransferases (KATs) into
neuroprotective compound kynurenic acid (KYNA) (35, 36)
or 2) to neurotoxic metabolites free-radical generator
3-hydroxykynurenine (3-HK), or 3) by kynureninase (KYNU)
into anthranilic acid (AA) which can convert to the pro-oxidant
and immunomodulatory metabolites 3-hydroxyanthranilic acid
(3-HAA). 3-HAA is then metabolized to the excitotoxin
quinolinic acid (QUIN) (37). Thus, the involvement of KP in
pathophysiology of MUS is highly possible.

The other problem associated with abdominal discomfort in
paediatric primary care is intestinal helminth parasitic infection.
A large proportion of children infected by parasites are relatively
asymptomatic and they belong to the category of subclinical
infections. A recent study showed that gastrointestinal
nematodes, particularly infections with Ascaris, hookworm,
and Trichuris species can interfere with immune regulation
(38). A further study demonstrated that another type of
parasitic infection with Toxoplasma gondii in animal model
could alter the behavior of rodents and induce tryptophan
degradation through the KP (39). Toxoplasmosis is associated
with the incidence of specific neuropsychiatric conditions in
humans (40). Understanding the biological mechanisms behind
the complex interactions between parasites and the host
immunoregulatory networks to maintain an asymptomatic
status during enteric infections are of great interest to
researchers and health professionals.

As mentioned above, the dysregulation of the KP through
immune-neuroendocrine interactions is implicated in the
development of psychological symptoms and neurodegenerative
disorders. However, changes in the level of expression of this
pathway during chronic stress and subclinical infections have
remained unknown. Thus, the main aim of this study is to
assess the possible changes in serum levels of neurotrophin,
cytokines and KP metabolites in the children with RAP and
those with parasitic infections.
MATERIALS AND METHODS

Study Setting and Design
Ethical approval was obtained from the Ethics Committee of the
University Malaya Medical Centre (UMMC) Malaysia (MEC
Ref. No. 1017.24) prior to the commencement of the study.

Recruitment of Children With RAP
The children in this study have been attending the outpatient
paediatrics clinics at the University of Malaya Medical Centre and
University of Malaya Specialist Centre. Complying symptoms of
abdominal pain and discomfort were closely monitored in male
September 2021 | Volume 12 | Article 702301
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and female children between 7 to 12 years of age. The children met
the RAP criteria set up by Apley (5), (i.e. presence of at least 3
discrete episodes of pain over a period of at least 3 months,
interfering with normal daily activity). Patients with no abnormal
findings on physical examination, routine blood, urine, and stool
tests, abdominal ultrasonographic examination and/or no organic
diseases as screened by pediatricians have been considered as
children with RAP and included in the study. Strict exclusion
criteria were applied for those with abnormal laboratory results,
abnormal endoscopy results and any findings suggesting an
organic disease. After obtaining written consent from the parent,
10 ml of blood (in a serum-separating tube) was collected from
each child between 1630-1830 hr. Blood samples were then
centrifuged for 20 min at 2000 rpm at 4°C. Serum was collected,
aliquoted and stored at -80°C for quantification of BDNF,
cytokines and tryptophan metabolites.

After confirming the absence of organic disease, the mental
health status of this cohort of children was further assessed.
Children were also requested to complete a validated 25-point
Strength and Difficulty Questionnaire (SDQ) to assess their
emotional and behavioral problems. This questionnaire is
designed to assess the 5 subscales of psychological attributes:
emotional symptoms, conduct problems, hyperactivity/inattention,
peer relationship problems and prosocial behavior (41, 42). For the
younger children, aged 4-10, a Parent Report Measures for Children
Frontiers in Immunology | www.frontiersin.org 381
and Adolescents SDQ (P) 04-10 (English/Malay Language) was
used and parents were asked to complete the questionnaires (43).
The older children, aged 11 years and above, were asked to complete
the Self-ReportMeasures for Children and Adolescents SDQ (S) 11-
17 (English/Indonesia Language) (44).

Recruitment of Children With
Subclinical Infection
Children with asymptomatic parasitic infections were considered
as “apparently healthy children with subclinical infections”. As
intestinal parasitic infections are highly prevalent among
children in the peninsular Malaysian Orang Asli population
(45–47), we used samples collected from this community as a
part of a cross-sectional study. The original study aimed to
determine the prevalence of intestinal helminth infections. The
demographic data was obtained and fecal and serum
samples collected.

The fecal samples were screened for the presence of ova, cysts,
oocysts and parasites. Samples of children 7 to 12 years old that
were microscopically positive for either one or more of Trichuris,
Ascaris, hookworm, Entamoeba, Giardia and Hymenolepis nana
infection, and also revealed no history of abdominal pain on
screening by questionnaire, were used in this study. Their serum
samples were tested for BDNF, cytokines and KP metabolites.
Any positive samples from children with a history of
FIGURE 1 | Simplified diagram of the kynurenine pathway [Adapted and modified from (26)]. 3-HAAO, 3-hydroxyanthranilic acid dioxygenase; ACMSD,
aminocarboxymuconate semialdehyde decarboxylase; IDO, indoleamine 2, 3-dioxygenase; KATs, kynurenine aminotransferases; KMO, kynurenine
3-monooxygenase; KYNU, kynureninase; TDO, tryptophan 2, 3-dioxygenase.
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gastrointestinal symptoms (abdominal discomfort, abdominal
pain, diarrhea, etc.) were excluded from the study.

Determination of Serum Samples
The concentrations of cytokines, interleukin (IL)-6, IL-10 and
tumor necrosis factor-alpha (TNF-a) were quantified using
ProcartaPlex multiplex immunoassay (Affymetrix, eBioscience)
at the i-DNA laboratory in Kuala Lumpur, Malaysia. The assay
was performed according to the manufacturer’s guide, using
recommended buffers, diluents and substrates. The endogenous
concentration of each individual cytokine analyte was
determined based on the respective sample absorbance using a
four-parameter logistics curve. The intra-assay coefficient of
variation (CV) (calculated as the mean of the CVs for each
sample’s duplicate measurements) ranged from 8.36 to 11.42%
for all cytokines with limit of detection (LOD) (pg/ml) of 0.34 for
BDNF, 0.14 for IL-10, 1.64 for IL-6 and 0.24 for TNF-a.

Serum TRP, KYN, AA, 3-HK and 3-HAA levels were
analyzed using ultra high performance liquid chromatography
(UHPLC), at the Faculty of Medicine and Health Sciences,
Macquarie University, Australia. Concurrent quantification of
TRP, KYN and its metabolites were performed based on the
method previously described by Guillemin et al. (48) with slight
modification (49). An Agilent 1290 infinity UHPLC system,
coupled with variable thermostatted volume auto-sampler, the
diode-array detector with optofluidic wave guides, fluorescence
detector and an Agilent ZORBAX Eclipse Plus C18 reverse-phase
column, was used to perform the analytical l iquid
chromatography. A 0.1 M sodium acetate buffer (sodium
acetate 8.2 g in 1 L of ultrapure MilliQ water) with adjusted
pH 4.60 (by addition with hydrochloric acid) was used for mobile
phase. The concentrations of KYN and 3-HK were quantified
spectrophotometrically, at UV absorbance 365 nm with
retention time 3.1 and 1.2 minutes, respectively. The TRP, 3-
HAA and AA were measured fluorimetrically at specific
excitation/emission (lex/lem) wavelength and retention time
(RT); TRP (Ex280 nm/Em438 nm, RT 7.4 min), 3-HAA (Ex320
nm/Em438 nm, RT 3.3 min) and AA (Ex320 nm/Em438 nm, RT
9.8 min). The intra-assay CVs were within the acceptable range
of 4-8% for all metabolites. Each measurement was performed in
duplicate using deproteinized serum samples. Ten percent
trichloroacetic acid (2 g of trichloroacetic acid in 20 mL of
ultrapure water) was used to remove the proteins in the samples
by precipitation. The targeted different amino acid standards
were prepared from respective highest purity (≥98.0%) stock
standards (Sigma–Aldrich, Germany). The LOD/limit of
quantification (LOQ) were TRP (0.07 uM/0.22 uM), KYN
(0.13 uM/0.39 uM), 3-HK (17.79 nM/53.91 nM), 3-HAA (7.06
nM/21.41 nM) and AA (2.48 nM/7.5 nM).

Statistical Analysis
The SDQ total scores and each subscale score were analyzed
according to method used by Goodman (43). In all five subscales
of SDQ; emotional problems; conduct disorders; hyperactivity
disorders; peer problems and pro-social behaviors; mental health
status was predicted as being “probable” (high risk), “possible”
(borderline) or “unlikely” (normal).
Frontiers in Immunology | www.frontiersin.org 482
For the serum parameters, the results were screened for the
normality of data by the Shapiro–Wilk test. For normally
distributed data, unpaired t test with Welch’s correction was
used to compare the differences between two independent
groups and the results are expressed as mean ± SEM. The
Mann-Whitney U test (Wilcoxon two-sample test) was used
for those data that were not normally distributed and results are
expressed as median and interquartile range (IQR). Correlation
between the parameters was analyzed using the Spearman
correlation matrix. A p-value < 0.05 was considered significant.
All statistical analyses were performed using a GraphPad
Prism 9.
RESULTS

Analysis of SDQ Scores for Children
With RAP
Risk of mental health problems as screened by SDQ total scores
and each subscale scores are presented in Table 1. Twenty and
40% of children are at high and possible risk of mental health
problems, respectively.

Cytokine Profiles in Children With RAP
and Children With Subclinical
Parasitic Infections
The concentrations of BDNF and cytokines in the serum samples
from the 2 cohorts of children are shown in Tables 2a–b. The
BDNF concentrations were significantly lower (p<0.01) in children
with RAP compared to children with subclinical parasitic infections.
Higher concentrations of pro-inflammatory cytokines, TNF-a
(p<0.05) and lower concentrations of anti-inflammatory
cytokines, IL-10 (p<0.001) were also observed in children with
RAP. Meanwhile, the concentrations of IL-6 (p<0.001) were higher
in children with parasitic infections.

KP Profiles in Children With RAP
and Children With Subclinical
Parasitic Infections
The results of the serum concentrations of the KP metabolites for
two groups of children are shown in Table 2c . The
concentrations of TRP and 3-HK increased in children with
RAP but did not significantly change between the groups.
TABLE 1 | Risk of mental health problems as screened by SDQ total scores and
each subscale scores in children with RAP.

% Children with RAP (n=10)
Risk of mental health problems

Unlikely Possible High risk

Total difficulties scale 40 40 20
Emotional symptoms subscale 80 10 10
Conduct problems subscale 60 10 30
Hyperactivity subscale 50 40 10
Peer problems subscale 20 40 40
Prosocial behaviour subscale 90 0 10
Sep
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However, in children with RAP, we found significantly high
concentrations of 3-HAA (p<0.01), high 3-HAA : AA ratio
(p<0.001) and a low AA concentrations (p<0.001) and low
KYN : TRP ratio (p<0.05).

Correlation Analysis
Correlation analysis showed no significant associations between
the concentrations BDNF, cytokines: IL-10, IL-6, TNF-a and KP
metabolites in both cohorts of children. In addition, there was no
association between SDQ scores and tested biochemical
parameters in children with RAP.
DISCUSSION

The medically unexplained or functional somatic symptoms
constitute a major clinical problem in paediatric primary care
(3, 4), however, the mechanisms behind the occurrence of these
symptoms have not yet been addressed. Thus, this study is aimed
to access the changes in serum levels of neurotrophins, cytokines
and KP metabolites in the children with RAP and those with
parasitic infections. As evidenced by previous reports (9, 13, 14,
16), psychological stress appeared to be a potential candidate
accounting for occurrence of unexplained or functional somatic
symptoms, thus the cohort of children with RAP were assessed by
SDQ to assess their emotional and behavioral status. As compared
to normative SDQ data on total difficulty scores (43), 60% of
children with RAP were found to be at risk of getting mental
health problems. SDQ-symptoms scores were also interpreted and
“caseness” from symptoms scores were further defined according
to normative data provided in the manual (43). Thirty-and 40% of
children were at high risk of conduct and peer problems
respectively while 10% of children showed abnormal emotional,
hyperreactivity and prosocial behavior problems. As SDQ is used
Frontiers in Immunology | www.frontiersin.org 583
clinically and appears the best-suited test to identify the
psychological problems in both children and adolescents (41, 42),
we confirmed that children with RAP strongly imply the presence
of severe psychological problems.

These borderline and abnormal total difficulties as well as
symptoms scores are likely to be associated with significantly
lower concentrations of BDNF in children with RAP. The BDNF
is an essential mediator of neuronal plasticity and is expressed
throughout the brain, with higher abundance in areas controlling
cognition, mood and emotion such as the hippocampus and
cerebral cortex (50). Although the peripheral sources of BDNF
remain unclear, this neurotrophin is found in large amounts in
platelets (51). This finding on BDNF is in accordance with
previously published studies that showed stress was associated
with down regulation of BDNF production (52, 53) and high
activity of glucocorticoids receptors (54). Patients with
depressive disorders have significantly lower concentrations of
BDNF in their blood (22, 55) and interestingly, after
antidepressant treatments, BDNF concentrations were back to
physiological concentrations (52, 55). We hypothesize that the
low concentrations of BDNF in the children with RAP could
trigger brain biochemical dysfunction and ultimately, lead to the
development of psychopathological symptoms.

The results of cytokine profiles showed interesting findings.
The concentrations of TNF-a, proinflammatory cytokines, are
expected to be increased in infection; however, its concentrations
were significantly increased in children with RAP than that with
parasitic infection. This may be explained by repeated and
chronic psychological stress-induced pro-inflammatory
cytokines production (11, 15, 56, 57). The inflammatory
markers, IL-1b and TNF-a are the most consistently reported
cytokines responsible for psychological stress response regardless
of stressors and species (11, 58). The lower concentrations of
TNF-a in this study cohort of children with parasitic infections
TABLE 2 | The BDNF, cytokines and kynurenine profiles in children with RAP and children with subclinical parasitic infections.

Children with RAP;
n= 10

Children with Parasitic
Infections (PI); n=17

Ratio RAP/PI p value

Mean [ ± SEM]#/
Median (IQR)ⱡ

Mean [ ± SEM] #/
Median (IQR)ⱡ

a) Concentrations of Neurotrophin
BDNF (pg/ml) 540.9 [ ± 127.7] 1252.0 [ ± 87.93] ↓ 2.3 <0.01**
b) Concentrations of Cytokines
IL-10 (pg/ml) 0.37 (0.93-0.08) 2.9 (4.4-1.47) ↓ 7.8 <0.001***
IL-6 (pg/ml) 1.24 (1.24-1.24) 3.91 (9.97-1.63) ↓ 3.2 <0.001***
TNF-a (pg/ml) 0.69 (3.11-0.38) 0.23 (0.95-0.22) ↑ 3 <0.05*
c) Concentrations of TRP and KP metabolites
TRP (µM) 28.46 [ ± 2.67] 25.34 [ ± 1.57] ↑ 1.1 0.2586
KYN (µM) 1.08 [ ± 0.12] 1.19 [ ± 0.09] ↓ 1.1 0.4216
3-HK (nM) 70.77 [ ± 8.13] 58.82 [ ± 3.76] ↑ 1.2 0.1521
3-HAA (nM) 14.47 (15.06-8.18) 3.19 (5.22-2.36) ↑ 4.5 <0.01**
AA (nM) 22.0 (29.76-17.79) 270.0 (330.5-206.2) ↓ 12.3 <0.001***
KYN : TRP 36.39 (41.7-31.31) 47.98 (59.8-41.03) ↓ 1.3 0.05*
3-HAA : AA 0.47 [ ± 0.09] 0.01 [ ± 0.00] ↑ 47 <0.001***
Se
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may be due to their significantly higher concentrations of IL-10.
IL-10, a cytokine with broad immunoregulatory function, is
known to inhibit the production of iNOS, IFN-g, IL-12, TNF-a
production and suppresses parasite killing in a variety of
protozoan and helminth infections (59, 60). In addition, these
cohort of children also showed increased concentrations of a
pleiotropic cytokine, IL-6. This may be due to its
immunosuppressive effect as well as regenerative effect as IL-6-
dependent mucosal protection was demonstrated in enteric
bacterial pathogen (61). Together, the impact of IL-10 and IL-6
modulated immunosuppression is found to be beneficial and
could contribute the apparently healthy status in them (60).

No significant changes were observed in TRP and KYN
concentrations between the 2 groups. However, lower
(downstream) KP metabolites showed significant changes. We
found higher concentrations of 3-HK (1.2 folds - not statistically
significant), and significantly elevated 3-HAA concentrations
(4.5 folds) in RAP children. In contrast, the concentrations of
AA were significantly decreased (12.3 folds) in RAP children.
This can be explained by a higher activity of the KMO enzyme
directing KYN catabolism towards the production of 3-HK
instead of AA. 3-HK is then catabolized by KYNU to produce
3-HAA. This shows that the KP is moving towards its
inflammatory/neurotoxic branch which is highlighted by the
high increase in the 3-HAA/AA ration (47 folds).

3-HAA is a free-radical generator, producing hydrogen
peroxide and superoxide promoting oxidative protein damage
(62, 63) and inducing apoptosis (64). 3-HAA can also have
excitotoxic effects (65). More recently, its immune modulatory
functions have been demonstrated (66). 3-HAA is also the main
precursor for biosynthesis of the excitotoxin QUIN (67). It is
likely that, in children with RAP, the KP is shifted to the
neurotoxic branch leading to increased QUIN production.
Existing literature has documented the involvement of 3-HAA
in the initiation, development and amplification of
neurodegenerative processes (27, 68–70). Unfortunately, the
concentrations of PIC and QUIN (67, 71) have not been
measured and represent the limitations of this study. These
parameters could have tightened the association with the KP
activation and psychopathological symptoms (72). As we
previously published, QUIN has been identified as a key player
in depression (73) and suicide (72).

In addition, the ratio of serum 3-HAA to AA (3-HAA/AA)
significantly increased in children with RAP. This indicates the
lack of a neuroprotective response, likely due to the lack of
KYNA, since a decreased 3-HAA/AA ratio is found in many
neuroinflammatory conditions and associated with a loss of anti-
inflammatory response (74). It is well documented that the
activation of KP is controlled by inflammatory mediators
especially cytokines. The initial step in the KP, conversion of
TRP to KYN, is regulated by enzyme IDO-1, which is induced by
pro-inflammatory cytokines such as IFN-g, IL-1b and also IL-6
(23, 75, 76). This is not surprising as they are not the cytokines
known to be involved in KP activation except for IL-6. However,
the interesting results were the significant higher concentrations
of pro-inflammatory TNF-a- and lower concentrations of anti-
Frontiers in Immunology | www.frontiersin.org 684
inflammatory IL-10- cytokine in the RAP children without
organic disease compared to children with parasitic infections.
It should be emphasized that stress can trigger immune
activation, and, even more importantly, contribute to the
induction of pro-inflammatory cytokine, TNF-a. However, an
increased kynurenine/tryptophan (KYN/TRP) ratio in children
with parasitic infection may indicate the possibility of other
cytokine induced IDO-1 activation, especially IFN-g, which has
not been quantified in this study. The fact that there are no
changes in TRP, KYN, a decreased KYN/TRP ratio, high
concentrations of 3-HAA and low concentrations of AA clearly
implies that the enzyme kynurenine monooxygenase (KMO) is
strongly activated and could represent a relevant therapeutic
target for children with RAP.

There are some limitations in the present study. In this study,
we did not find any correlation between the concentrations of the
inflammatory cytokines and KP metabolites. We neither found
statistical association between SDQ scores and biochemical data.
This indicates the needs of further study with larger sample size
to find out the associations between SDQ data and inflammatory
markers and KP metabolites. As the study population is small,
the results obtained cannot be extrapolated to the general
population. In addition, it would be of interest in the future to
determine the KP profile in normal healthy children although it
is hard to get the samples due to ethical concerns. Furthermore,
as stated above, the quantification of the late KP metabolites of
QUIN and PIC, are lacking in this study.

To conclude, this study is the first study to examine the
involvement of the KP, inflammatory cytokines and BDNF in
children with RAP. Our results strongly suggest that the
decrease in BDNF concentrations and concomitantly, the
production of the neuroactive KP metabolites, 3-HAA, and,
to a lesser extent, 3-HK, may lead to the alteration of
physiological processes and possibly explain the emergence of
psychological symptoms in these children. A future
longitudinal study with a larger cohort would be critical to
validate our pilot study to better understand the complex
interplay between chronic stress, cytokine networks, and KP
dynamics in psychological processes in RAP children. The
wider significance of this study lies in the fact that it provides
evidence to shed light on the possible mechanisms for mind-
body interactions that are increasingly observed and recognized
in clinical practice.
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Objective: Disturbances in the kynurenine pathway have been implicated in the
pathophysiology of psychotic and mood disorders, as well as several other psychiatric
illnesses. It remains uncertain however to what extent metabolite levels detectable in
plasma or serum reflect brain kynurenine metabolism and other disease-specific
pathophysiological changes. The primary objective of this systematic review was to
investigate the concordance between peripheral and central (CSF or brain tissue)
kynurenine metabolites. As secondary aims we describe their correlation with illness
course, treatment response, and neuroanatomical abnormalities in psychiatric diseases.

Methods: We performed a systematic literature search until February 2021 in PubMed.
We included 27 original research articles describing a correlation between peripheral and
central kynurenine metabolite measures in preclinical studies and human samples from
patients suffering from neuropsychiatric disorders and other conditions. We also included
32 articles reporting associations between peripheral KP markers and symptom severity,
CNS pathology or treatment response in schizophrenia, bipolar disorder or major
depressive disorder.

Results: For kynurenine and 3-hydroxykynurenine, moderate to strong concordance was
found between peripheral and central concentrations not only in psychiatric disorders, but
also in other (patho)physiological conditions. Despite discordant findings for other
metabolites (mainly tryptophan and kynurenic acid), blood metabolite levels were
associated with clinical symptoms and treatment response in psychiatric patients, as
well as with observed neuroanatomical abnormalities and glial activity.
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Conclusion: Only kynurenine and 3-hydroxykynurenine demonstrated a consistent and
reliable concordance between peripheral and central measures. Evidence from psychiatric
studies on kynurenine pathway concordance is scarce, and more research is needed to
determine the validity of peripheral kynurenine metabolite assessment as proxy markers
for CNS processes. Peripheral kynurenine and 3-hydroxykynurenine may nonetheless
represent valuable predictive and prognostic biomarker candidates for psychiatric
disorders.
Keywords: kynurenine, blood-brain barrier, immune, tryptophan, psychiatry, inflammation, CSF
1 INTRODUCTION

Immune dysregulation plays an important role in the
pathophysiology of several psychiatric disorders. Mood and
psychotic disorders exhibit peripheral and central immune
abnormalities, such as increased peripheral pro-inflammatory
cytokine levels (1–3) and up- or downregulated central nervous
system (CNS) glial responses (4–7). Immune mechanisms are
further known to modulate psychiatric symptom development
and illness course. Specifically, inflammation-induced depressive
symptomatology has been observed in healthy volunteers and
patients recently remitted from major depression (8, 9), while
add-on anti-inflammatory drugs improve residual symptoms in
patients with major depressive disorder (MDD) and psychotic
disorders. This effect is particularly observed if patients present
with a basally increased peripheral pro-inflammatory cytokine
profile (10, 11).

For over half a century, disruption of the kynurenine pathway
(KP) has been proposed as a mechanistic link between immune
disturbances and psychiatric pathology and symptomatology (12,
13). Since the early 1990s, increased efforts and better analytical
methods have further disclosed the role of tryptophan (TRP),
kynurenine (KYN) and their downstream metabolites in
psychotic and mood disorders. Two meta-analyses (14–16) have
demonstrated that a.o. peripheral tryptophan, kynurenine and
kynurenic acid levels are at least partially downregulated in mood
and psychotic disorders, whereas the limited number of studies
focusing on cerebrospinal fluid (CSF) and brain tissue demonstrate
unaltered or even increased KP metabolite concentrations
(especially kynurenic acid) in these disorders (17–20). Most
clinical studies to date quantified kynurenine metabolite
concentrations in peripheral blood. Nonetheless, fundamental
knowledge about the interrelation between kynurenine
metabolites in CNS and peripheral blood and, importantly, their
bidirectional transport across the blood-brain barrier remains
incomplete. Peripheral KP metabolite quantifications may not
represent concentrations in CNS tissue, as evidenced by divergent
research results. Consequently, the validity of peripheral kynurenine
metabolite assessment as biomarkers for human neuropsychiatric
illnesses has been questioned (14, 21, 22).

1.1 Overview of the Kynurenine Pathway
Tryptophan (TRP) is an essential amino acid mainly known as
the precursor of serotonin (5-HT) and melatonin. The first, rate-
org 289
limiting, step of the pathway is the conversion of TRP to KYN by
the enzymes indoleamine 2,3-dioxygenase (IDO) and
tryptophan 2,3-dioxygenase (TDO) (Figure 1). TDO, which is
mainly found in the liver and also in the brain (23–26),
metabolizes 95% of whole-body TRP into KYN, of which the
liver contributes 90%. Under normal physiological conditions,
TDO in liver tissue will consume most of diet-derived TRP, and
as such is the main source of KYN throughout the body (27).
TDO is considered a housekeeping enzyme: excess TRP is
diverted to the Krebs cycle to generate energy (26). The
enzyme is induced by glucocorticoids to fulfill energy needs
under stressful conditions and is thus activated by
psychophysiological stress by cortisol release (28). Moreover,
TDO is inhibited by a reduction in nicotinamide, activated by
heme and stabilized by TRP (26).

Activity of IDO is low in non-pathological conditions but,
unlike TDO, can be downregulated by anti-inflammatory
cytokines (29) and upregulated by pro-inflammatory cytokines
[mainly interferon gamma (IFN-g), but also tumor necrosis
factor alpha (TNF-a)] (30) and psychological stress (31).

In the brain, downstream metabolization of KYN occurs
through divergent routes in microglia and astrocytes.
Kynurenine 3-monooxygenase (KMO), only active in cerebral
microglia, metabolizes KYN into 3-hydroxykynurenine (3-
HK), an N-methyl D-aspartate (NDMA) receptor agonist
(32). Metabolites further downstream from 3-HK include
quinolinic acid (QUINO), another NMDA-receptor agonist,
and picolinic acid (PICO), which in contrast antagonizes the
NMDA-receptor. It is assumed that additional microglial
QUINO can be produced in parallel via catabolization of
KYN to anthranilic acid (AA), although this was not
supported by Giorgini et al. as QUINO levels were almost
non-existent in KMO deficient mice (AA) (33). Quinolinic acid
phosphoribosyltransferase (QPRT) further degrades QUINO to
niacin, a form of vitamin B3.

In astrocytes, KYN is metabolized by kynurenine
aminotransferases (KAT) to kynurenic acid (KA), another
NMDA-receptor antagonist. However, a portion of this
astrocyte produced KYN will fuel macrophages and microglia
to produce QUINO (34). KA is considered a neuroprotective
metabolite due to its antagonism effect on the excitatory NMDA
receptor. However, abnormally elevated KA has been put
forward as the mechanism causing glutamate hypofunction by
sustained NMDA receptor antagonism, which can lead to
September 2021 | Volume 12 | Article 716980
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psychotic symptoms and cognitive and social impairments in
MDD and SCZ (35–37).

In the periphery, catabolization through KMO and KAT both
occurs albeit at different rates depending on multiple factors such as
the relative abundance of the enzymes in specific tissues, substrate
concentration and affinity, pH, bioavailability of cofactors,
cosubstrates and competing substrates (26). As the majority of
studies investigating these enzymes are performed in vivo, these
factors are often not taken into account resulting in a simplification
of the actual enzyme physiology (38). KMO is mostly present in
liver, kidney, macrophages andmonocytes (39), while KAT is active
in liver, kidney, placenta, heart and macrophages (40). Pro-
inflammatory cytokines like IFN-g also have a strong stimulating
effect on KMO, in the brain as well as in the periphery.

1.2 Study Objectives
As the primary objective of this systematic review, we will
investigate the correlation coefficients between peripheral and
central kynurenine metabolite concentrations in preclinical
research and in human samples of varying origins. As
secondary objectives, associations between peripheral KP
measures and (endo)phenotypic measures (symptom severity,
treatment response and CNS abnormalities) in psychiatric illness
will be described to appraise the value of KP metabolites as
prognostic and predictive biomarkers. In order to provide a
better understanding of the factors influencing central and
peripheral KP metabolites, we will discuss the (patho)
physiological impact on KP bioavailability and blood-brain-
Frontiers in Immunology | www.frontiersin.org 390
barrier (BBB) transport in healthy and immune-activated
physiological states.
2 METHODOLOGY

We performed a pubmed-based literature systematic search
(January 1968 - February 2021) using the following search
string: ((tryptophan OR kynuren* OR “quinolinic” OR
“xanthurenic acid” OR “anthranilic acid”) AND (“serum” OR
“plasma” OR “blood”) AND (“brain tissue” OR “BBB” OR “blood
brain barrier” OR “blood-brain-barrier” OR “CSF” OR
“cerebrospinal fluid” OR “postmortem” OR “post-mortem” OR
“MRI” OR “fMRI” OR “PET” OR “DTI”) NOT (review
[Publication Type])). Eligible papers were extracted from the
PubMed database using the following inclusion criteria: 1)
English language articles published in peer-reviewed journals, 2)
Human studies including patients with a major psychiatric
disorder reporting correlation coefficients between peripheral
and central KP metabolites or association measures between at
least one peripheral KP metabolite and symptom severity or brain
imaging disturbances or treatment outcome, or 3) Human studies
including healthy controls or non-psychiatric patients reporting
correlation coefficients between peripheral and central KP
metabolites, or 4) In-vivo or postmortem assessment of at least
one KP metabolite peripherally and centrally.

Two authors independently performed the literature search
(M.M., K.S.). This search strategy yielded 1078 records that, with
FIGURE 1 | Kynurenine metabolites and the blood brain barrier (BBB). Tryptophan (TRP) and kynurenine (KYN), and to a lesser degree 3-hydrox kynurenine (3-HK)
are actively transported into the brain over LAT1 transporters. Downstream metabolites of the kynurenine pathway (KP), like quinolinic acid (QUINO) and kynurenic
acid (KA), cannot make use of these transporters, but (probably limited) passive diffusion of these metabolites over the BBB is possible. Anthranilic acid and 3-
hydroxy anthranilic acid (not shown in figure) may equally pass the blood brain barrier through passive diffusion, much like QUINO. In the brain, microglia are
responsible for the production of metabolites 3-HK and QUINO, whereas astrocytes produce KA. Peripheral production of these KP metabolites is done by blood
immune cells, such as blood monocytes (PBMC) and other organs, including liver and kidney. The gut microbiome, which plays a role in psychiatric illness through
the gut-brain axis, also affects KP metabolization.
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19 additional records found through cross-referencing resulted
in a total of 1097 records that were screened based on title and
abstract. After exclusion of 868 irrelevant records, full articles
were evaluated of 229 papers, ultimately leading to 59 papers that
were included in the systematic review.

We included 27 original research articles describing a
correlation between peripheral and central kynurenine
metabolite measures in preclinical studies and human samples
from healthy controls and patients suffering from
neuropsychiatric disorders and other conditions. Correlation
coefficients of peripheral-central KP metabolites along with the
p-values, sample type, sample size and pathology type were
extracted from the articles. The strength of concordance
between peripheral and central KP measures was evaluated as
a function of correlation measures, i.e. discordance = r <.20; weak
concordance = .20 ≤ r ≤ -.39; moderate concordance = .40 ≤ r ≤
-.59 and strong concordance = r ≥.60 (41, 42).

We also included 32 articles reporting associations between
peripheral KP markers and symptom severity, CNS pathology or
treatment response in schizophrenia (SCZ), bipolar disorder
(BD) or major depressive disorder (MDD).

See Figure 2 for PRISMA Flow Diagram [based on (43)].
3 CONCORDANCE OF PERIPHERAL AND
CENTRAL KP METABOLITE
ASSESSMENTS

(Table 1) provides an overview of the included studies
investigating correlations between peripheral and central
kynurenine metabolite concentrations in both human and
Frontiers in Immunology | www.frontiersin.org 491
preclinical research. Since only a handful of studies (n=4)
reported on these correlations in psychiatric populations, we
additionally listed findings in healthy subjects and non-
psychiatric diseases (n=14). It should be noted that the
available psychiatric studies only concern depressed and
bipolar patients, as until date no study has scrutinized this
association in schizophrenic patients.

3.1 Preclinical Findings
Overall, animal studies showed divergent results on peripheral-
central TRP correlations (see Table 1) (44–48). In immune
challenged mice (i.e. lipopolysaccharide) (48) plasma and brain
parenchyma KYN levels strongly correlated (r=.86; p<.001), in
contrast to TRP levels (r=-.21). Similarly, 3-HK displayed very
good inter-tissue correlations (r=.72; p>.001). Animal studies
(rats, mice, rabbits) using (supraphysiological) stimulation of the
immune system showed very high between-tissue correlations
for QUINO and KA (r>.70) in plasma, CSF and brain tissue (48,
50). When directly comparing CSF and serum of monkeys
receiving a kynurenine 3-hydroxylase inhibitor, both
kynurenine and KA correlated between CSF and serum (r=0.60
and 0.43, respectively) (49).

In amino acid supplemented rats, a significant increase in
brain TRP concentrations was observed, accompanied by strong
plasma/brain correlations (47). Goeden (67) demonstrated that
administration of kynurenine to pregnant female rats leads to
very comparable increases of KYN (9-10 fold), KA (3-6 fold) and
3-HK (15-17 fold) in the maternal placenta, fetal plasma and
brain. In contrast, administration of KA to the pregnant dams
increased KA levels in placenta and plasma, but not the fetal
plasma or brain. Interestingly, whereas a 7-day treatment with
systemic KA in rats led to increased KA concentrations in both
FIGURE 2 | PRISMA flowchart.
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TABLE 1 | Overview of studies investigating correlations between blood-based and CSF kynurenine pathway metabolites.

r-value p-value

Conflicting results
.53 <.001
-.69 NS
.29 NS
.95 <.05

d) .95 <.001
d) -.21 NS

Strong concordance
.60 .011
.86 <.0001

Conflicting results
.42 NS

Strong concordance
.97 <.01
.71 <.0001

Moderate-strong concordance
.72 <.0001

r-value p-value

Discordance
.15 NS

d) .21 NS
d) N/A NS

Strong concordance
.61 <.001
.60 <.0001

Discordance
.15 NS
N/A NS

Moderate concordance
.55 <.0001

Moderate concordance
.47 <.0001

Total TRP: 3 of 5 studies show discordant results
Free TRP: 3 of 6 studies show discordant results
Not specified TRP: 3 of 4 studies show
discordant results

.47 <.05

.25 NS

.30 .01

.28 NS

.26 NS

.22 NS
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Study Animal Sample type Sample size Metabolite

PRECLINICAL RESEARCH
Tryptophan
Crandall et al. (1983) (44) Normal and diabetic rats serum//brain n=36 TRP (total)
Sarna et al. (1982) (45) Rats plasma/brain n=23 TRP (total)
Sarna et al. (1982) (45) Rats plasma/brain n=23 TRP (free)
Gabriel Manjarrez et al. (2001) (46) Rats undernourished in utero plasma/brain (auditory cortex) n=30 TRP (free)
Yokogoshi et al. (1987) (47) Rats receiving amino acid supplementation plasma/brain n=54 TRP (not specifi
Verdonk et al. (2019) (48) Mice receiving an immune challenge plasma/brain n=60 TRP (not specifi
Kynurenine
Gregoire et al. (2008) (49) Monkeys serum/CSF n=8 KYN
Verdonk et al. (2019) (48) Mice receiving an immune challenge plasma/brain n=60 KYN
Kynurenic acid
Gregoire et al. (2008) (49) Monkeys serum/CSF n=8 KA
Quinolinic acid
Saito et al. (1993) (50) Immune stimulated gerbils plasma/CSF n=5 QUINO
Verdonk et al. (2019) (48) Immune stimulated mice plasma/brain n=60-75 QUINO
3-hydroxykynurenine
Verdonk et al. (2019) (48) Mice receiving an immune challenge plasma/brain n=60-75 3-HK

Study Pathology Sample type Sample size Metabolite

HUMAN RESEARCH
Psychiatric diseases
Tryptophan
Moreno et al. (2010) (51) Remitted MDD plasma/CSF n=21 TRP (total)
Hestad et al. (2017) (17) MDD serum/CSF n=75 (MDD n=44) TRP (not specifi
Haroon et al. (2020) (52) MDD plasma/CSF n=72 TRP (not specifi
Kynurenine
Hestad et al. (2017) (17) MDD serum/CSF n=75 (MDD n=44) KYN
Haroon et al. (2020) (52) MDD plasma/CSF n=72 KYN
Kynurenic acid
Sellgren et al. (2019) (20) BD plasma/CSF BD n=163 KA
Haroon etal. (52) MDD plasma/CSF n=72 KA
Quinolinic acid
Haroon et al. (2020) (52) MDD plasma/CSF n=72 QUINO
Anthranilic acid
Haroon et al. (2020) (52) MDD plasma/CSF n=72 AA
Nonpsychiatric diseases
Tryptophan

Young et al. (1975) (53) Healthy volunteers Serum/CSF n=29 TRP (total)
Sullivan et al. (1978) (54) Healthy volunteers Plasma/CSF n=13 TRP (total)
Kruse et al. (1985) (55) Healthy volunteers Serum/CSF n=44 TRP (total)
Young et al. (1976) (56) 59 year old man after neurosurgery (ventricular drain) Serum/ventricular CSF n=1 (case 1) TRP (total)
Young et al. (1976) (56) 21 year old man with acute meningitis (ventricular drain) Serum/ventricular CSF n=1 (case 2) TRP (total)
Sullivan et al. (1978) (54) Uraemic patients Plasma/CSF n=14 TRP (total)

92
e
e

e
e

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


TABLE 1 | Continued

size Metabolite r-value p-value

TRP (total) .58 NS
TRP (free) .02 NS
TRP (free) .22 NS

) TRP (free) .57 <.05
) TRP (free) .76 <.05

TRP (free) .97 <.01
TRP (free) .44 .02
TRP (free) .57 NS
TRP (free) .57 <.01
TRP (not specified) .34 NS
TRP (not specified) .37 <.025
TRP (not specified) .21 NS
TRP (not specified) .14 NS

Moderate-strong concordance
KYN .27 NS
KYN .65 <.0001
KYN .53 <.01
KYN .46 .03

=20) KYN .70 <.001
Conflicting results: 2 of 3 studies shown
discordance

KA -.02 NS
KA N/A NS
KA .51 <.01

Moderate concordance
3-HK .51 .02

=20) 3-HK .33 .044
Moderate-strong concordance in patients

QUINO .02 NS
QUINO .43 <.0001
QUINO .57 <.0001
QUINO .72 <.001

Strong concordance
=20) AA .63 <.001

Moderate-strong concordance
PICO .93 <.0001

=20) PICO .54 <.001

chiatric studies, sorted by metabolite. The correlations coefficients and its significance are

tryptophan; KYN, kynurenine; KA, kynurenic acid; 3-HK, 3 hydroxykynurenine; QUINO,
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Study Animal Sample type Sample

Gillman et al. (1980) (57) Psychosurgery patients Plasma/brain tissue n=5
Young et al. (1975) (53) Healthy volunteers Serum/CSF n=29
Sullivan et al. (1978) (54) Healthy volunteers Plasma/CSF n=10
Young et al. (1976) (56) 59 year old man after neurosurgery (ventricular drain) Serum/ventricular CSF n=1 (case
Young et al. (1976) (56) 21 year old man with acute meningitis (ventricular drain) Serum/ventricular CSF n=1 (case
Gillman et al. (1980) (57) Psychosurgery patients Plasma/brain tissue n=5
Curzon et al. (1980) (58) Psychosurgery patients Plasma/CSF n=19
Sullivan et al. (1978) (54) Uraemic patients Plasma/CSF n=12
Cangiano et al. (1990) (59) Cancer patients and healthy volunteers Plasma/CSF n=28
Sarrias et al. (1990) (60) healthy volunteers plasma/CSF n=35
Isung et al. (2021) (61) Healthy subjects plasma/CSF n=27
Heyes et al. (1992) (62) HIV serum/CSF n=79
Raison et al. (2010) (63) Hepatitis plasma/CSF n=27
Kynurenine
Isung et al. (2021) (61) Healthy subjects plasma/CSF n=27
Heyes et al. (1992) (62) HIV serum/CSF n=79
Raison et al. (2010) (63) Hepatitis plasma/CSF n=27
Havelund et al. (2017) (64) Parkinson plasma/CSF n=26
Jacobs et al. (2019) (65) AD plasma/CSF n=38 (AD n
Kynurenic acid

Sellgren et al. (2019) (20) Healthy volunteers plasma/CSF n=113
Havelund et al. (2017) (64) Parkinson plasma/CSF n=26
Isung et al. (2021) (61) Healthy subjects plasma/CSF n=27
3-hydroxykynurenine
Havelund et al. (2017) (64) Parkinson plasma/CSF n=26
Jacobs et al. (2019) (65) AD plasma/CSF n=38 (AD n
Quinolinic acid
Isung et al. (2021) (61) Healthy subjects plasma/CSF n=27
Heyes et al. (1992) (62) HIV serum/CSF n=111
Valle et al. (2004) (66) HIV plasma/CSF n=62
Raison et al. (2010) (63) Hepatitis plasma/CSF n=27
Anthranilic acid
Jacobs et al. (2019) (65) AD plasma/CSF n=38 (AD n
Picolinic acid
Isung et al. (2021) (61) Healthy subjects plasma/CSF n=27
Jacobs et al. (2019) (65) AD plasma/CSF n=38 (AD n

This table presents a summary of the concordance between peripheral and central kynurenine metabolites in preclinical, human psychiatric and non-ps
represented as r-values and p-values respectively.
MDD, major depressive disorder; BD, bipolar disorder; AD, Alzheimer’s disease; HIV, human immunodeficiency virus; CSF, cerebrospinal fluid; TRP
quinolinic acid; AA, anthranilic acid; PICO, picolinic acid; NS, non-significant.
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plasma and CSF but not in the other metabolites, acute KA
administration did alter both TRP and several KP metabolite
serum levels (68, 69).

In rats subjected to chronically unpredicted mild stress during
5 weeks, significant increases in KYN were observed in the colon,
as well as in the cortex and hippocampus. Additionally, KA levels
were increased in colon, whereas a decrease was seen in the
cortex and hippocampus. Colonic KYN was significantly
correlated with hippocampal KYN (r=.6154; p=.0066), KA
(r=−.5787; p=.0119) and 3-HK (r=.5050; p=.0325) and
negatively correlated to cortical KA (r=-.6717; p=.0023) (70).

Of note, kynurenine metabolite production seems to vary
between species, e.g. between rats and gerbils (71), between
mouse and human brain (29), so findings from animal models
cannot be generalized to the human brain.

3.2 Psychiatric Research
Strong correlations were found between CSF and peripheral
measures of KYN in MDD (n=75; r=.61; p<.001 (17) (n=72;
r=.60; p=<.0001) (52). Peripheral TRP concentrations, however,
did not correlate with central assessments (17, 51, 52), although
it should be noted that these studies did not measure free TRP.
Notably, the serotonin branch utilizes 10% of the blood-based
TRP but on average half of the cerebral TRP, which may partially
explain its low correlations with central concentrations. In
contrast, peripheral assessments of KA (KAT-branch) did not
correlate with CSF measures of the same metabolite in a large
sample of bipolar patients (n=163) (20). Plasma concentrations
of downstream metabolites of the KMO-branch QUINO and AA
also showed a moderate concordance with CSF values in MDD
(n=72; r=.55, resp. r=.47; all p-values <.0001) (52).

Although peripheral and central kynurenines have not been
compared directly yet in schizophrenic patients, a recent meta-
analysis showed that schizophrenia is associated with lower
plasma KYN levels but higher CSF KYN and KA (72), which
may suggest that peripheral and central KYN are not necessarily
correlated in psychotic illness.

However, with only 4 psychiatric studies available, the
currently available data do not allow calculation of quantitative
meta-analytic summary statistics.

3.3 Non-Psychiatric Research
Similar to animal studies and in MDD, both total and free TRP
correlation mostly show discordance in studies with healthy
participants. Peripheral and central levels of kynurenine
metabolites were compared in healthy participants (n=27) either
after an intense physical activity or after a 4-week training program.
At baseline, PICO levels were strongly correlated between plasma
and CSF (r=.93; n=27; p<.0001), whereas a weak correlation was
seen for the other kynurenine metabolites. After exercise, however,
discordance ensued for KYN (r=-.22; NS), QUINO (r=-.09; NS) and
KYNA (r=-.05; NS) (61).

In line with the results in MDD, peripheral KYN levels
showed a moderate-to-strong concordances with CSF values in
HIV patients (n=79; r=.65; p<.0001) (62), Alzheimer patients
(n=20; r=.70; p<.001) (65), hepatitis C (n=27; r=.46; p<.01) (63)
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and Parkinson patients (n=26; r=.46; p=.03) (64), whereas both
free and total peripheral TRP measures again showed conflicting
results (free TRP: 3 of 6 studies show discordance; total TRP: 3 of
5 studies show discordance; not specified TRP: 3 of 4 studies
show discordance) (53–60, 62, 63).

Peripheral 3-HK assessments also tend to reflect central
concentrations of the same metabolite, albeit more modestly,
as plasma and CSF 3-HK concentrations correlated weakly in
Alzheimer’s (r=.33; p=.044) (65) and moderately in Parkinson’s
disease (r=.51; p=.02) (64).

Further downstream the KMO-branch, QUINO and KA were
most frequently studied. Blood and CSF assessments of
microglia-based metabolites (AA, 3-HK, PICO, QUINO)
equally tended to intercorrelate irrespective of the underlying
illness (see Table 1), with moderate-to-strong concordances for
QUINO (r-values ranging from.43 to.57; all p-values below.001)
(62, 63, 66) and weak-to-moderate for 3-HK (r-values ranging
between.33 and.51; all p-values <.05) (64, 65). Although based on
a singly study, plasma AA and PICO showed a high (n=20; r=.63;
p<.001) and moderate (n=20; r=.54; p<.001) concordance with
CSF levels in Alzheimer patients (65). However, it should be
noted that all investigated patient groups had hepatitis or
neurological or HIV-related pathology, which may not be
reflective of the concentrations and correlations found in
psychiatric patients. Serum QUINO in HIV patients for
example (73) ranged between 200-8000 nM/L, whereas that in
schizophrenia and MDD more modestly ranged from 200 to 600
nM/L (74–76).

In line with findings in BD, KA measures in blood did not
mirror central values in patients with Parkinson’s disease and
healthy volunteers, although this discordance could be explained
by the use of a peripheral aromatic amino acid decarboxylase
inhibitor along with L-dopa which inhibit both KAT and KYNY
enzymes in the periphery (20, 64).

In conclusion, human studies support several findings from
preclinical samples, namely positive correlation coefficients
between peripheral and central KYN and 3-HK levels, in
contrast to TRP and KA. Free TRP has been preferred by
several researchers over total TRP to correlate with CSF values
(54, 56, 59, 77), although this could not be confirmed with the
current results. Furthermore, hepatitis and HIV patients and
immune stimulated rodents showed high inter-tissue correlation
values of QUINO, possibly caused by inflammation in both
compartments. However, further studies are necessary to
confirm these interpretations.
4 LINK BETWEEN PERIPHERAL KP
MARKERS AND ENDO-PHENOTYPICAL
MARKERS OF PSYCHIATRIC ILLNESS

As a secondary objective of this review, we aimed to develop a
better understanding of the relationships between peripheral KP
markers and several relevant clinical features such as symptom
severity and treatment response.
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4.1 Correlations Between Peripheral KP
Markers and Clinical Symptomatology in
Psychiatric Illness
An increased KYN/TRP ratio has been associated with higher
depression severity scores in MDD patients (78, 79), with the
presence of suicidality (80) and with manic symptomatology
(81), irrespective of pharmacological treatments. Increased KYN/
TRP has equally been linked to reduced cognitive performance in
schizophrenia, MDD, panic disorder and aging (17, 76)
(Table 2). In contrast, symptom severity in depression did not
correlate with free or total plasma TRP levels (82).

Increased peripheral QUINO concentrations have been
associated with depressive symptom severity in major
depression and postpartum depression and in healthy volunteers
receiving an inflammatory challenge (10, 83–85), as have increased
AA and decreased KA. Decreased KA has also been associated
with negative symptomatology in schizophrenia patients (86),
although it is important to note that these low KA
concentrations could be attributable to extremely low KYN
levels (<200ng/ml instead of normal values around 2µg/ml)
possibly caused by food intake which is known to lower KYN
values (87). It should be noted that these associations were not
consistently present (63, 88).

A shift towards the neurotoxic branch has equally been
associated to affect cognition, as increased 3-HK activity was
associated with poor memory performance in unipolar
depressive and bipolar disorder (74, 89). This is in contrast
with the negative correlation between KA and social cognition
demonstrated by Huang (90). Although serum 3-HK and XA
values were lowered in SCZ and BD compared to healthy
controls (HCs), these metabolites did not correlate with
symptom severity (91).

4.2 Correlations Between Peripheral KP
Markers and CNS Physiology in
Psychiatric Illness
A higher KYN/TRP ratio has been associated with loss of grey
and white matter integrity in bipolar disorder (92) and
schizophrenia (93) as well as with lower dorsolateral prefrontal
cortex (DLPFC) volumes in schizophrenia (76), lower frontal
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white matter glutamate levels (93) and reduced striatal volumes
in MDD (94).

Low plasma KA concentrations and KA/QUINO ratios have
been associated with reduced connectivity, white matter integrity
and cortical thickness and hippocampal volume in MDD (95–
97) and bipolar disorder (75, 98) as well as increased glial cell
activation [as assessed by Positron Emission Tomography using
radioligand (18F)-PBR111] in schizophrenia (99). Surprisingly, a
positive correlation between neurotoxic QUINO and increased
connectivity in MDD was equally shown (95).

A small sample of melancholic depressed adolescents (n=7)
showed strong correlations (r>.90) between plasma KYN and 3-
HAAwith brain choline, a cell membrane turnover biomarker, in
the striatum with magnetic resonance spectroscopy (MRS) (100).
Please find the summary of this paragraph in Table 2.

4.3 Link Between Peripheral KP Markers
and Treatment Response in
Psychiatric Illness
In mood disorders, antidepressant treatment with an selective
serotonin reuptake inhibitor (SSRI) (48), ketamine (48, 101),
electroconvulsive therapy (ECT) (79, 102) or real time functional
magnetic resonance imaging (RT fMRI) neurofeedback training
(103) typically have similar effects on the KP pathway as
evidenced by overall lowering of QUINO and 3-HK levels
(typically thought to be more neurotoxic in nature), as well as
increases in KA, which is seen as neuroprotective. These KP
changes, as well as baseline high QUINO and low KA levels were
predictive for treatment response or remission (48, 101, 104).
Whereas plasma TRP levels did not predict treatment response
on lithium nor amitriptyline, a subnormal ratio of TRP to other
amino acids competing with the LAT1 transporter predicted
better outcome in depressed individuals (105). Moreover,
antidepressant treatment has been shown to decrease IFN-g
expression as well as IDO activity in the brain and in
peripheral blood mononuclear cells (PBMCs) (106), leading to
reduced overall activation of the kynurenine pathway, mirrored
by reduced KYN levels after antidepressant treatment (48). It
remains to be investigated whether the antidepressant effect of
these treatments is mediated by their impact on kynurenine
TABLE 2 | Effects of KP changes on symptomatology and biomarkers in psychiatric illness.

Peripheral finding MDD BD SCZ

↑ KYN/TRP ↑ depression severity
↑ cognitive symptom severity
↓ frontal glutamate
↓ striatal volume

↑ mania severity
↓ GM/WM integrity

↑ cognitive symptom severity
↓ GM/WM integrity
↓ DLPFC volumes

↓ KA and/or ↑ QUINO ↑ depression severity
↑ lifetime MDD episodes
↑ ketamine response
↑memory impairment
↓ connectivity
↓ WM integrity
↓ cortical thickness
↓ hippocampal volume

↑ ketamine response
↑memory impairment
↓ connectivity
↓ WM integrity
↓ cortical thickness
↓ hippocampal volume

↑ negative symptom severity
↑ glial cell activity
September 2021 |
MDD, major depressive disorder; BD, bipolar disorder; SCZ, schizophrenia; TRP, tryptophan; KYN, kynurenine; KA, kynurenic acid; QUINO, quinolinic acid; WM, white matter; DLPFC,
dorsolateral prefrontal cortex.
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pathway dynamics. Nonetheless, these results suggest that KP
abnormalities may be useful as predictive biomarkers for
treatment response.

Antipsychotics have equally shown KP modulating effects in
schizophrenia patients. Lowered TRP and KA (107, 108) and
increased 3-HK levels (108) normalized after antipsychotic
treatment. Cao et al. reported lower KYN levels in
unmedicated schizophrenic patients in their meta-analysis,
whereas higher KYN levels existed during and after treatment
with antipsychotics (72). This also accords with earlier findings
by our group, which showed that decreased levels of QUINO and
3-HK in unmedicated psychotic patients tend to normalize after
antipsychotic treatment (86).
5 PERIPHERAL AND CENTRAL FACTORS
INFLUENCING KYNURENINE
METABOLITE CONCENTRATIONS

The following sections describe the bioavailability and blood
brain barrier transport of KP metabolites in normal and
immune-activated conditions, which is often the case in
psychiatric illness.

5.1 Mechanisms of Entrance of
Tryptophan and Kynurenines Into
the Brain
The blood-brain barrier (BBB) separates the central nervous
system from peripheral circulation and regulates the exchange
between these two compartments, protecting the brain from
harmful or toxic compounds circulating in the blood, while
supplying the brain with nutrients (27).

Tryptophan and kynurenine easily pass the BBB, actively
transported by the large neutral amino acid transporter (LAT1) in
competition with other essential amino acids such as valine,
isoleucine, leucine, tyrosine and phenylalanine (109, 110). LAT1 is
ubiquitously expressed on both apical and basolateral sides of the
endothelial membranes, as well as on neurons, microglia and
astrocytes (111, 112). Although relative concentration differences
may be present depending on the compound (113, 114), the
transporters provide bidirectional transport to maintain
equilibrium of amino acid distribution across both sides of the
BBB (115). Preclinical research suggests that 60-78% of the cerebral
pool of KYN is imported from the periphery (109, 116, 117) and
that TRP transport over the BBB declines with older age (45, 118).

In addition to TRP and KYN, 3-HK is also actively
transported over the BBB by LAT1, albeit to a much lesser
degree (109, 117). Still, animal research shows that the uptake of
systemically administered 3-HK was seven- to eight-fold higher
in the brain than in other tissues (119), arguing for efficient
metabolite transport over the BBB. AA, another precursor for
QUINO (Figure 1), can also pass the BBB easily, presumably by
passive diffusion (117, 120).

By contrast, QUINO, 3-HAA and KA are not actively
transported over the BBB, restricting brain uptake to passive
diffusion (120), which supposedly is very limited due to these
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compounds’ polar nature (117). This is confirmed by preclinical
studies where systemically administered neurotoxic doses of KA
and QUINO had no effect on rats (121), while equal doses of a
synthetic KA variant that easily passes the BBB instantly killed all
animals (122). As they cross the BBB very poorly, cerebral
concentrations of KA and QUINO are therefore considered
mainly to derive from local production (117). In contrast,
several gerbil studies show subcutaneously infused radiolabeled
QUINO made up 50-70% of the QUINO brain pool (116, 123),
challenging the notion that passive QUINO diffusion over the
BBB is limited. However, it is unclear to what extent these
findings are extrapolatable to humans.

Cholesterol and fatty acid composition of cell membranes
determines membrane fluidity and as a consequence the
efficiency of the transport function (124). Data from several
studies suggest that cholesterol disturbances are associated with
psychiatric disease, including MDD and schizophrenia (125–
128). Also, chronic hypertension and insulin seem to facilitate
TRP brain uptake in rats (129, 130). However, the role of these
factors in altered BBB permeability in psychiatric patients needs
further clarification.

5.2 Bioavailability and Transport of
Kynurenine Metabolites
As TRP, KYN and KA are known to be loosely bound to human
serum albumin (HSA), these compounds first need to be stripped
off of HSA in order to be transported to the central nervous system
(131–134). In fact, 80-95% of plasma TRP is bound to human
serum albumin (HSA), leaving only a small percentage as free TRP
(114, 135). Therefore, factors influencing the albumin concentration
or interacting with the binding sites have a major impact on the
bound/unbound ratio and, consequently, on transportation over the
BBB (136, 137). For example, low HSA may occur during liver and
kidney disease, prolonged inadequate food intake and in a pro-
inflammatory state. Lower TRP in turn affects albumin synthesis
(135, 138). Moreover, fatty acids and several drugs, such as
salicylates, are able to displace TRP from its binding site, although
these mechanisms are difficult to evaluate in vivo (135, 139, 140).

Additionally, it is important to bear in mind that KP enzyme
expression and/or activity is changed in various diseases [for
review, see (26)].

5.3 Peripheral-Central Neuroimmune
Crosstalk and the Effect on the
Kynurenine Pathway
Although the brain is considered as an immune-privileged organ
since tissue grafts survive when implanted into the CNS
parenchyma, the BBB has shown to be permeable to
inflammatory proteins and cells under inflammatory conditions,
which are able to activate immune responses in the CNS. Several
mechanisms may result in crosstalk between the peripheral and
central immune system, influencing the functional link between
the peripheral and central KP metabolism.

Pro-inflammatory cytokines, which activate the kynurenine
pathway both peripherally and centrally, pass the BBB easily
through cytokine-specific transporters and circumventricular
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organs (CVOs) (141), the latter being highly permeable and
isolated brain areas characterized by efficient neurohumoral
exchange (142). However, the complex interactions between
the peripheral and central immune system need further
clarification. Cytokine-stimulated activation of the kynurenine
pathway in the brain may be mirrored in peripheral tissue, and
theoretically peripheral assessments of metabolites such as
QUINO or KA could indirectly reflect the situation in brain
tissue. During immune activation in the CNS, over 98% of brain-
located KYN and QUINO could derive from local production
(116). However, Guillemin and colleagues (143) demonstrated
that human monocytes and monocyte-derived macrophages can
produce up to 19 times more QUINO than activated microglia
(143). This is also in line with findings of Espey (32), who showed
that synthesis of QUINO by microglia in epilepsy patients was
approximately 15% of that produced by monocyte-derived
macrophages retrieved from brain tissue. In acute liver failure,
an 11-fold increase in QUINO plasma concentrations was
mirrored by 1-4-fold elevations in postmortem cerebral tissue,
again arguing for more potent QUINO production capacities in
peripheral tissue (144). In this line, QUINO concentrations over
a range of pathological conditions are systematically higher in
blood compared to the CNS with blood/CSF ratios of 14:1 in
humans, 19:1 in rodents and up to 52:1 in nonhuman primates,
[for review, see (145)]. This can also have relevance to the CNS,
as infiltrating activated macrophages could be the most potent
QUINO source during brain inflammation (143).

Chronic inflammation leads to an enhanced release of pro-
inflammatory cytokines and other components that may alter the
microvascular permeability, resulting in a so-called ‘leaky’ blood-
brain barrier, which is associated with increased permeability for
activated monocytes that may migrate to brain tissue, thus
exacerbating neuroinflammation (27).

BBB integrity was shown to be affected in 14-29% of treatment
resistant patients with mood and psychotic spectrum disorders
(146) and was suggested to be associated with negative symptoms
in schizophrenia (147). However, very few psychiatric studies
focused on differentiating resident microglia from blood-derived
macrophages that migrated to the brain, so little is known about a
potentially changed macrophage presence in psychiatric brain tissue
and their impact on neuroinflammatory abnormalities.
Nonetheless, an invasion of macrophages in brain tissue in 40%
of schizophrenic patients in a high inflammatory state as found by
Cai and colleagues (148), could alter local QUINO concentrations
drastically, given the previously mentioned superior ability of
macrophages to produce QUINO compared to microglia.
Importantly, QUINO increases result in astrocytic apoptosis,
which may further impact BBB integrity (149).

As for KA, early results in an animal model may suggest that
(supraphysiological) increased levels of peripheral KA could alter
BBB permeability in itself, and in this way penetrate the BBB to
reach the brain (150, 151). However, the relevance of these data
to humans in general and to KP metabolite concentrations
reached in psychiatric illnesses specifically is not clear.

The CNS in turn keeps the peripheral immune activity in check
by a number of neuronal control mechanisms. First, although both
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physiological and psychological stress activates the paraventricular
nucleus in order to adapt rapidly to threats of homeostasis, the
hypothalamo-pituitary-adrenocortical (HPA) stress response has
self-regulating abilities through glucocorticoid negative feedback
loops (152, 153). Second, stress-induced cortisol activates multiple
physiological reactions, including the induction of TDO. On the
other hand, acute cortisol release has anti-inflammatory effects, as
it leads to the production of anti-inflammatory cytokines (154).
However, persistent elevations of cortisol downregulate the
expression of the glucocorticoid receptor which results in
glucocorticoid resistance, leading to a pro-inflammatory state as
evidenced by elevated IL-6 and TNF-a levels (155).

Interestingly, increased cortisol or treatment with
dexamethasone has been associated with low TRP plasma levels
in treatment resistant schizophrenics (156) and MDD (157–159).
6 DISCUSSION

Disturbances in the KP are thought to be involved in the
pathophysiology of several psychiatric illnesses, such as
psychotic and mood disorders. Whereas these abnormalities
are easily measured in plasma/serum, empirical evidence of
BBB transportation dynamics of the different metabolites
under physiological and pathological conditions is limited. The
general consensus has been that TRP, KYN and maybe 3-HK
easily cross the BBB whereas other downstream metabolites
(QUINO, 3-HAA, AA, KA) do not. Nonetheless, this theory
has been based on a single study (117) that investigated BBB KP
metabolite transport in rats. Evidently, findings in rodents are
not always extrapolatable to humans. Kynurenine pathway
enzymes might be more active in the brain of higher species
(160) and interspecies differences in the KP have been
demonstrated (71, 117). The present review was designed to
summarize the available correlation coefficients between
peripheral and central kynurenine metabolite concentrations.

In clinical studies, KYN and, to a lesser degree, 3-HK,
correlate well between blood and CSF samples, irrespective of
underlying diagnosis. This is unsurprising, as both metabolites
are actively transported over the BBB. However, although TRP
equally passes the BBB easily, CSF and peripheral samples taken
from the same individual do not always correlate well in human
studies for both free and total TRP, especially with regard to
more recent studies. High TRP-binding to blood albumin may
explain low correlations to central TRP levels. More than 90% of
the peripheral TRP is metabolized into KYN, while brain TRP is
equally divided over the serotonergic and the kynurenine
pathway (69) Additionally, IDO is more represented in the
brain, whereas TDO is mainly responsible for metabolization
in the periphery; this may contribute to differential levels
between CNS and blood. As TRP is an essential amino acid,
active transport into the brain may alter the ratio of these
molecules between CSF/brain and blood. Downstream
metabolites in both branches of the pathway cannot easily pass
the BBB due to a lack of active transportation. Yet despite relying
solely on passive diffusion, peripheral and central concentrations
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of QUINO and the precursor AA have shown correlations of
moderate strength in neurological (Parkinson’s disease,
Alzheimer’s disease) and infectious disorders (HIV, hepatitis C).
In psychiatric disorders however, there generally is a lack of
available evidence on CSF concentrations of kynurenine
metabolites. Interestingly, out of all KP compounds, peripheral
KA levels seem to be the least predictive and even diametrically
opposed to those in the CSF of depressed and bipolar patients.

Overall, recent meta-analyses and individual psychiatric
studies investigating KP metabolites in either peripheral or
central samples have shown divergent results across both sides
of the BBB (Figure 3). Several reasons can be proposed for these
discrepancies. It is to be considered that central and peripheral
aberrations may reflect different processes in the human body.
Under physiological circumstances for example, intense physical
exercise causes transient changes in the KP both in the periphery
and centrally (61, 161, 162). KP metabolization in tissue
macrophages, PBMCs and other immune cells contribute
substantially to peripheral concentrations, whereas central
levels of downstream metabolites are mostly determined by the
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lower enzymatic activity in astrocytes and microglia. Moreover,
somatic comorbidities such as autoimmune illnesses, metabolic
syndrome, an altered microbiome and hepatic or renal
dysfunction (163, 164) may impact peripheral and central KP
metabolite concentrations. Even though stress and pro-
inflammatory cytokines (IFN-g, TNF-a) equally activate the
pathway in peripheral and central tissue (123), it is possible
that the correlation between peripheral and CNS KP findings
depends on the type and level of inflammation. While high-level
inflammation and/or BBB disintegrity may lead to parallel
changes in CNS and blood KP (Table 1), this is not necessarily
the case in the chronic mild inflammatory conditions found in
psychiatric illness (Figure 3). The observed positive correlations
in blood-CSF QUINO concentrations in MDD, hepatitis and
HIV, but not in healthy volunteers, could be attributable to the
inflammatory conditions in these illnesses damaging the BBB.
On the other hand, peripheral findings in psychiatric illness do
represent valuable biomarkers, associated with symptom severity
and treatment response, as well as other core biological features
of the disorder as discussed in section 6. This corroborates the
FIGURE 3 | Comparing peripheral (serum/plasma) and central (CSF/brain tissue) kynurenine pathway findings in major psychiatric disorders. Legend: In mood
disorders, peripheral studies demonstrate decreased measures of blood TRP, KYN and a downregulation of the KAT-driven branch in the periphery, which is
possibly explained by a decreased availability of TRP to the KP. Central studies investigating cerebrospinal fluid (CSF) or brain tissue are less conclusive, but are very
limited. In schizophrenia, peripheral findings are much less clear downstream with very conflicting results. Central studies in schizophrenia, also limited and mainly
based on CSF research on KA, equally suggest an activation of the pathway, reflected by KYN increases, accompanied by a shift towards the astrocyte-derived
branch. KP, kynurenine pathway; 3-HK, 3-hydroxy-kynurenine; KA, kynurenic acid; KYN, kynurenine; QUINO, quinolinic acid; TRP, tryptophan; XA, xanthurenic acid;
KMO, kynurenine 3-monooxygenase; KAT, kynurenine aminotransferase.
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notion of psychiatric illnesses as ‘whole-body disorders’ rather
than brain disorders (165).

Psychiatric diagnoses are typically based on clinical phenotypes
which are now widely accepted to represent a heterogeneous
group of biotypes. Several biological dysregulations (immune,
neuroendocrine, metabolic,…) are therefore nonspecific,
overlapping between diagnostic categories. Kynurenine
abnormalities may thus vary over studies depending on the
representation of the different biotypes in these studies.
Symptomatic state (14), medication status and use of illicit
substances - in particular THC - (86, 108, 166) may also impact
KP alterations, further adding to the variability. The complex
interaction between KP and the dimensional aspects of different
psychiatric syndromes needs further scrutiny. An increased KYN/
TRP ratio as well as low KA and/or high QUINO emerge as true
transdiagnostic blood-based trait markers across the three major
psychiatric disorders. A similarly strong overlap has recently been
demonstrated in the polygenic risk factors related to these
disorders (167) (see Table 2).

Methodological issues should also be considered. Study sample
sizes have systematically been small, especially in those investigating
central KP metabolites. A recent meta-analysis (19) demonstrated
that schizophrenia-related KYN findings in CSF were based on a
total of 60 patients over 3 studies, and KA on a total of 148 patients
over 4 studies. Although the role of QUINO in the pathophysiology
of schizophrenia has been a favored and frequently repeated
hypothesis in many opinion papers and reviews, no study has
actually investigated QUINO in the CSF of schizophrenia patients
to date. Similarly, the KP was investigated in the CSF of below 100
MDD patients (17–19). Postmortem studies equally tend to include
smaller sample sizes (168–170). The fact that data on microglia-
driven metabolites appear more mixed than KA levels, may simply
result from the fact that these metabolites have hardly been
investigated. Another methodological issue is that some
metabolites (e.g. QUINO) are present in very low ranges (200-600
nM/L) and QUINO findings over studies differ with factors up to
one million, which may reflect bioanalytical inaccuracies related to
the assays’ lower detection limits that are nonetheless rarely
acknowledged in these papers (171). In this line, the smaller
ranges of KP metabolite alterations found in psychiatric illnesses
(75, 76) may need higher sample sizes in order to achieve sufficient
statistical power compared to studies investigating neurological and
infectious illnesses, which are accompanied by high-grade systemic
responses and more profound blood-brain barrier disintegrety (63,
65, 73). Another issue is that CSF findings may not reflect brain KP
metabolism in situ, especially in the context of a ‘leaky’ brain, as CSF
may bemore representative of KP enzyme activity in periventricular
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macrophages rather than parenchymal glial cells. Moreover, the
total volume of the obtained CSF and the exact intervertebral height
have a significant impact on protein concentration as the
concentration decreases when descending along the vertebral
column (172).

Finally, KP enzyme activity is typically estimated using metabolite
ratios. For example, TDO/IDO activity is typically calculated from
KYN/TRP ratios. Actual assessment of enzyme activity (e.g. in
isolated cell types such as PBMCs) or genetic expression of these
enzymes may be more relevant and representative.

In conclusion, KYN and 3-HK measured in plasma or serum
seem to reflect their concentrations in brain tissue, but this
relationship is less clear in TRP and more downstream
metabolites of the KP. Even if peripheral concentrations do not
correlate with central measures in psychiatric illness, they are not
necessarily without merit as relevant biomarkers of phenotypical
features and treatment response. Nonetheless, many potential
confounders may contribute to diverging central and peripheral
assessments, and more fundamental research is needed to clarify
these issues. Future studies should investigate 1) to what extent
KP metabolites pass BBB in humans (e.g. by use of radioactive
labelling), 2) whether CSF concentrations reflect in situ brain
abnormalities and to what extent these KP abnormalities are
systemic or region-dependent in the brain, 3) how well CSF and
blood concentrations of microglial branch metabolites
intercorrelate in mood and psychotic disorders and 4) what the
impact is of medication, symptom status and illness phase on KP
abnormalities. Finally, we strongly recommend future studies
investigating the KP in psychiatric illness to assess (at least) the
following metabolites: TRP, KYN, QUINO, 3-HK and KA.
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Aortic diseases are the primary public health concern. As asymptomatic diseases,
abdominal aortic aneurysm (AAA) and atherosclerosis are associated with high
morbidity and mortality. The inflammatory process constitutes an essential part of a
pathogenic cascade of aortic diseases, including atherosclerosis and aortic aneurysms.
Inflammation on various vascular beds, including endothelium, smooth muscle cell
proliferation and migration, and inflammatory cell infiltration (monocytes, macrophages,
neutrophils, etc.), play critical roles in the initiation and progression of aortic diseases. The
tryptophan (Trp) metabolism or kynurenine pathway (KP) is the primary way of degrading
Trp in most mammalian cells, disturbed by cytokines under various stress. KP generates
several bioactive catabolites, such as kynurenine (Kyn), kynurenic acid (KA), 3-
hydroxykynurenine (3-HK), etc. Depends on the cell types, these metabolites can elicit
both hyper- and anti-inflammatory effects. Accumulating evidence obtained from various
animal disease models indicates that KP contributes to the inflammatory process during
the development of vascular disease, notably atherosclerosis and aneurysm
development. This review outlines current insights into how perturbed Trp metabolism
instigates aortic inflammation and aortic disease phenotypes. We also briefly highlight how
targeting Trp metabolic pathways should be considered for treating aortic diseases.

Keywords: aortic aneurysm, atherosclerosis, kynurenine pathway, tryptophan metabolism, vascular cells
Abbreviations: 3-HAA, 3-hydroxyanthranilic acid; 3-HK, 3-hydroxykynurenine; AA, anthranilic acid; AAA, Abdominal
aortic aneurysm; AhR, aryl hydrocarbon receptor; AngII, Angiotensin II; Apoe, Apolipoprotein E; BAPN, b-
Aminopropionitrile monofumarate; BH4, tetrahydrobiopterin; CAD, coronary artery disease; EC, endothelial cells; ECM,
extracellular matrix; eNOS, endothelial nitric oxide synthase; H3K9me3, Histone 3 lysine 9 trimethylation; HAAO, 3‐
hydroxyanthranilic acid dioxygenase; HFD, high fat diet; IDO, Indoleamine 2, 3-dioxygenase; IFNg, interferon-gamma; IL-1,
interleukin 1; IL-6, interleukin 6; KA, kynurenic acid; KAT, kynurenine aminotransferase; KMO, Kynurenine-3-
monooxygenase; KP, Kynurenine pathway; Kyn, kynurenine; Kynu, kynureninase; Ldlr, low-density lipoprotein receptor;
LKO, L-selectin-knockout mice; LPS, lipopolysaccharide; MDDCs, monocyte-derived DCs; MMP, Matrix metalloproteinase;
m-NBA, Nitrobenzoylalanine; NAD+, Nicotinamide adenine dinucleotide+; NETs, neutrophil extracellular traps; NF-kB,
nuclear factor kappa-B; NLPR2, Nod-like receptor protein 2; NO, nitric oxide; NOX, NADPH oxidase; O−

2 , superoxide; O-
MBA, ortho methoxy benzoyl alanine; pDC, Plasmacytoid dendritic cells; PMN, polymorphonuclear neutrophils; PVAT,
perivascular aortic tissue; QA, quinolinic acid; QPRT, Quinolinate phosphoribosyl transferase; SPR, Sepiapterin reductase;
TAA, Thoracic aortic aneurysm; TDO, tryptophan-2,3-dioxygenase; TGF-b, transforming growth factor-b; TLR2, Toll-like
receptor 2; TNFa, tumor necrosis factor-alpha; Trp, Tryptophan; VSMC, vascular smooth muscle cells; XA, xanthurenic acid
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INTRODUCTION

Aortic diseases are the primary public health concern caused by
age, genetics, diabetes, obesity, sedentary lifestyle, infection and
injury. A slow and gradual thickening of the arteries, otherwise
called atherosclerosis, is the common cause of cardiovascular
diseases. Further, human arteries become less flexible with
increased ages, leading to aortic stiffness or a partially dilated
artery called aneurysm. Being asymptomatic, abdominal aortic
aneurysm (AAA) is a common and potentially life-threatening
condition as it may lead to rupture. However, elective aortic
surgery is also associated with risks; elective repair of the
aneurysm is the only way to prevent rupture. Thus, this
condition requires improved pharmacologic interventions,
which lacks in this modern medical system.
INFLAMMATION AND AORTIC DISEASES
(ATHEROSCLEROSIS AND AAA)

Atherosclerosis and AAAs are multifactorial and polygenic
diseases with known environmental and genetic risk factors
contributing to disease development (1, 2). Atherosclerosis is a
chronic progressive inflammatory disorder that presents with
coronary artery disease (CAD) (3). CAD accounts for
approximately 610,000 deaths annually (estimated 1 in 4
deaths) and is the leading cause of mortality in the United
States (3). AAAs are majorly caused by aging, hypertension,
nicotine usage and atherosclerosis (4). Traditionally plenty of
evidence showed atherosclerosis as a common etiology for
thoracic aortic aneurysms (TAAs) and AAAs. AAA is a focal
progressive dilatation of the aorta with a diameter of at least 50%
greater than the average proximal diameter due to irreversible
structural aortic wall integrity loss. It is one of the significant
causes of worldwide morbidity and mortality that affects>1
million people in the United States alone (5). According to
CDC, AAAs were the cause of 9,923 deaths in 2018 in the
United States (6), and the mortality rate associated with AAA
rupture is 88%. Given the high mortality and morbidity related to
ruptured AAAs, this disease has traditionally posed a heavy
burden on healthcare systems (7), and there have been only
modest improvements in mortality over the last three decades.
The pathogenesis of AAA includes endothelial cell (EC)
dysfunction and vascular smooth muscle cells (VSMC)
apoptosis/senescence. Endothelial and VSMCs dysfunction
both can contribute to atherogenesis, which is widely accepted
(8, 9). A variety of anti-inflammatory, antioxidant, beta-blockers
and hemodynami c modu l a t o r d rug s and ma t r i x
metalloproteinase (MMP) inhibitors are being studied to slow
aneurysm growth (9). However, there are no pharmacological
treatments available to either prevent or reverse the development
of AAA.

Our increasing knowledge suggests that inflammatory
processes are involved in the pathogenesis of aortic diseases
(10). An imbalance between the production and release of
proinflammatory factors has been reported in AAA’s pathology
Frontiers in Immunology | www.frontiersin.org 2106
(11) and atherosclerosis progression (12). The native and
adaptive immune responses initiate and propagate the
inflammatory response to AAA pathology (13). During the
development of AAA, infiltration of many exogenous immune
cells, including lymphocytes, macrophages, mast cells,
neutrophils, and natural killer cells infiltrate gradually into the
tissue from adventitia to the intima, elicit a continuous
inflammatory response (10). The massive inflammatory cells
infiltration was interpreted in human aortic aneurysm surgical
samples. These infiltrations are usually absent among the healthy
aortic specimens. In AAA tissues, the B lymphocytes, T
lymphocytes and macrophages were majorly characterized cell
populations. Whereas the mast cells and natural killer cells were
characterized as minor cell populations in these AAA tissues
(14). These infiltrated Th1 mononuclear cells secrete the
cytokines such as IL-2, IFNg, and TNFa, to stimulate
proinflammatory osteopontin secretion from macrophages that
can propagate the inflammatory response during the AAA
development (15). Besides the immune cell infiltration, factors
released from dysfunctional perivascular aortic tissue (PVAT),
including several cytokines and adipokines, could also contribute
to arterial remodeling via immune activation.
TRYPTOPHAN/KYNURENINE
METABOLISM

L-Tryptophan (Trp) is an essential amino acid that should be
obtained from dietary intakes such as vegetal (potatoes,
chickpeas, soybeans, cocoa beans, and nuts) and animal origin
(dairy products, eggs, meat, and seafood) (16, 17). The
tryptophan is so crucial for protein synthesis and thus it is
required for normal cellular homeostasis. It also serves as an in
vivo precursor for several bioactive compounds, including
nicotinamide (vitamin B6), serotonin, melatonin, tryptamine,
and kynurenines (18). Hepatic tryptophan-2,3-dioxygenase
(TDO) is known to play a critical role in keeping the
physiological concentrations of Trp and kynurenine (Kyn) at a
controlled level via kynurenine pathway (KP). In humans’ serum
concentrations of Trp are in the range of 70 ± 10 µmol/L for
males and 65 ± 10 µmol/L for females and Kyn concentrations
are around 1.8 ± 0.4 µM and do not differ between genders (19).
Considering the KPmetabolisms and their significant association
to many biological activities, the perturbations in the KP have
been linked to several diseases.

Two significant pathways that process Trp into other
metabolites are serotonin and kynurenine pathways. Most
dietary Trp (>95%) is fed into the KP, giving rise to several
downstream metabolites (19, 20). The absolute and relative
concentrations of kynurenines vary among different cell types
due to different enzymatic repertoires (19). These Trp catabolites
are activated in times of stress and inflammation (21). Three
important rate-limiting enzymes indoleamine 2, 3-dioxygenase 1
and 2 (IDO1 and IDO2), and TDO utilize Trp as a substrate and
generate N-formylkynurenine during the initial steps on Trp
catabolism. This N-formylkynurenine is rapidly metabolized by
September 2021 | Volume 12 | Article 731701
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formamidase into l-kynurenine (Kyn). Kyn is further catabolized
into several potent metabolites such as 3-hydroxykynurenine (3-
HK), 3-hydroxyanthranilic acid (3-HAA), kynurenic acid (KA),
and xanthurenic acid (XA), quinolinic acid (QA), and produce
the essential pyridine nucleotide end product, nicotinamide
adenine dinucleotide+ (NAD+) (22). In brief, IDO produced
Kyn further catabolized by kynureninase (Kynu) produces
anthranilic acid (AA). Kynurenine-3-monooxygenase (KMO)
also converts Kyn into 3-HK, which is further utilized by
kynurenine aminotransferase (KAT) to produce XA or by the
Kynu to form 3-HAA. Further, 3-HAA is converted into
quinolinic acid (QA) or picolinic acid (PA) by a series of
enzymatic conversions. In addition, KAT metabolizes Kyn into
KA as well (Figure 1).

In hepatocytes TDO expression is stimulated by
glucocorticoids. In contrast, the IDO1 present outside the liver
is stimulated by proinflammatory cytokines (21). In the majority
of cell types, IDO expression is induced by proinflammatory
modulators, such as lipopolysaccharide (LPS), tumor necrosis
factor-a (TNFa), interleukin 1 (IL-1), and IL-2 (23, 24). IDO
Frontiers in Immunology | www.frontiersin.org 3107
isoforms, (IDO1 and IDO2) closely linked on chromosome 8 in
humans, probably originating from an ancient gene duplication
(23, 24). IDO1 is a heme-containing enzyme that catabolizes
compounds containing indole rings, such as the essential amino
acid Trp. The IDO1 isoform is expressed in various tissues,
including dendritic cells, endothelial cells, macrophages,
fibroblasts, and mesenchymal stromal cells, all are present in
the arterial wall. This major isoform contributes to Trp
degradation (25, 26). Transport of the amino acid l-tryptophan
across the plasma membrane is known to occur through brush
border L-amino acid transporters (LATs) (27). A well-known
inducer interferon-gamma (IFN-g) released from activated
CD4+ T cells, robustly induces IDO1 expression contributing
to Trp catabolism. IFN-g coordinately induces LATs to maximize
tryptophan depletion in IDO1-expressing cells and that the
process involves a positive feedback mechanism via
kynurenine-aryl hydrocarbon receptor (AhR) signaling (27).
The IDO2 isoform is primarily expressed in the kidney, brain,
colon, liver, and reproductive tract (25). Although the role of
IDO1 is widely studied, the function of IDO2 is largely
unexplored. Despite IDO1 and IDO2 exhibit critical functional
differences, IDO2 was characterized as having a weaker catalytic
activity than IDO1 in vitro (24). All these data strongly suggest
the importance of the tissue-specific expression and localization
of kynurenines producing proteins, which might regulate many
signaling pathways and the body’s physiological status.
TRYPTOPHAN METABOLISM,
INFLAMMATION AND AORTIC DISEASES

Tryptophan Metabolism and
Aortic Diseases
The altered amino acid metabolism and their metabolites were
observed in the plasma of patients with AAA. Untargeted
metabolic profiling of plasma showed statistically increased
concentrations of amino acid metabolites in the plasma of
people with large aneurysms when compared to the control
population. Thus, beyond contributing to protein synthesis,
amino acid metabolism plays a critical role in supporting
various cell functions (28–30), which is positively as well as
negatively correlated to vascular disease development. Among
many amino acids, l-Arginine (Arg), l-homoarginine (hArg), and
l-tryptophan (Trp) are important amino acids, and their
metabolites have a putative role in determining cardiovascular
diseases (31). For example, L-arginine, an essential amino acid,
improves endothelial function and cardiovascular health (32). It
is also known to alter inflammatory functions, and arginine
supplementation has wound healing potential by reducing
inflammation (33, 34).

Lines of evidence suggest that IDO1 and the Kyn pathway
significantly contribute to cardiovascular diseases and thrombus
formation. The incidence, development, and progression of
vascular diseases are associated with body metabolism in
general. Very importantly, accumulating evidence shows that
Trp has a significant contribution to determine the AAA
FIGURE 1 | Tryptophan-Kynurenine and Serotonin Pathways. ~95% Trp is
transported into cytoplasm by LAT. In cytoplasm, tryptophan is initially
converted into kynurenine; Kynurenine into 3-Hydroxykynurenine by KMO; 3-
Hydroxykynurenine into 3-Hydroxyanthranilicacid and further quinolinic acid or
picolinic acid. In another axis, kynurenine is converted into kynurenic acid by
KAT. In another hand, tryptophan (~5%) is converted into serotonin by
serotonin pathway. 3-HK, 3-hydroxykynurenine; HAAO -3, hydroxyanthranilic
acid dioxygenase; IDO, Indoleamine 2, 3-dioxygenase; KAT, kynurenine
amino transferase; KAT, kynurenine amino transferase; KMO, kynurenine
monooxygenase; Kynu, kynureninase; LAT, L-amino acid transporters; PA,
picolinic acid; QA, quinolinic acid; QPRT, Quinolinate phosphoribosyl
transferase; TDO, tryptophan-2,3-dioxygenase; Trp-tryptophan.
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development. Trp metabolism, otherwise known as KP, is
dysregulated during vascular inflammation and many
cardiovascular diseases. A study conducted with the young
Finns population showed IDO enzyme’s involvement in the
immune regulation of early atherosclerosis (35). A significant
positive correlation of IDO activity in serum was observed
among the patients with more advanced atherosclerosis, which
suggest that activated KP may play a crucial role in vascular
diseases (36). We previously showed that angiotensin II (AngII)
infusion activates IFNg in immune cells, which induces the
expression of IDO1 and Kynu and increases 3-HAA
production in the plasma and aortas of (Apolipoprotein E)
Apoe-/- mice, but not in Apoe-/- IDO-/- mice (37). Silencing of
Kynu reduces the production of 3-HAA and further limits the
production of matrix metallopeptidase-2 (MMP2) in SMCs,
resulting in reduced AAA formation in Apoe-/- mice (37). We
also showed that AngII triggers the conversion of Trp to the
following product, 3-HK and activates the generation of NAD(P)
H oxidase (NOX)–mediated superoxide anions in endothelial
cells. The superoxide could accelerate the apoptotic process in
endothelial cells, leading to endothelial dysfunction (38). Kyn
also intensifies certain MMPs via the MEK-Erk1/2 signaling
pathway (39), which is important in vascular disease
development (40). Measurement of Trp degradation and the
product/substrate ratio (Kyn or 3-HK or 3-HAA/Trp) will
contribute to a better understanding of the interplay between
inflammation and vascular diseases (22). As above discussed, the
Trp metabolism is modulated by many risk factors during
vascular disease developments, which will be discussed with
more evidence in the following sections.

Inflammation Links KP Metabolism and
Aortic Diseases
Cytokines are crucial mediators of inflammation and essential
regulators of various immune and nonimmune cells in the aortic
wall. The expression of IDO2 is basal, whereas that of IDO1,
Kynu, etc, are induced by cytokines. A well-known cytokine is
IFNg, the most potent modulator of KP in vitro and in vivo
models and humans (41). Activated IDO along with activated
inflammatory parameters like IFNg have a positive correlation
with systemic chronic low-grade inflammation. However, LPS is
not a strong inducer, it is also known to induce IDO. These
findings reveal a direct link between the regulation of the KP and
Frontiers in Immunology | www.frontiersin.org 4108
inflammation under aortic disease conditions. However, the
functional contributions of secreted kynurenines by other cell
types including neutrophils, monocyte/macrophages, mast cells,
adipocytes, and platelets, remained to be determined. The
following sections will provide some evidence on the role of
these cells in aortic diseases and prove how kynurenine
metabolism affects the inflammatory process (Table 1).
Kynurenines Activate Inflammatory Genes
Kyn was shown to be a proinflammatory metabolite. The
increased Kyn was accompanied by the Nod-like receptor
protein 2 (NLPR2) inflammasome expression and activation
(48). This was also evidenced by increased caspase-1
expression and IL-1b release. After Kyn treatment, nuclear
factor kappa-B (NF-kB) could translocate into the nucleus and
binds to the promoter of NLRP2, subsequently increased NLRP2
transcription in vitro (48). To examine the IDO1 associated
transcription, a comparative transcriptome analysis was
performed between Ido1-/- and Ido1+/+ rodent colon samples.
Transcriptome analyses revealed that absence of IDO1
significantly down-regulated the pathways involving TLR and
NF-kB signalings. Furthermore, dramatic changes in TLR and
NF-kB signaling resulted in substantial changes in the expression
of many inflammatory cytokines and chemokines (49). Similarly,
3-HK, and 3HAA both were reported to activate NF-kB signaling
and mediate the EC apoptosis and SMC senescence respectively
(37, 38, 50).

Many of the other kynurenines were also reported to
modulate AhR, both at transcriptional as well at activity levels.
AhR activation can influence inflammation and gene
transcription through cross-regulation of many inflammatory
signaling pathways. AhR activation was associated with
activation of Toll-like receptor 2 (TLR2) and its downstream of
NF-kB and the MAPKs, signaling pathways. Further, AhR
activation also promotes phosphorylation of p65/NF-kB, JNK/
MAPK, p38/MAPK, and ERK/MAPK pathways, which could
further promote production of pro-inflammatory mediators
including interleukin- 1b (IL-1b) and interleukin- 6 (IL-6)
(51). Taken together these results demonstrate that the
kynurenines including Kyn, 3-HK, and 3HAA (37, 38) are the
molecular regulators of inflammation that can influence
vascular inflammation.
TABLE 1 | Kynurenine metabolic members associated with aortic phenotype.

Aortic risk factors Altering catabolites Function Associated disease References

MMPs 3HAA ↑ ECM degradation Aneurysm (37)
SMC apoptosis 3HAA ↑ Cell inflammation Aneurysm (37)
EC apoptosis 3-HK ↑ EC dysfunction Endothelial dysfunction (38)
ROS, NADPH activation 3-HK ↑ Inhibits endothelial function Endothelial dysfunction (38)
Inhibition of BH4

synthesis
XA ↑ Inhibits BH4 May impair NO synthesis (42, 43)

Macrophage apoptosis 3HAA lowers plasma lipids and decreases atherosclerosis Decrease atherosclerosis (44)
EC function Kyn ↑ Endothelium-derived relaxing factor Sepsis (45)
Atherosclerosis Kyn↑ Suppression of T cells and possible protection against atherosclerosis. Atherosclerosis (46)
Atherosclerosis 3HAA 3HAA supplementation or HAAO inhibition both reduced atherosclerosis Atherosclerosis (47)
Septe
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KP REGULATION IN DIFFERENT
CELL TYPES

KP Regulation in Macrophages, Dendritic
Cells and Neutrophils
Numerous studies demonstrated the crucial roles of
inflammatory cells, including macrophages, dendritic cells and
neutrophils for their contribution to the development of AAA
(52). Aneurysm formation is associated with an accumulation of
macrophages within the adventitia and the media. Monocytes/
macrophages secrete TNFa, IFNg and IL-6 inflammatory
cytokines in the media and adventitia of aneurysmatic vessels
(53). Under certain conditions, activated inflammatory
macrophages express IDO and actively deplete their own Trp
supply. In human macrophages and microglia cells, IFN-g
enhances the expression and activity of KMO (50, 54). A
robust increase in KMO expression is associated with high
levels of TNF-a and IL-6 following a systemic inflammatory
challenge (55).

Moreover, accumulating evidence indicates that DCs can also
induce tolerance, rather than immune activation, to the antigens
they present. Similar to promoting immunity, promoting
tolerance requires integrating information that DCs gather
from the innate and adaptive immune systems. Plasmacytoid
dendritic cells (pDCs) can produce type I interferons, such as
IFNa and IFNb, to promote proinflammatory responses by
activating effector T cell, cytotoxic T cells, and NK cells and
can further facilitate AAA development (52, 56, 57). Dendritic
cells (DCs) respond actively to tolerogenic signals, such as
transforming growth factor-b (TGF-b), which regulates Trp
metabolism. Staining of the aneurysm aortas with a marker of
activated DCs, CD83, showed rare CD83 cells located at the
adventitial/medial border, whereas those cells were not found in
control aortas (58). DCs have been shown to mediate
immunoregulation contributed by Trp catabolism. A study
conducted by Braidy et al. demonstrated the KP activation in
human monocyte-derived DCs (MDDCs) compared to the
human primary macrophages using mRNA expression assays,
high-performance liquid chromatography, mass spectrometry,
and immunocytochemistry. Following activation of the KP using
IFNg, MDDCs can mediate apoptosis of Th cells in vitro (59).
KAT, kynurenine 3‐hydroxylase, and 3‐hydroxyanthranilic acid
dioxygenase (HAAO) appeared to be constitutively expressed in
murine macrophages. Whereas the kynurenine 3‐hydroxylase
and Kynu activity alone need IFN‐g stimulation for their
expression (60). IDO1 has been suggested to play a protective
role in atherosclerosis due to its potential immunomodulatory
effect (61). IDO1 is expressed in human atherosclerosis where it
co-localizes with macrophages (46). In the murine systems, the
absence of IDO1 shown to protect against atherosclerosis. Thus,
Metghalchi et al. addressed the direct role of IDO1 in the
modulation of immuno-inflammatory responses and its
potential impact on the development of atherosclerosis. They
also showed IDO1 expression co-localized with macrophages
and SMCs in the aortic sinus of low-density lipoprotein receptor
knock out (Ldlr−/−) mice (62). On the other hand, high fat diet
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(HFD) dramatically increases IDO activity in macrophages and
VSMC of aortic sinus and circulating levels of KA and QA in
atherosclerosis-prone Ldlr−/− mice compared with the chow diet.
A marginal increase of transcriptional expression of IDO1 and
increased protein levels were observed in peritoneal
macrophages after the LPS challenge (63). These results
indicate that Kyn and 3-HAA produced by macrophages are
independently associated with vascular inflammation, suggesting
a connection between macrophage produced Kynu and
arterial remodeling.

Peripheral blood of aortic dissection patients showed a
significant reduction in total lymphocytes, T lymphocytes, and
T helper fractions, with a substantial increase in neutrophils (64)
that shows neutrophils must have a critical role in aortic
pathogenesis. During the AAA progression period, initially
neutrophils stimulate a network of immune cell types that
together can direct a chronic pathological response (65).
Activated neutrophils form neutrophil extracellular traps
(NETs), propagating the inflammatory reactions and
culminating in eventual AAA (56). Neutrophils are also known
to secrete ECM-degrading collagenases such as MMP-8 and
certain proteases (66). In angiotensin II-lysyl oxidase inhibitor
(b-Aminopropionitrile monofumarate; BAPN)–preconditioned
aortic dissection model mice, adventitial neutrophil recruitment
and activation were detected. Furthermore, it was confirmed that
neutrophil-derived IL-6 enhances the adventitial inflammation,
leading to aortic rupture (67). Besides, kynurenines such as
3HAA and 3HK are toxic and can trigger apoptosis in certain
cell types (37, 38). Thus, it could be possible that immune
infiltrates are present in the aortas of patients with medial
degeneration could contribute to the local expression of death-
promoting mediators in the diseased aortas. Accumulating data
also shows that these MMPs secretion in the AAA wall (68) are
controlled by inflammatory kynurenines (37, 38). MMPs were
thought to be secreted essentially by only mesenchymal and
monocyte/macrophage lineages. However, the neutrophil has
now been recognized as a significant cell type that secretes
these enzymes (67). Neutrophils are thus the vital source of
MMP-2 and MMP-9, two matrix-degrading enzymes known to
be critical in the formation of AAA by regulating KPmetabolism.

KP in Vascular Cells and Its Impact in
Aortic Diseases
In many ways, endothelial and smooth muscle cell functions are
linked to the health of the aorta (69). The widespread
mechanisms link endothelial functions and aortic phenotypes
are metalloproteinases and collagenase activation, collagen
production and lysis, median and adventitial degradation,
elastin lysis, and hypertension (70). In addition, endothelial
cells respond to several stimulating factors, including smoking,
hypertension and AT1 receptor stimulation and non-uniform
distribution of the aortic wall (70). Besides, vascular smooth cells
transformation and apoptosis also play a critical role in
determining aortic health. The elaboration of cytokines, such
as IL-2, IFNg, and TNFa by a predominantly Th1 mononuclear
response, stimulates proinflammatory osteopontin secretion
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from macrophages and vascular smooth muscle cells that further
propagate the inflammatory response (15). Thus, the vascular
phenotype majorly determined by the function and
transformation of vascular cells. Despite the very first product
of the kynurenine pathway, Kyn is a potential contributor to
vessel relaxation; the other products are being studied for their
involvement in vascular pathogenesis. Notable reports from our
lab demonstrated the participation of kynurenine metabolism on
endothelial dysfunction and aneurysm (37, 38) (Table 1).

Endothelial dysfunction and endothelial apoptosis are
important factors in many aortic diseases’ pathogenesis
including aortic aneurysm. Our group demonstrated the
vasoactive peptide Ang II to induce vascular contractility, EC
apoptosis, and dysfunction by mediating the activation of
oxidative stress. We found that Trp catabolite, 3-HK mediates
Ang II-induced EC apoptosis and subsequently endothelial
dysfunction via the activation of NOX-derived superoxide
anions in vivo. We further demonstrated that Ido1 silencing
could block the effect of Ang II action on endothelium, resulting
in normal endothelial function (38). Wang et al., showed that the
metabolism of tryptophan to kynurenine by IDO expressed in
endothelial cells contributes to arterial vessel relaxation and
blood pressure control (45). Sepiapterin reductase (SPR),
which is one of the crucial enzymes involves in the de novo
synthesis of tetrahydrobiopterin (BH4) (42). This BH4 acts as a
critical regulator of endothelial nitric oxide synthase (eNOS)
function and suggests that BH4 is a rational therapeutic target in
vascular disease states, particularly for hypertension (71). Several
findings confirmed a causal link between eNOS uncoupling and
BH4 deficiency in AAA formation (72–74). SPR activity was
reported to be inhibited by XA one of the KP metabolites (43),
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which indicates that elevated XA arising out of upregulated KP
could attenuate BH4 biosynthesis and consequently EC
dysfunction. On the other hand, reduced bioavailability of the
BH4 also leads to dysregulated eNOS that could increase
superoxide (O−

2 ) production, which reacts with nitric oxide
(NO) to generate peroxynitrite (75). Peroxynitrite consequently
can nitrate IDO at Tyr15, Tyr345, and Tyr353, and inactivates
IDO (76), which further leads to reduced production
of kynurenine.

Some important cytokines like, IFNg, usually show elevated
level either in Ang II-treated mice or AAA patients (74). Studies
from our group demonstrated a detrimental role of Kynu
produced 3HAA in the pathogenesis of AAA in an AngII-
Apoe-/- animal model. Intra-peritoneal injections of 3-HAA for
6 weeks increased the expression and activity of MMP2 in aortas
without affecting metabolic parameters. The acute infusion of
AngII markedly increased the incidence of AAA in Apoe−/−

mice, but not in Apoe−/−IDO−/−mice, which presented decreased
elastic lamina degradation and aortic expansion. Findings from
another group also showed an enhanced survival of VSMC when
Ido1 is silenced in murine model systems fed with HFD and
either after infusion of AngII (dissecting AAA) or after topical
peri-aortic elastase (non-dissecting AAA) (77). Mechanistically,
3HAA exposure in SMC mediates the NF-kB activation and
further instigates the MMP2 upregulation (Figure 2). Hence,
IDO1 deficiency can mitigate MMP2 upregulation in AAA
model mice.

AAA is also an age-associated disease and the Trp pathway
alters during aging (78, 79). Upregulation of KP in aging is due to
IDO activation by age-related chronic inflammation (22). One
key upstream mechanism that appears to target several pathways
FIGURE 2 | Kynurenines association to vascular diseases. Immune cells under challenged conditions release various cytokines (IFNg, TGF-b, etc.) to regulate the
activation and expression of the kynurenine pathway. Depends on the cell types and milieu, the activated KP effects differently. For example, in SMCs, 3-HAA
triggers NF-kB and MMPs, which further degrades ECM. In endothelial cells, tryptophan catabolite 3-HK activates the NOX and produces superoxide. This
superoxide further shoots up the apoptotic signaling. Trp, tryptophan; 3-HAA, 3-hydroxyanthranilic acid; AngII, angiotensin II; ECM, extracellular matrix; NOX,
NADPH oxidase. 3-HK-3-hydroxykynurenine.
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with age is kynurenine, a tryptophan metabolite and an
endogenous aryl hydrocarbon receptor (AhR) agonist. The
AhR signaling pathway has been reported to promote aging
phenotypes across species and in different tissues (78, 80). Thus,
mitigation of target receptors could prevent the kynurenine-
induced increase in senescence-associated b-galactosidase and
p21 levels and block aggregation of nuclear H3K9me3 (Histone 3
lysine 9 trimethylation) (79). Cellular senescence has historically
been viewed as an irreversible cell-cycle arrest mechanism with
complex biological processes such as development, tissue repair,
ageing, and age-related disorders like aortic aneurysms. Thus, it
is well understood that kynurenine metabolism involves
triggering the senescence of vascular cells and targeting and
controlling the activation of tryptophan metabolism may limit
the development of AAA. Overall, casual relationships were well
established between Kyn pathway and the development of AAA.
Clinically, determining the Kyn or 3-HAA level at early stages in
human patients could suggest that tryptophan-derived
metabolites could be used as an early biomarker to identify
AAA and atherosclerosis.

As reported above, many of these inflammatory signaling
proteins are essential for cell cycle regulation. Hence,
considerable enthusiasm remains for further investigations in
this area, as well as it is yet to study using the KP
pharmacological modulators for these KP enzyme proteins.
Hence, it might be worth exploring the possible impact of
modulating KP, which are regulated by cytokines for treating
aortic diseases.
TARGETING KP AS A THERAPEUTIC
TARGET FOR AORTIC DISEASES

Despite, there is no clinical trial was carried out with KP
inhibitors to target the vascular diseases, KP activation has
been observed in inflammation-related vascular diseases, such
Frontiers in Immunology | www.frontiersin.org 7111
as atherosclerosis, AAA, and endothelial dysfunction. Many of
the available KP inhibitors are known to inhibit inflammation
during in vivo experiments. For example, in vivo experiments
using animals have demonstrated that targeting IDO1, KMO,
KYNU, and KAT II KP enzymes can regress cardiovascular
diseases by reducing inflammation (22). Hence, pharmacological
manipulation of the KP enzymes employing the drugs based on
structures becomes an attractive drug development area. Thus,
we may expect the emergence of kynurenines enzyme based
modulators in future. In the following sections, we briefly outline
some KP modulators tested at pre-clinical and clinical levels.

IDO1 and TDO Inhibition and Its Effect on
Reducing Inflammation
A well-known IDO1 inhibitor used clinically is 1-MT (referred to
as Indoximod), the first and widely used competitive inhibitor of
IDO1. Other notable IDO1 inhibitors are INCB024360 and
NLG919 (an imidazoleisoindole derivative). NLG919 a potent
direct small molecule IDO1 inhibitor, was tested in clinical trials
(81). In another study, navoximod (GDC-0919, NLG-919)
intervention in patients with tumor showed transiently
decreased plasma kynurenine from baseline levels with kinetics
consistent with its half-life (82, 83). TDO is also actively being
tested to use as a target for cancer (84). The indole structure (3-
(2-(pyridyl)ethenyl)indoles) based TDO inhibitor had proven
pharmacokinetic profile and was tested for preclinical evaluation
in cancer patients (85). However, it should be taken into
consideration that systemic TDO inhibition will result in
increased levels of TRP metabolites such as KYN due to
increased availability of TRP for IDO1 as observed in the
TDO-deficient mice (84). Depends on the environment and
cell types Ido1 deficiency as well as IDO1 inhibition, is known
to enhance the atherogenesis. However, the IDO1 inhibitor
epacadostat has contrasting effects on macrophages, which
could reduce the tissue factor (TF). IDO1 expressed in
coronary atherosclerotic plaques was reported to contribute to
FIGURE 3 | Important KP enzymes and their Inhibitors. Figure explains some KP modulators tested at pre-clinical and clinical levels. Refer to the text for the
expanded form of abbreviations.
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thrombus formation by upregulated expression of TF in
activated macrophages. The IDO1 inhibition by epacadostat,
significantly reduced the TF expression by reducing the Kyn/Trp
ratio and activity, as well as NF-kB (p65) binding activity in
activated macrophages. Further, epacadostat could inhibit the
aryl hydrocarbon receptor (or binding of Kyn to AhR) and
reduced Kyn-induced TF expression in activated macrophages
(25). In another way, the inhibition of AHR by its specific
inhibitor CH223191 also significantly inhibited Kyn-induced TF
expression in activated macrophages (25) (Figure 3). Besides,
recent research also indicates that 1-MT induces an increase
of KYNA in ex vivo and in vivo. Consistently, IDO−/− mice also
showed an increase of KYNA as Ido1 deficiency promotes a
shift toward this branch of the kynurenine pathway (KP),
which may be one potential mode of action by 1-MT and
should be considered for further applications (86). These
findings collectively suggest that the IDO1-mediated Kyn
pathway plays a significant role in aortic diseases, and this area
needs more study to decide pharmacological modulation of Ido1
and TDO enzyme activities to cure vascular inflammation
associated diseases.

Other KP Enzyme Inhibition for Reducing
Vascular Inflammation
KMO expression was shown to be upregulated in response to
challenging inflammatory conditions (55). Hence, KMO
inhibition has been recognized as a potential therapeutic strategy
to ameliorate inflammatory diseases in several animal models (87–
89). From a therapeutic point of view, KMO is located at a critical
branching point in the KP, its activity mediating opposite effects in
the levels of 3-HK and QA versus KYNA.

KMO inhibitors based on the structure of the natural
substrate KYN is m-Nitrobenzoylalanine (m-NBA), has an
IC50 of 0.9 mM against KMO (90). Intraperitoneal
administration (400 mg/kg) of this compound in rodents
decreased the levels of 3-HK while increasing the levels of
KYNA. Thus, inhibition of KMO should shunt the pathway
away from the toxic metabolites 3-HK and QA and toward the
formation of the protective metabolite KYNA (91). KYNA was
assumed to have role as anti-inflammatory. KYNA decreased
phosphorylation of extracellular signal-regulated kinases (ERK)
1/2, p38 MAPK, and Akt in colon epithelial cells. Further, it was
also found to induce the accumulation of b-catenin. MAPK,
PI3K/Akt and b-catenin pathways are well-known targets of
GPR signaling (87, 88) (Figure 3). Therefore, it is possible that
the observed inhibition of ERK and p38 and the induction of b-
catenin accumulation after KYNA treatment are a consequence
of GRP35 activation. Interestingly, all of these described effects of
KYNA–GPR35 signaling might lead to the suppression or
limitation of inflammation (92). Thus, inhibition of KMO can
shunt the pathway away from the toxic metabolites 3-HK and
QA and toward the formation of the protective metabolite
KYNA. Similarly, many other KP enzyme inhibitors including,
KMO inhibitors (GSK180, Ro-61-8048, UPF-648), KYNU
inhibitors (o-Methoxybenzoyalanine, S-phenyl-L-cysteine
sulfoxide), KAT inhibitors (PF-04859989, BFF 122) were also
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tested for their efficiency to reduce inflammatory diseases (22). In
addition, Swainson et al. found that KMO inhibition using
CHDI-340246 decreased acute simian immunodeficiency virus
infection-induced increases in plasma levels of cytotoxic 3-HK
and QA, and improved clinical outcomes as indicated by
increased CD4+ T cell count and body weight (93). Despite
this, the role of KMO inhibition in CVD is still unclear. Recently,
Masanori Nishimura et al. found that both gene and protein
expression levels of KMO were upregulated in macrophages in
atherosclerotic aneurysmal samples obtained from patients (94).
In another experiment, oxazolidinone GSK180 (3-(5,6-dichloro-
2-oxobenzo[d]oxa-zol-3(2 H)-yl)propanoic acid; a KMO
inhibitor), was shown to prevent extrapancreatic tissue injury
to the many organs (88). However, further in vivo experiments
using KMO inhibitor or knockout animals will help clarify the
effects and potential mechanism of KMO in aortic aneurysms
and related aortic diseases.

It was shown that 3-HAA, can modulate vascular
inflammation and lipid metabolism. Supplementation of 3HAA
reduced the athero formation (44) and blocking of HAAO (that
catabolize 3HAA into other derivatives) by NCR-631 increased
endogenous levels of 3-HAA, which reduced atherosclerosis
(47) (Figure 3). Though many of these inhibitors were
validated pre-clinically, their efficiency of inhibition of KP
enzymes for vascular diseases and their application in the
vascular field is largely unexplored. Understanding the
outcome of multiple levels of KP inhibition would help us
identify a potential target that would provide us with a choice
to cure aortic diseases.
CONCLUSIONS AND CLINICAL
PERSPECTIVES

As per our current knowledge, in the United States, out of >200 000
new patients diagnosed for AAA, >40 000 patients are undergoing
highly morbid aortic reconstructions. This approach is a
catastrophic event associated with near-certain mortality, and no
pharmaceutical currently exists to slow aneurysm growth (95).
Evidence shows that targeting inflammation in vascular diseases
could reduce secondary cardiovascular events (96).

Evidence-based studies confirmed the perturbed tryptophan
metabolism and its association with many aortic diseases,
particularly atherosclerosis and AAA. AAA most likely
associated to the perturbed cytokine levels, which is linked to
the disturbed tryptophan metabolism. Cytokines lead generation
of kynurenines in immune or vascular cells, further triggers
vascular inflammation. This metabolic behavior shows many
commonalities to share with other vascular immune disorders.
Generally, chronic inflammation drives initial aortic ectasia and
dilation, and later, the tension on the aortic wall continues to
expand. When wall tension drives sac expansion, no medical
intervention will work except surgical aortic reconstruction (95).
Hence, we may assume that limiting the inflammation-mediated
downstream mechanisms, particularly the kynurenine pathway,
emphasizes a further trend and application of these interventions.
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Furthermore, as the product to substrate ratio of tryptophan
metabolism is an indicator of vascular inflammation, controlling
the patients’ Trp metabolic profile could be viable if anyone is
diagnosed earlier. This will also allow early identification of
patients at risk of vascular diseases that could be crucial to the
success of nonsurgical treatment.
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The pathophysiology of acute pancreatitis (AP) is not well understood, and the disease
does not have specific therapy. Tryptophan metabolite L-kynurenic acid (KYNA) and its
synthetic analogue SZR-72 are antagonists of the N-methyl-D-aspartate receptor
(NMDAR) and have immune modulatory roles in several inflammatory diseases. Our
aims were to investigate the effects of KYNA and SZR-72 on experimental AP and
to reveal their possible mode of action. AP was induced by intraperitoneal (i.p.) injection of
L-ornithine-HCl (LO) in SPRD rats. Animals were pretreated with 75-300 mg/kg KYNA or
SZR-72. Control animals were injected with physiological saline instead of LO, KYNA and/
or SZR-72. Laboratory and histological parameters, as well as pancreatic and systemic
circulation were measured to evaluate AP severity. Pancreatic heat shock protein-72 and
IL-1b were measured by western blot and ELISA, respectively. Pancreatic expression of
NMDAR1 was investigated by RT-PCR and immunohistochemistry. Viability of isolated
pancreatic acinar cells in response to LO, KYNA, SZR-72 and/or NMDA administration
was assessed by propidium-iodide assay. The effects of LO and/or SZR-72 on neutrophil
granulocyte function was also studied. Almost all investigated laboratory and histological
parameters of AP were significantly reduced by administration of 300 mg/kg KYNA or
SZR-72, whereas the 150 mg/kg or 75 mg/kg doses were less or not effective,
respectively. The decreased pancreatic microcirculation was also improved in the AP
groups treated with 300 mg/kg KYNA or SZR-72. Interestingly, pancreatic heat shock
protein-72 expression was significantly increased by administration of SZR-72, KYNA
org October 2021 | Volume 12 | Article 7027641116
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and/or LO. mRNA and protein expression of NMDAR1 was detected in pancreatic tissue.
LO treatment caused acinar cell toxicity which was reversed by 250 µM KYNA or SZR-72.
Treatment of acini with NMDA (25, 250, 2000 µM) did not influence the effects of KYNA or
SZR-72. Moreover, SZR-72 reduced LO-induced H2O2 production of neutrophil
granulocytes. KYNA and SZR-72 have dose-dependent protective effects on LO-
induced AP or acinar toxicity which seem to be independent of pancreatic NMDA
receptors. Furthermore, SZR-72 treatment suppressed AP-induced activation of
neutrophil granulocytes. This study suggests that administration of KYNA and its
derivative could be beneficial in AP.
Keywords: acute pancreatitis, kynurenic acid, SZR-72, NMDA receptor-1, NMDA, tryptophan pathway, N-methyl-
D-aspartate
INTRODUCTION

Acute pancreatitis (AP) is a relatively common disease among
gastrointestinal disorders (1) with increasing incidence over time
(2). Its overall mortality is about 2%, but in severe cases this can
reach 30% (3). AP may appear in mild, moderately severe or
severe forms based on the Revised Atlanta Classification (4). The
pathomechanism of AP is complex and not fully understood. It
involves toxic cellular Ca2+ overload causing nuclear factor-kB
activation in pancreatic acinar cells, impaired autophagy,
mitochondrial dysfunction, release of reactive oxygen species
(ROS), as well as premature activation of digestive enzymes like
trypsinogen (5–8). These events lead to release of tumor necrosis
factor a (TNF-a), cytokines (e.g. interleukin 1) and chemokines,
which participate in leukocyte recruitment. Neutrophils are the
first immune cells reaching pancreatic parenchyma. These cells
also activate trypsinogen in acinar cells (9), release inflammatory
cytokines or chemokines, secrete myeloperoxidase and reactive
oxygen species e.g. hydrogen peroxide (H2O2), which all
contribute to further aggravation of AP (10). Unfortunately,
AP management is still based on supportive therapy without
specific drugs available.

Tryptophan and its metabolites are important participants of
cellular processes, especially in neuronal cells. L-tryptophan is
metabolized to N-formyl-L-kynurenine and L-kynurenine
(KYN). KYN is further converted to kynurenic acid (KYNA,
Figure 1), 3-hydroxy-L-kynurenine (3-HK), or anthranilic acid
depending on the enzymes (11). Metabolites of the tryptophan-
org 2117
KYN pathway have several effects on both innate and adaptive
immune responses (12). KYNA acts as an antagonist on N-
methyl-D-aspartate receptor (NMDAR) and has neuroprotective
effects (11). It also reduces ischemia/reperfusion-induced retinal
ganglion cell death (13). Recently, SZR-72, a promising
derivative of KYNA, was also investigated by different research
groups (Figure 1). SZR-72 readily crosses the blood-brain barrier
but KYNA is poorly permeable (14, 15). SZR-72 effectively
modulated mitochondrial respiration, while KYNA could
restore microcirculation in sepsis (16). KYNA and SZR-72
suppressed pro-inflammatory factors released by mononuclear
cells and neutrophils e.g. TNF-a, high mobility group box
protein 1, and human neutrophil peptide 1–3 (17).
Furthermore, in that study SZR-72 showed more potent effects
than KYNA. SZR-72 could also suppress inflammation in the
colon through antagonism of NMDAR (18).

AP severity was shown to be influenced by metabolites of the
tryptophan pathway or by disturbance of this pathway. Overall,
3-HK generates free radicals and causes cytotoxicity, while
KYNA inhibits inflammation, prevents lipid peroxidation and
ROS generation (19). 3-HK concentration is increased during AP
in human samples and its plasma levels correlated with the
progression of systemic inflammation and the severity of AP
(20). The inhibitors of kynurenine-3-monoxigenase reduce the
production of 3-HK. Application of such an inhibitor prevented
multiple organ failure in experimental AP in rodents (21). In
contrast to 3-HK, the effect of endogenous KYNA or its synthetic
derivate SZR-72 is unknown during AP.
FIGURE 1 | The structure of kynurenic acid (KYNA) and its analogue SZR-72 (2-(2-N,N-dimethylaminoethylamine-1-carbonyl)-1H-quinolin-4-one hydrochloride).
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Based on the previously detected promising anti-
inflammatory roles of KYNA and SZR-72, our aim was to
investigate the effects of these molecules on the severity of
experimental AP. Furthermore, we wanted to reveal whether
they act via NMDAR.
MATERIALS AND METHODS

Materials
All chemicals were purchased from Sigma-Aldrich (Budapest,
Hungary) unless indicated otherwise. SZR-72 [2-(2-N,N-
dimethylaminoethyl-amine-1carbonyl)-1H-quinolin-4-one
hydrochloride] was synthesized by the Insti tute of
Pharmaceutical Chemistry (University of Szeged, Hungary).

The solutions used for in vivo measurements were freshly
prepared before each experiment. L−ornithine-HCl (LO, 300
mg/ml), kynurenic acid (KYNA, 50 mg/ml), and SZR−72 (50
mg/ml) were dissolved in physiological saline (PS) and the pH of
the solutions was adjusted to 7.35-7.4 (KYNA and SZR-72
precipitate above pH 7.4).

Animals
Male Sprague-Dawley (SPRD) rats weighing 200-250 g were used
for the experiments. The animals were kept at a constant room
temperature of 23°C with a 12-hour light–dark cycle and were
allowed free access to water and standard laboratory chow for
rodents (Biofarm, Zagyvaszántó, Hungary). Our experiments
were executed according to the European Union Directive
2010/63/EU and the Hungarian Government Decree 40/2013
(II.14.). Experiments were approved by both local (University of
Szeged) and national ethics committees (X/3353/2017.) for
investigations involving animals.

In Vivo Experiments: Acute Pancreatitis
Induction, Treatment With Kynurenic Acid
or SZR−72, and Tissue Harvesting
Necrotizing AP was induced by intraperitoneal (i.p.) injection of
3 g/kg LO administered in the morning. A single i.p. injection of
kynurenic acid (KYNA) or SZR-72 (75, 150, or 300 mg/kg) was
administered 1 hour prior to the induction of AP. Control
animals were treated with physiological saline (PS) instead of
LO, KYNA and/or SZR-72. Animals were sacrificed 24 h after the
LO injection (at the peak of pancreatic inflammation) by deep
anesthesia with 45 mg/kg i.p. pentobarbital (Bimeda MTC,
Cambridge, Canada). Blood was collected via cardiac puncture,
then the pancreas was rapidly removed. Pancreatic tissue was
cleaned from fat and lymph nodes on ice, then cut into pieces.
One large piece was immediately frozen in liquid nitrogen and
stored at –80°C until biochemical assays were performed.
Another piece of the pancreas was fixed in 8% neutral
formaldehyde solution for histological analysis. The third piece
was stored in Eppendorf tubes at room temperature for dry-wet
weight measurement. The last piece was frozen in cryomatrix for
sectioning and immunofluorescent stainings. Blood samples
were centrifuged at 2500 RCF for 15 mins at 4°C, sera were
collected and stored at –20°C until use.
Frontiers in Immunology | www.frontiersin.org 3118
After LO administration, animals showed signs of sickness and
became sluggish as expected. However, a few of them got
depressed and lethargic within 12 h after the LO injection. The
core temperature of these animals was monitored with a rectal
digital thermometer. Once it decreased to a critical level (27-29°C),
rats were euthanized by pentobarbital overdose (200 mg/kg i.p.) to
minimize suffering. The percentage of euthanized rats was 3% in
the LO treated groups. Surviving animals either developed
necrotizing AP or remained AP−free by the time the experiment
was terminated (24 h).

Histological Analysis
Formalin-fixed pancreatic tissues were sectioned to 3 µm. These
sections were prepared and stained with hematoxylin and eosin
and were analyzed and scored by a pathologist blinded to the
experimental protocol (22). Edema was scored from 0−3 points
(0: none; 1: patchy interlobular; 2: diffuse interlobular; 3: diffuse
interlobular and intra-acinar), leukocyte infiltration from 0−4
points (0: none; 1: patchy interlobular; 2: moderate diffuse
interlobular; 3: mild diffuse interlobular; 4: diffuse interlobular
and intra-acinar). Percentage of acinar cell necrosis was
also evaluated.

Laboratory Measurements
Serum amylase activity was measured on a Fluorostar Optima
plate reader (BMG Labtech, Ortenberg, Germany) with a
colorimetric kinetic method using a commercial kit purchased
from Diagnosticum Zrt. (Budapest, Hungary). To evaluate tissue
water content, wet weight (WW) of the pancreas was measured
right after the in vivo experiment, then it was dried for 24 h at
100°C. After that, dry weight (DW) was measured as well. The
wet/dry weight ratio was calculated as: [(WW-DW)/WW]×100.
Pancreatic myeloperoxidase (MPO) activity, a hallmark of
leukocytic infiltration, was measured according to Kuebler
et al. (23) and was normalized to total protein content as
measured by the Lowry method (24). To determine the extent
of inflammatory response in the pancreata, we measured
interleukin-1b (IL-1b) levels by a commercial ELISA kit from
R&D Systems (Minneapolis, MN, USA) as described by the
manufacturer. Blood pH, HCO3

-, and partial pressure of CO2

(pCO2) in femoral arterial blood samples were measured with a
blood gas analyzer (AVL Compact 2, Graz, Austria; (25).

Pancreatic HSP72 expression was measured from tissue
homogenate using Western blot analysis (26). Briefly,
pancreatic tissue was homogenized with sonication (Branson
Sonifer 250; Emerson Electric, Brookfield, CT, USA) on ice in a
buffer containing: 10 mM Na-HEPES, 1µM MgCl2, 10mM KCl,
1mM DL-dithiothreitol, 5mM iodoacetamide, 4 mM
benzamidine-HCl, 1mM phenylmethyl sulfonylfluoride.
Protein concentration of the homogenate was determined by
the Bradford protein assay. Forty micrograms of protein were
loaded per lane. Samples were electrophoresed on an 8% sodium
dodecyl sulfate-polyacrylamide gel. The gels were either stained
with Coomassie brilliant blue (to demonstrate equal loading of
proteins for Western blot analysis) or transferred to a
nitrocellulose membrane for 1h at 100V. Membranes were
blocked in 5% non-fat dry milk for 1 h and incubated with
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rabbit anti-HSP72 (1:2500 dilution; a generous gift from István
Kurucz, Biorex Laboratories, Veszprém, Hungary, that has been
characterized previously; (27) antibody for an additional 1h at
room temperature. The immunoreactive protein was visualized
by enhanced chemiluminescence, using horseradish peroxidase-
coupled anti-rabbit immunoglobulin at 1:5000 dilution (Agilent
Technologies, Santa Clara, CA, USA). Quantitative analysis of
results was achieved using ImageJ software (NIH, Bethesda, MD,
USA). The blot images were cropped, and only the relevant
bands are shown in the figures (the raw blot images are presented
in the Supplementary Materials).

Measurement of Circulation
(Hemodynamics and Pancreatic
Microcirculation)
Animals were anaesthetized with sodium pentobarbital (50 mg/
kg) i.p. 24 h after the injection of LO and placed in a supine
position on a heating pad. Tracheostomy was performed to
facilitate spontaneous breathing, and the right jugular vein was
cannulated with PE50 tubing for fluid administration such as
Ringer’s lactate infusion (10 ml kg-1 h-1) during the experiments.
A thermistor-tip catheter (PTH-01; Experimetria Ltd., Budapest,
Hungary) was positioned into the ascending aorta through the
right common carotid artery to measure cardiac output (CO) by
a thermodilution technique, using a SPEL Advanced Cardiosys
1.4 computer (Experimetria Ltd., Budapest, Hungary). The left
common carotid artery was dissected free and an ultrasonic flow-
probe (1RS; Transonic Systems Inc., Ithaca, NY, USA) was
placed around the exposed artery to measure carotid artery
flow. The right femoral artery was cannulated with PE40
tubing to collect arterial blood for pH measurements (25).
Carotid artery flow (T206 Animal Research Flowmeter;
Transonic Systems Inc.) and pressure (BPR-02 transducer;
Experimetria Ltd., Budapest, Hungary) were measured
continuously and registered with a computerized data-
acquisition system (Experimetria Ltd., Budapest, Hungary).

After median laparotomy, the pancreas was carefully placed
on the detector from the abdomen without disturbing the
circulation. The pancreas was kept moist with wet gauze. The
microcirculation of the pancreas was continuously visualized
with intravital orthogonal polarization spectral imaging
technique (Cytoscan A/R, Cytometrics, Philadelphia,
Pennsylvania, USA). This technique utilizes reflected polarized
light at the wavelength of the isobestic point of oxy-and
deoxyhaemoglobin (548 nm). As polarization is preserved in
reflection, only photons scattered from a depth of 2−300 mm
contribute to image formation. A 10x objective was placed onto
the serosal surface of the pancreas, and microscopic recordings
were made with an S−VHS video recorder 1 (Panasonic AG−TL
700, Matsushita Electric Ind. Co. Ltd, Osaka, Japan).
Quantitative assessment of the microcirculatory parameters
was performed off-line by frame-to-frame analysis of the
videotaped images. Red blood cell velocity (RBCV, mm/s)
changes in the postcapillary venules were determined in three
separate fields by means of a computer-assisted image analysis
system (IVM Pictron, Budapest, Hungary). All microcirculatory
evaluations were performed by the same investigator (18).
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Total RNA Isolation and Reverse
Transcription Polymerase Chain Reaction
Total RNA was isolated from the control rat brain cortex and
pancreas by using TRI Reagent (Molecular Research Center,
USA) and 1 mg RNA from each sample was transcribed to
complementary DNA by Maxima First Strand cDNA Synthesis
Kit (Thermo Fisher, Waltham, MA, USA), according to the
manufacturer’s instructions. Gene-specific and exon/exon
junction spanning oligonucleotide primer pairs (Table 1) were
designed with The Universal Probe Library Assay Design Center
(Merck KGaA, Darmstadt, Germany). Primers for hypoxanthine
phosphoribosyltransferase (HPRT) gene were used as loading
control (Table 1). PCR was performed with DreamTaq DNA
Polymerase (Thermo Fisher) in BioRad C1000 ThermalCycler
(Bio-Rad Laboratories, Hercules, CA, USA). After heat
inactivation for 3 min at 95°C, cycling conditions were the
following: denaturation for 10 s at 95°C, annealing for 10 s at
50°C, polymerization for 10 s at 72°C (40 cycles), final extension
for 3 min at 72°C. Products were analyzed on 3% MetaPhor
agarose gel (Lonza, Basel, Switzerland), then isolated fragments
were sequence verified by capillary DNA sequencing.

Immunofluorescent Stainings for
N-Methyl-D-Aspartate Receptor
and Amylase
Pancreata embedded in cryomatrix were cut into 7 µm thick
slices at −20°C with a Leica Cryostat (Leica Biosystems, Buffalo
Grove, IL, United States). Slides were kept at −20°C until
processing. Immunofluorescent staining was performed in a
humidified chamber at room temperature. Sections were fixed
in 4% PFA−PBS for 15 min then washed in 1x Tris buffered
saline (TBS) for 5 mins, repeated 3 times. Antigen retrieval was
performed in Sodium Citrate - Tween 20 buffer (0.001 M Sodium
Citrate Buffer, pH 6.0 and 0.05% Tween 20) at 90-96°C for 30
min. After cooling to room temperature in 1x TBS, sections were
blocked with 0.01% goat serum and 5x BSA−TBS (bovine serum
albumin in Tris Saline Buffer) for 1 h. Thereafter, pancreatic
sections were incubated with anti-NMDAR1 rabbit monoclonal
antibody (1:100, ThermoFisher Scientific, Waltham, USA)
overnight at 4°C in a humidified chamber. The following day
slides were washed 3 x 5 min in 1x TBS, then Alexa Fluor 568 goat
anti-rabbit secondary antibody was added (1:500) and slides were
incubated for 3 h at room temperature, covered from light. After
that, co-immunostaining was performed with anti-amylase mouse
monoclonal antibody (1:200) and Alexa Fluor 488 goat anti-
mouse secondary antibody (1:500) as described above. Samples
were washed 3 x 5 min with 1x TBS, then nuclei were
counterstained with 2.5 µg/ml Hoechst 33342. After washing 3
T

P

G
N
H

ABLE 1 | Primers used in this study.

rimer Sequence Product size (bp) Gene ID

luN1/
MDAR1

fwd tgtcatcccaaatgacagga 108 24408
rvs ggctcttggtggattgtcac

PRT fwd gaccggttctgtcatgtcg 61 24465
rvs acctggttcatcatcactaatcac
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times in 1x TBS, Fluoromount Aqueous mounting medium was
added. Slides were covered, then left to dry in a dark slide box.
After drying, slides were stored at 4°C until visualizing with
confocal microscopy (ZEISS LSM 880), and images were
processed with ImageJ software (NIH, Bethesda, MD, USA). For
proper visibility images were cropped from the raw images and all
of them were adjusted uniformly, brightness was increased by 20%
with PowerPoint software (Microsoft, Redmond, WA, US). Raw
images are shown in Supplementary Materials.

Pancreatic Acinar Cell Isolation
Rat pancreatic acinar cells were isolated with collagenase
digestion technique according to Pandol et al. (28). Briefly,
animals were sacrificed, and the pancreas was removed,
washed, and placed into ice-cold PS, then the tissue was
cleaned from fat and lymph nodes. The extracellular solution,
used in the next steps contained (in mM) 120 NaCl, 5 KCl, 25
HEPES, 2 NaH2PO4, 2 CaCl2, 1 MgCl2, 5 pyruvate, 4 Na-
fumarate, 4 Na-glutamate, 12 D-glucose, as well as 0.02% (wt/
vol) soybean trypsin inhibitor, 0.2% (wt/vol) bovine serum
albumin, 0.025% (vol/vol) minimal essential amino acids and
0.01% (vol/vol) vitamins eagle. After cleaning, the pancreas was
cut into small pieces in 5 ml extracellular solution, containing 80
U/ml type 4 collagenase (Worthington Biochemical Co.,
Lakewood, USA). The tissue was incubated in a shaking water
bath at 37°C for 2 x 20 min. After 20 min, the supernatant was
removed and 5 ml fresh collagenase solution was added to the
tissue fragments. After digestion, acinar cells were washed three
times with extracellular solution, then resuspended in Medium
199 solution and placed in 37°C CO2 incubator for 15 min. Acini
were used for experiments immediately thereafter.

Acinar Viability
Isolated pancreatic acinar cells were placed into a 96-well plate
and 1 µM propidium-iodide (PI) was added to each well.
Fluorescence intensity was measured at excitation and
emission wavelengths of 540 nm and 620 nm with Fluorostar
Optima plate reader every 5 min. The 300 mg/kg dose of KYNA
used in the in vivo experiments was converted to an equimolar
concentration (250 mM). After intensity stabilized (in
approximately 1 h), the cells were treated with 20 mM LO, 25-
2500 µM KYNA/SZR-72/NMDA according to the experimental
protocol. At the end of the experiment (approximately 10 h),
Triton X-100 was added to each well to kill every living cells.
Intensity measured at this point was considered to represent
100% toxicity. Data were evaluated by selecting minimum (MIN)
and maximum (MAX) intensities in each treatment-group. The
percentage of cell death at each time point was calculated using
the following formula: [(intensity-MIN)/(MAX-MIN)]*100.
Figures show the values measured at 8 h.

Neutrophil Granulocyte Isolation and
Measurement of H2O2 Production
Neutrophil granulocytes were isolated from rats treated with PS,
LO or LO+300 mg/kg SZR-72 24 h prior to AP induction using
Ficoll-Hypaque density gradient centrifugation. After sacrifice,
blood was collected in EDTA coated tubes from each animal.
Frontiers in Immunology | www.frontiersin.org 5120
Blood was gently mixed with equal volume of 3% Dextran
solution and left to sediment for 40 min. In a conical tube, the
leukocyte-rich plasma was carefully added on top of Ficoll-
Hypaque, forming two phases. After centrifugation (250 RCF,
40 min) polymorphonuclear and red blood cell pellet was
obtained. Erythrocytes were lysed with 0.2 % NaCl solution for
no more than 30 sec. Immediately thereafter, lysis was stopped
with ice-cold 3% NaCl solution. If red color was still visible after
centrifugation, the process was repeated. Granulocytes were
resuspended in phosphate buffered saline (PBS) containing 10
mM glucose, then cells were counted in a Bürker chamber. Cell
number was adjusted to 1.5x104/100µl. H2O2 production was
measured with Fluorostar Optima plate reader (BMG Labtech,
Ortenberg, Germany) using Amplex Red Hydrogen Peroxide/
Peroxidase Assay Kit described by the manufacturer.

Measurement of IL-1b Production in
Isolated Acinar Cells
Isolated pancreatic acinar cells were placed into 6-well plates and
treated with medium, LO (20mM), KYNA (250µM), SZR-72
(250µM) or with the combination of LO and KYNA/SZR-72 for
6 h. Then cells were washed with PBS, then the washing buffer was
removed and cells were frozen at -80°C until further processes.
Then 200 µL homogenization buffer (Na-HEPES 10 mM, MgCl2
1µM, KCl 10mM, iodoacetamide 5mM, benzamidine-HCl 4 mM,
DL-Dithiothreitol 1mM, Phenylmethyl sulfonylfluoride 1mM)
was added to the first well and cells were scratch from the
bottom. Further 100 µL homogenization buffer was used to
collect the remaining cells. After that the collected suspension of
cells was added to the next well (same treated group) and
scratching process were repeated. 50 µL cell free homogenization
buffer was used to wash and collect the remaining cells. With this
process two wells were pooled into one microcentrifuge tube.
Following this, 3x15s homogenization with sonication was carried
out, and homogenate was incubated for 20 min at 0°C. Then
homogenates were centrifuged with 20000 rcf at 4°C for 20 min
and supernatants were kept for further measurements. To
determine the extent of inflammatory response in the acinar
cells interleukin-1b (IL-1b) levels were measured by a
commercial ELISA kit from R&D Systems as described by
the manufacturer.

Statistical Analysis
Data are presented as means ± SEM. Experiments were evaluated
by one-way ANOVA followed by Holm-Sidak post hoc test or
two-way ANOVA followed by Bonferroni post hoc test (SPSS,
IBM, Armonk, NY, USA). P<0.05 was accepted as
statistically significant.
RESULTS

Dose-Dependent Effects of KYNA and Its
Analog SZR-72 on the Severity of AP
Three different doses of KYNA were tested to determine its
effects on LO-induced AP (Figure 2). Representative histological
images show morphological changes of the pancreas in different
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groups (Figure 2A). LO administration alone induced
necrotizing AP, while 300 mg/kg KYNA significantly reduced
pancreatic tissue injury observed in AP. Marked increase of
pancreatic edema was detected in the LO-treated groups
compared to control, while the highest dose of KYNA (300
mg/kg) significantly reduced it (Figures 2B, C). Leukocyte
infiltration into the pancreas and tissue MPO activity also
significantly increased in AP groups compared to control
(Figures 2D, E). As seen in case of edema, the 300 mg/kg dose
of KYNA significantly reduced both leukocyte infiltration and
MPO activity during AP, while smaller doses of KYNA were
ineffective. The most important measure of inflammation is
tissue damage, which was remarkable in response to a single
LO-treatment (Figure 2F), but it significantly decreased in the
300 mg/kg KYNA group. Serum amylase activity also increased
in the LO group, while 150 and 300 mg/kg KYNA significantly
reduced the enzyme activity (Figure 2G). Overall, the two lower
doses (75 and 150 mg/kg) of KYNA did not significantly
influence most of the measured values, but 300 mg/kg KYNA
reduced the severity of AP.

Similar results to KYNA were obtained when the effects of
different doses of its analog, SZR-72 were examined (Figure 3).
Histological images show the effects of LO and the co-treatment
of LO and SZR-72 (Figure 3A). The signs of AP could be
observed in tissue sections and 300 mg/kg SZR-72 reduced
tissue damage. The 300 mg/kg dose of SZR-72 was able to
significantly reduce the AP-evoked increases in pancreatic
edema and leukocyte infiltration (Figures 3B, D). These results
were supported by measurements of pancreatic water content
and MPO activity (Figures 3C, E). The scores of pancreatic
damage could be significantly reduced by the highest dose of
SZR-72 in AP (Figure 3F). Serum amylase activity increased in
response to LO injection, which was decreased by all SZR-72
doses (Figure 3G). Overall, AP severity parameters were reduced
by 300 mg/kg SZR-72 treatment.

The Effects of KYNA and SZR-72
Treatment on Microcirculation and
Hemodynamic Changes in AP
Hemodynamic parameters were determined during AP and
KYNA/SZR-72 treatments (Figure 4). AP significantly
increased cardiac output and carotid artery flow compared to
the control animals (Figures 4A, B). Cardiac output in rats with
AP was reduced to the level of the control group by both KYNA
and SZR-72 compounds, whereas the decrease in carotid artery
flow was significant only in case of SZR−72. Mean arterial blood
pressure was comparable in each experimental group
(Figure 4C). Pancreatic microcirculation was quantified by
measuring serosal RBCV (Figure 4D). Interestingly,
microcirculation significant decreased in LO−induced AP
compared to the control group. However, pre-treatment with
KYNA or SZR-72 (300 mg/kg) was able to improve
microcirculation during AP.

LO−induced AP caused a significant drop in arterial blood
pH and bicarbonate concentration resulting in metabolic
acidosis, which was restored to the level of the control group
Frontiers in Immunology | www.frontiersin.org 6121
by KYNA and SZR-72 pre-treatments (Figures 5A, B). At the
same time, there was no detectable difference in arterial pCO2

between the examined groups (Figure 5C).

Changes in Pancreatic IL-1b and HSP72
Expression in AP Upon KYNA and SZR-72
Treatment
KYNA and SZR-72 alone did not affect pancreatic IL-1b content
of the pancreas (Supplementary Figure 1A). However, IL-1b
levels significantly increased in the LO groups compared to
control animals (Figure 6A). In the AP groups that received
KYNA or SZR-72, IL-1b levels were significantly reduced and
reached the level of control.

As a member of the HSP70 family, HSP72 is the major stress-
induced protective chaperone in mammalian cells. First, we
examined how KYNA and SZR-72 treatment affected pancreatic
HSP72 levels in physiological conditions (Supplementary
Figures 1B, C) and during AP (Figures 6B, C ; the
corresponding raw blot image is shown in Supplementary
Figure 2). KYNA and SZR-72 alone significantly increased
HSP72 expression compared to the control group, and SZR-72
had more prominent effect on HSP72 protein expression than
KYNA (Supplementary Figures 1B, C). In our experiments, it
was clear that the level of HSP72 was elevated in AP compared to
the control group (Figures 6B, C). However, when the animals
also received KYNA or SZR-72 pre-treatment, the amount of
HSP72 significantly increased even compared to the AP group
without KYNA or SZR-72.

The Detection of NMDA Receptor-1
in the Pancreas
NMDAR1 expression was examined by RT-PCR and
immunohistochemistry (Figure 7). In both methods, brain
tissue was used as a positive control. mRNA expression was
much lower in the pancreas than in the brain (Figure 7A; full
scan of the original gel is shown in Supplementary Figure 3). This
was also confirmed by immunohistochemistry, where NMDAR1
staining of the brain was clearly visible (Figure 7B; raw images are
presented in Supplementary Figure 4). The image of the control
pancreas showed low NMDAR1 expression with well-structured
amylase staining. The pancreas was sampled 2 and 24 h after LO
administration in order to visualize if there was a difference in
NMDAR1 staining depending on how advanced the inflammation
was. NMDAR1 staining was found to be more pronounced 2 h
after AP induction, however, the strongest staining was observed
after 24 h. In parallel, amylase staining lost its structural integrity
as the inflammation progressed.

In Vitro Protective Effects of KYNA,
SZR-72, and NMDA on LO-Induced
Cellular Toxicity
The effects of KYNA and SZR-72 were measured on LO-induced
cellular toxicity in in vitro experiments. Since both compounds are
NMDAR antagonists, NMDA was also applied to reveal whether
KYNA or SZR-72 exert their effect on NMDAR. Before testing the
protective properties of KYNA and SZR-72, or their interaction
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with NMDAR, the safe concentrations of KYNA, SZR-72, and
NMDA were determined on isolated pancreatic acinar cells
(Figure 8A and Supplementary Figure 5). SZR-72 could be
safely administered until 625 µM, higher concentrations were
toxic to acinar cells (Supplementary Figure 5). As the 300 mg/
Frontiers in Immunology | www.frontiersin.org 7122
kg dose of KYNA proved to be effective in vivo, the corresponding,
equimolar (250µM) and ten times higher concentrations (2500
mM) of KYNA andNMDAwere tested on acini. In case of SZR-72,
only the 250 µM concentration was used in further viability studies
because the ten times higher concentration has been already
A

B

D E

F G

C

FIGURE 2 | The effects of kynurenic acid (KYNA) on the severity of acute pancreatitis (AP). (A) Representative histopathological images of pancreatic tissues of the
treatment groups, arrows indicate neutrophil granulocytes. Bar charts show the extent of pancreatic (B) edema, (C) water content, (D) leukocyte infiltration, (E)
myeloperoxidase (MPO) activity, (F) necrosis, and (G) serum amylase activity measurements. Values represent means with standard error, n=5-14. One-way ANOVA
was performed followed by Holm-Sidak post-hoc test. Statistically significant differences (p<0.05) were marked with: (a) vs. control; (b) vs. LO; (c) vs. LO+75 mg/kg
KYNA; (d) vs. LO+150 mg/kg KYNA. AP, acute pancreatitis; KYNA, kynurenic acid; LO, L-ornithine-HCl; MPO, myeloperoxidase.
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proved to be toxic. Neither KYNA nor NMDA affected pancreatic
acinar viability even at a concentration of 2500 µM (Figure 8A).
We then measured the effect of LO treatment on cell viability and
whether it could be affected by KYNA, SZR-72, or NMDA
Frontiers in Immunology | www.frontiersin.org 8123
(Figure 8B). LO was shown to be highly toxic to pancreatic
acinar cells. However, KYNA prevented the toxic effect of LO at
both 250 and 2500 mM concentrations and cell viability was
comparable to the control group. Treatment with 250 mM SZR-
A

B

D E

F G

C

FIGURE 3 | The effects of SZR-72 on the severity of AP. (A) Representative histopathological images of pancreatic tissues of the treatment groups, arrows indicate
neutrophil granulocytes. Bar charts show the extent of pancreatic (B) edema, (C) water content, (D) leukocyte infiltration, (E) myeloperoxidase (MPO) activity, (F)
necrosis, and (G) serum amylase activity measurements. Values represent means with standard error, n=5-11. One-way ANOVA was performed followed by Holm-
Sidak post-hoc test. Statistically significant differences (p<0.05) were marked with: (a) vs. control; (b) vs. LO; (c) vs. LO+75 mg/kg SZR-72. LO, L-ornithine-HCl;
MPO, myeloperoxidase.
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72 also significantly reduced LO-induced toxicity. NMDA did not
affect the toxicity of LO at any concentrations. Last, we examined
whether the beneficial effects of KYNA and SZR-72 could be
suspended by the addition of NMDA (Figure 8C). Beside LO,
acinar cells received 250 mM KYNA or SZR-72 and increasing
doses of NMDA (25, 250, 2500 mM). Co-treatment with NMDA
had no effect on cell viability. KYNA and SZR-72 were still able to
significantly reduce toxicity compared to the LO group. Moreover,
KYNA treatment resulted in decreased cellular toxicity which was
comparable to the control group.

SZR-72 Reduces the Activity of H2O2
Production in Isolated Neutrophil
Granulocytes, But Has No Effect on IL-1b
Expression of Pancreatic Acinar Cells
Neutrophil granulocytes play an important role in the
development of AP. H2O2 production corresponds to their
function. The effect of SZR-72 was determined on neutrophil
granulocyte function (Figure 9). H2O2 production of
granulocytes was examined after cell isolation from control,
LO- and LO + SZR-72-treated animals. In case of control
granulocytes, H2O2 production remained at baseline
throughout the experiment. In contrast, neutrophils from AP
animals produced increased amounts of H2O2, the level of which
was significantly different from the control group from as early as
20 min. However, when neutrophils from LO and SZR-72 co-
treated animals were examined, a significant decrease was
Frontiers in Immunology | www.frontiersin.org 9124
observed in H2O2 production from 70 min compared to LO
treatment alone.

The IL-1b protein expression of isolated acinar cells was
measured in vitro after 6h treatment with LO, KYNA, and/or
SZR-72 (Supplementary Figure 6). LO administration did not
induce any change in IL-1b expression compared to the control
group in acinar cells. Furthermore, KYNA, SZR-72 or their
combinations with LO did not affect the proinflammatory
cytokine production, these were comparable with the
control group.
DISCUSSION

As AP is a disorder without specific therapy, it is important to
find possibilities for its management. The pathophysiology of the
disease involves multiple cell types and processes (6). The
pathway of tryptophan metabolism is unambiguously disturbed
during AP, resulting in overactivation of kynurenine-3-
monooxygenase enzyme and excess production of pro-
inflammatory 3-HK (20, 21). In this study, we tested the
possible application of endogenous tryptophan pathway
metabolite KYNA, and its synthetic derivative SZR-72 for the
treatment of experimental AP. Our novel findings with KYNA or
SZR-72 administration in experimental AP are the following:
They (1) dose-dependently reduced the severity of the disease;
(2) reduced the proinflammatory cytokine IL-1b expression
A B

DC

FIGURE 4 | Changes in circulation and haemodynamic parameters during experimental AP and treatments with KYNA and SZR-72. Bar charts show (A) cardiac
output, (B) carotid artery flow (C) mean arterial pressure, and (D) red blood cell velocity. Values represent means with standard error, (A–C) n=3-6; (D) n=60-98.
One-way ANOVA was performed followed by Holm-Sidak post-hoc test. Statistically significant differences (p<0.05) were marked with: (a) vs. control; (b) vs. LO. LO,
L-ornithine-HCl.
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invivo; (3) increased the synthesis of HSP72; (4) reduced the
extent of metabolic acidosis; (5) restored pancreatic
microcirculation; (6) suppressed the function of neutrophil
granulocytes. (7) In addition, their effect was likely to be
independent of acinar NMDAR1.
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SZR-72 can cross the blood-brain barrier, while KYNA is poorly
permeable (14, 15). Therefore, SZR-72 can exert its effect in the
central nervous system as well (29, 30). As the results with SZR-72
and KYNA were similar, we do not think that the possible central
nervous system effects of SZR-72 play part in the protection of AP.

We demonstrated that the 300 mg/kg dose of KYNA and
SZR-72 exerted strong anti-inflammatory effects. Csáti et al. (31)
A
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C

FIGURE 5 | Plasma pH and HCO3
- and pCO2 levels during experimental AP

and treatments with KYNA and SZR-72. Bar charts show (A) arterial blood
pH, (B) arterial blood HCO3

- concentration, and (C) arterial blood CO2

pressure. Values represent means with standard error, n=3-6. One-way
ANOVA was performed followed by Holm-Sidak post-hoc test. Statistically
significant differences (p<0.05) were marked with: (a) vs. control; (b) vs. LO.
LO, L-ornithine-HCl.
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FIGURE 6 | Changes in interleukin 1 beta (IL-1b) and heat shock protein 72
(HSP72) levels in AP in rats treated with 300 mg/kg KYNA or SZR-72.
(A) Pancreatic IL-1b level, (B) representative Western blot images of pancreatic
HSP72 and glicerinaldehide-3-phosphate-dehydrogenase (GAPDH) levels, and
(C) densitometry of Western Blot images for pancreatic HSP72 level. Values
represent means with standard error, n=7-10. One-way ANOVA was performed
followed by Holm-Sidak post-hoc test. Statistically significant differences
(p<0.05) were marked with: (a) vs. control; (b) vs. LO.
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also applied the same dose of KYNA or kynurenic acid amide 2
in rats i.p., and they observed successful suppression of
inflammation evoked by trigeminal ganglion activation. Similar
results were obtained when SZR-72 was applied at 300 mg/kg
dose i.p. in rats, the KYNA analogue exerted anti-inflammatory
response in a model of trigeminal nerve activation (32). In case of
rat experimental colitis, more than ten times smaller doses could
be used effectively (18, 25). Furthermore, Juhász et al. (16)
successfully applied KYNA or SZR-72 in a sepsis model at 2 x
15 or 2 x 23.5 mg/kg respectively. Based on these results, it seems
that the effective dose of KYNA and SZR-72 also depends on the
disease model.

Hemodynamic parameters like cardiac output and arterial
blood flow were increased by AP. Interestingly, this was reduced
by KYNA/SZR-72 administration. Blood pressure was
unchanged; thus, it is likely that the increase in heart rate
contribute to the increased cardiac output. The exact
mechanism how KYNA and SZR-72 may affect heart rate is
unknown, but most probably this effect is indirect. Similar
findings were seen by Badzynska et al. (33) in spontaneously
hypertensive rats, where treatment with 25 mg/kg/day KYNA
decreased heart rate. An explanation can be the effect of pain, as
pain is one of the symptoms of AP and it positively relates to
heart rate (34). GPR35 receptor was considered important for
nociceptive transmission, and through this receptor KYNA can
reduce the pain, which can contribute to the reduced heart rate.
However, these speculations should be tested in the future.

AP causes the impairment of both pancreatic and systemic
microcirculation (35), which are among the early signs of AP
(36). We showed significantly decreased RBCV in the pancreas
during experimental AP, which was remarkably restored by the
administration of KYNA or SZR-72. The reduced organ
microcirculation contributes to ischemia and organ failure, not
just in the pancreas but in other organs like the kidneys or lungs.
Therefore, KYNA or SZR-72 can alleviate the symptoms of
multiple and/or persistent organ failure which is present in the
severe form of the disease. Furthermore, Zhang et al. (37) found
Frontiers in Immunology | www.frontiersin.org 11126
that decrease in intestinal microcirculation secondary to severe
AP can lead to reduced mucosal barrier integrity and immunity,
thus increased possibility of infection, sepsis, and mortality.
Based on this, the beneficial effect of KYNA and SZR-72 on
microcirculation is important and should be further investigated.
Interestingly, in our earlier work, KYNA improved ileal
microcirculation in a sepsis model, while SZR-72 was
ineffective (16). However, in that model SZR-72 could improve
mitochondrial respiration, resulting in improved conversion of
ADP to ATP. In the present research, the investigation of
mitochondrial function was not in focus. However,
mitochondrial dysfunction is common in AP and has serious
effects (6), therefore further studies are also needed to reveal how
KYNA or its derivatives modulate that.

AP is often accompanied by acid-base disturbance. Our
earlier work showed the relationship between AP severity and
metabolic acidosis (38). Meta-analyses of clinical studies
confirmed that the severity of AP relates to the extent of
metabolic acidosis. Furthermore, experimental AP aggravated
the pre-existing acid-base imbalance. There are several
mechanisms that trigger metabolic acidosis during AP, e.g. loss
of bicarbonate-rich pancreatic juice through pancreatic fistula or
drainage, lactic acidosis due to shock or sepsis which can develop
in AP (39). An important observation was that both KYNA and
SZR-72 effectively restored the decreased pH and HCO3

-

concentration in the plasma. The exact mechanism how they
affect the acid-base balance is unknown, but this effect could also
contribute to the reduced disease severity.

HSP72 is an inducible chaperon which is upregulated in
different conditions of stress like inflammation. It was found
earlier that thermal stress-induced HSP72 increase could protect
against AP (40, 41), and pharmacological induction of HSP72 by
BRX-220 was also effective in treatment of experimental AP (42,
43). Furthermore, overexpression of HSP72 in transgenic mice
enhanced recovery from AP (44). In our study, we showed that
both KYNA and SZR-72 significantly increased pancreatic
HSP72 expression in rats. Pancreatic HSP72 expression was
A B

FIGURE 7 | Detection of N-methyl-D-aspartate receptor 1 (NMDAR1) expression. (A) NMDAR1 mRNA expression in brain cortex and pancreas, (B) representative
immunofluorescent images (NMDAR1, amylase, and cellular nuclei stainings) of pancreatic tissue (scale bar: 20 µm). Panc, pancreas.
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also increased in AP, KYNA or SZR-72 treatment further
upregulated protein expression. SZR-72 was significantly more
potent HSP72-inducer than KYNA. The effects of KYNA or
SZR-72 on HSP72 can be one of the mechanisms how they exert
protection in AP.

NMDAR1 receptor expression was present in pancreatic
tissue even in physiological conditions. Surprisingly, NMDAR1
protein expression was increased by the progression of AP.
This phenomenon could be explained by three reasons (1):
pancreatic cells (e.g. acinar, ductal, beta cells) increased their
Frontiers in Immunology | www.frontiersin.org 12127
expression of NMDAR1 (2); invading leukocytes express the
receptor (3); the previous two together. We tested whether
KYNA or SZR-72 exert their effects via NMDAR1. In vitro
acinar cell LO toxicity measurements demonstrated that the
observed protection of KYNA or SZR-72 was unlikely to be
related to NMDAR1. Receptor agonist NMDA did not influence
the effects of receptor antagonists KYNA or SZR-72 even at ten
times the concentration. Therefore, the observed protection
against LO-AP could be a direct effect or could be mediated by
another receptor like GPR35. KYNA is an endogenous
A

B

C

FIGURE 8 | Toxicity measurements on isolated pancreatic acinar cells. (A) Toxicity of KYNA, SZR-72, and N-methyl-D-aspartate (NMDA) in different concentrations.
(B) Toxic effect of L-ornithine-HCl (LO) combined with KYNA, SZR−72 or NMDA treatments. One-way ANOVA was performed followed by Holm-Sidak post-hoc test.
Statistically significant differences (p<0.05) were marked with: (a) vs. control; (b) vs. LO; (c) vs. LO+250 µM KYNA; (d) vs. LO+2500 µM KYNA; (e) vs. LO+250 µM SZR-
72. (C) Toxicity of co-treatment of LO (20 µM) and NMDA (25, 250, 2500 µM) combined with 250 µM KYNA or SZR-72. One-way ANOVA was performed followed by
Holm-Sidak post-hoc test. Statistically significant differences (p<0.05) were marked with: (a) vs. control; (b) vs. LO; (c) vs. LO+250 µM KYNA+25 µM NMDA; (d) vs.
LO+250 µM KYNA+250 µM NMDA. Values represent means with standard error, n=4-10.
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antioxidant, and it can decrease ROS release evoked by AP (45).
GPR35 receptor is present in macrophages, eosinophil and
basophil granulocytes, mast cells, natural killer T cells, and
several cells along the digestive tract (46). GPR35 activation
will result in decreased intracellular Ca2+ and cAMP signals,
inhibition of phosphoinositide 3-kinase/protein kinase B
and mitogen-activated protein kinase (MAPK) pathways.
All these effects of KYNA-GPR35 interactions contribute to
immunosuppression. Our goal was not to investigate the
GPR35-mediated effect of KYNA or SZR-72 in AP, but further
studies can focus on it.

KYNA or SZR-72 markedly reduced the pancreatic IL-1b
expression in vivo. However, this effect seems to be independent
of acinar cells. Therefore, the tested agents most probably affect
leukocytes, and this can result in decreased cytokine release from
the pancreatic tissue. Neutrophil granulocytes are the first
inflammatory cells reaching the pancreas during AP. ROS such
as H2O2 is produced in large quantities by neutrophils which
Frontiers in Immunology | www.frontiersin.org 13128
reflects the activity of these cells (47). Our measurements showed
that in vivo administration of SZR-72 reduced H2O2 production
in neutrophil granulocytes isolated from AP rats. Since
neutrophils contribute to AP by amplifying the inflammatory
cascade, the reduced activity of these cells by KYNA or SZR-72 is
also beneficial and can contribute to their mechanism of action.

In conclusion, we showed that treatment with endogenous
tryptophan metabolite KYNA and its synthetic analog SZR-72
dose dependently reduced the severity of experimental AP
(Table 2). There may be several mechanisms mediating this
protective effect. Both molecules reduce the pancreatic
expression of the proinflammatory cytokine IL-1b and increase
the expression of HSP72 protein. These compounds also
ameliorate metabolic acidosis, and restore hemodynamic
parameters including pancreatic microcirculation. Their action
seems to be independent of acinar NMDAR1 in AP. SZR-72 also
suppresses the activation of neutrophil granulocytes. Overall,
these molecules could be beneficial in AP.
FIGURE 9 | Time course of H2O2 production of neutrophil granulocytes isolated from rats treated with physiological saline, LO or LO+300 mg/kg SZR-72. Values
represent means with standard error, n=4. Two-way ANOVA was performed followed by Bonferroni post-hoc test. Statistically significant differences (p<0.05) were
marked with: (*) control vs. LO; (#) LO vs. LO+SZR-72; ($) control vs. LO+SZR-72.
TABLE 2 | Summarizing the effects (in vivo: 300 mg/kg; in vitro: 250 µM) of KYNA and SZR-72 in AP.

KYNA SZR-72

Experimental AP
(in vivo)

Pancreatic effects Histological parameters ↓↓ ↓↓
MPO ↓↓ ↓↓
Water content ↓↓ ↓↓
Local microcirculation Partially restored Partially restored
IL-1b expression Restored Restored
HSP72 expression
during AP

↑↑ ↑↑

HSP72 expression in physiological conditions ↑ ↑↑
Systemic effects Serum amylase ↓↓ ↓↓

Cardiac output Restored Restored
Metabolic acidosis Restored Restored

In vitro experiments Pancreatic acinar cells Cell protection ++ +
IL-1b expression no effect no effect

Neutrophil granulocytes Suppression of ROS production N.A. ++
O
ctober 2021 | Volume 12
Explanation of symbols and phrases: ↓, decrease; ↑, increase; +, positive effect; restored/partially restored, the measured condition during AP was restored/partially restored to control
levels after KYNA or SZR-72 treatment. AP, acute pancreatitis; HSP72, heat shock protein 72; IL-1b, interleukin-1b; KYNA, kynurenic acid; N.A., not available; MPO, myeloperoxidase;
ROS, reactive oxygen species; SZR-72, 2-(2-N,N-dimethylaminoethyl-amine-1carbonyl)-1H-quinolin-4-one hydrochloride.
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Indoleamine 2,3-Dioxygenase
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trachomatis Growth in HL-60
Human Neutrophil Granulocytes
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Dóra Paróczai1, Valéria Endrész1, Tamás Janáky2 and Katalin Burián1

1 Department of Medical Microbiology, Albert Szent-Györgyi Health Center and Faculty of Medicine, University of Szeged,
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Aims: Neutrophil granulocytes are the major cells involved in Chlamydia trachomatis (C.
trachomatis)-mediated inflammation and histopathology. A key protein in human
intracellular antichlamydial defense is the tryptophan-degrading enzyme indoleamine
2,3-dioxygenase (IDO) which limits the growth of the tryptophan auxotroph Chlamydia.
Despite its importance, the role of IDO in the intracellular defense against Chlamydia in
neutrophils is not well characterized.

Methods: Global gene expression screen was used to evaluate the effect of C.
trachomatis serovar D infection on the transcriptome of human neutrophil granulocytes.
Tryptophan metabolite concentrations in the Chlamydia-infected and/or interferon-
gamma (IFNG)-treated neutrophils were measured by ultra-high-performance liquid
chromatography–tandem mass spectrometry (UHPLC–MS/MS).

Results: Our results indicate that the C. trachomatis infection had a major impact on
neutrophil gene expression, inducing 1,295 genes and repressing 1,510 genes. A
bioinformatics analysis revealed that important factors involved in the induction of
neutrophil gene expression were the interferon-related transcription factors such as
IRF1-5, IRF7-9, STAT2, ICSB, and ISGF3. One of the upregulated genes was ido1, a
known infection- and interferon-induced host gene. The tryptophan-degrading activity of
IDO1 was not induced significantly by Chlamydia infection alone, but the addition of IFNG
greatly increased its activity. Despite the significant IDO activity in IFNG-treated cells, C.
trachomatis growth was not affected by IFNG. This result was in contrast to what we
observed in HeLa human cervical epithelial cells, where the IFNG-mediated inhibition of C.
trachomatis growth was significant and the IFNG-induced IDO activity correlated with
growth inhibition.
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Conclusions: IDO activity was not able to inhibit chlamydial growth in human neutrophils.
Whether the IDO activity was not high enough for inhibition or other chlamydial growth-
promoting host mechanisms were induced in the infected and interferon-treated
neutrophils needs to be further investigated.
Keywords: Chlamydia, Chlamydia trachomatis, IDO, interferon, neutrophil, polymorphonuclear (PMN), granulocyte
INTRODUCTION

Chlamydia trachomatis is an obligate intracellular bacterium that
causes a variety of medically important diseases, including
conjunctivitis, trachoma, pelvic inflammation, infertility, and
lymphogranuloma venereum (1). The histopathological
background of these diseases includes a profound acute
inflammation that frequently leads to chronic inflammation
and fibrosis. It is well known that neutrophil granulocytes or
polymorphonuclear leukocytes play an important role in the
Chlamydia-mediated acute inflammatory process. In animal
models, the most abundant leukocyte cell type was the
neutrophil granulocyte during early Chlamydia infection (2).
The presence of neutrophils was also observed in C. trachomatis-
infected human endocervical samples (3). Conjunctival samples
taken from children with active trachoma also showed the
expression of various genes that could be linked to neutrophils
(4). While there are conflicting results concerning the role of
neutrophils in suppressing Chlamydia growth (5), neutrophils
are considered as being a major source of Chlamydia infection-
induced tissue damage and remodeling (6).

A key factor in human intracellular defense against
Chlamydia infection is the infection- and IFNG-induced host
indoleamine 2,3-dioxygenase (IDO) activity (7, 8). IDO is a rate-
limiting enzyme in the kynurenine pathway of tryptophan
catabolism. Restricting the availability of tryptophan for
Chlamydia is, in theory, an effective defense mechanism that
can work in human cells, and it may work in murine cells also
(9). Besides pattern recognition by the host cells, IFNG produced
by T cells (10) and NK cells (11) is a key cytokine that is involved
in the upregulation of IDO expression in Chlamydia-infected
cells (8). While the defensive role of IDO was described mostly in
Chlamydia-infected epithelial cells (7), according to the Human
Protein Atlas, IDO is produced by a variety of other cell types,
such as endothelial cells, fibroblasts, lymphocytes, monocytes/
macrophages, dendritic cells, and neutrophils (12). The
induction and potential role of IDO in neutrophil
antichlamydial intracellular defense is less described. Here we
investigated the global gene expression altered by C. trachomatis
infection in the human neutrophil cell line HL-60, and we
detected extensive host gene expression changes. The ido1 gene
was found among the upregulated genes with 8.31-fold of
upregulation. We characterized the activity of IDO in
Chlamydia-infected and IFNG-treated HL-60 cells and as a
control in HeLa human cervical epithelial cells. We detected
major differences in the IFNG-induced IDO activity and IFNG-
induced chlamydial growth suppression in HL-60 cells and
HeLa cells.
org 2132
MATERIALS AND METHODS

Chlamydia Strain
C. trachomatis serovar D strain UW-3/CX was propagated in
HeLa 229 cells. Infectious chlamydial elementary bodies were
purified by density gradient centrifugation, and inclusion-
forming units (IFU) were determined as described previously
(13). A mock sample was prepared from uninfected HeLa cell
monolayer processed in the same way as the infected cells.

Cell Culture and Infection
HL-60cellsweremaintained inRPMI-1640mediumsupplemented
with 10% v/v heat-inactivated fetal bovine serum (FBS; Gibco,
Germany), 2 mmol/l of L-glutamine, 8 mmol/l HEPES, 25 mg/ml
gentamycin, and 1 µg/ml fungizone under humidified air
containing 5% CO2 at 37°C. The HL-60 cells were differentiated
in culture medium supplemented with 12.5 ml/ml dimethyl
sulfoxide for 5 days (14). The differentiated HL-60 cells were
infected with C. trachomatis serovar D at a multiplicity of
infection (MOI) of 4 or an identical volume of mock sample for
1 h in 0.5% glucose containing medium without centrifugation.
After infection, the HL-60 cells were washed twice with phosphate-
buffered saline (PBS), and culture medium without cycloheximide
was added. For microarray studies, tryptophan catabolism
measurements, and Western blot, HL-60 cells infected in six-well
plates (1 × 106 cells in 3 ml medium) were washed twice with PBS
and collected at 24 h post-infection (parallel measurements were
performed; n = 3 for microarray analysis, n = 4 for tryptophan
catabolism measurements, and n = 3–4 for Western blot). For cell
viability assays and direct and recoverable chlamydial growth
measurements, HL-60 cells were infected in 96-well plates (4 ×
104 cells in 0.1 ml medium), washed twice with PBS, and collected
at 24 h (cell viability assays) or 48 h post-infection in sucrose–
phosphate–glutamic acid buffer (SPG) or analyzed
(parallel measurements were performed; n = 8 for 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assays, n = 4 for viable cell counting, and n = 5 for chlamydial
growth measurements).

HeLa 229 cells were maintained in minimal essential medium
(MEM) with Earle salts supplemented with 10% heat-inactivated
FBS (Gibco), 2 mmol/l L-glutamine, 1× MEM vitamins, 1× non-
essential aminoacids, 25mg/ml gentamycin, and1µg/ml fungizone.
TheHeLa cells were infectedwithC. trachomatis (MOI, 4) for 1 h in
0.5% glucose containing medium without centrifugation. After
infection, the HeLa cells were washed twice with PBS, and culture
medium without cycloheximide was added. For the microarray
studies, tryptophan catabolism analysis, and Western blot, HeLa
cells infected in six-well plates (1 × 106 cells in 3 ml medium) were
November 2021 | Volume 12 | Article 717311
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washed twice with PBS and collected at 24 h post-infection (parallel
measurements were performed; n = 3 formicroarray analysis, n = 4
for tryptophan catabolism analysis, and n = 3–4 for Western blot).
For cell viability assays and direct and recoverable chlamydial
growth measurements, HeLa cells infected in 96-well plates (4 ×
104 cells in 0.1 ml medium) were washed twice with PBS and
collected at 24 h (cell viability assays) or 48 h post-infection in
SPG or analyzed (parallel measurements were performed; n = 8 for
MTT assays, n = 4 for viable cell counting, and n = 5 for chlamydial
growth measurements).

For IFNG-induced IDO activity measurements and chlamydial
growth suppression experiments, recombinant human IFNG
(PeproTech, London, UK) was diluted in culture medium
without cycloheximide. IFNG was added to the cells immediately
after the infection. For tryptophan degradation measurements,
Western blot assay, and transmission electron microscopy
(TEM), 20 IU/ml IFNG was used. For cell viability and
chlamydial growth monitoring experiments, 20, 40, and 80 IU/ml
IFNG were added.

Determination of Recoverable C.
trachomatis Growth on McCoy Cells
McCoy cells were transferred into the wells of the 96-well plate
with a density of 4 × 104 cells/well in 100 µl of MEM and were
incubated overnight at 37°C and 5% CO2 to get a 90% confluent
cell layer. Before the infection, the wells were washed twice with
100 ml/well of PBS. After washing, 90 µl of the culture medium
with 0.5% glucose was added to each well. For the determination
of the recoverable C. trachomatis growth, 10 µl of the C.
trachomatis-infected and the C. trachomatis-infected + IFNG-
treated HeLa and HL-60 cell lysates produced by two freeze–
thaw cycles in SPG were transferred onto the McCoy cells. The
cells were centrifuged for 1 h at 800 × g and were incubated for
48 h in cycloheximide-containing (1 µg/ml) growth medium. All
the cell culture reagents were purchased from Sigma (St. Louis,
MO, USA) unless otherwise indicated.

Microarray Hybridization and
Data Analysis
Total RNA was extracted from C. trachomatis-infected and
uninfected control HL-60 cells (n = 3) with Tri Reagent according
to the instructions of the manufacturer (Sigma). Total RNA
quantity (OD260) and quality (OD260/280) were measured by a
NanoDrop Lite spectrophotometer (Thermo Scientific, Waltham,
MA, USA). Affymetrix (Santa Clara, CA, USA) GeneChip Human
PrimeView arrays were used to analyze global expression. The
amplification and labeling of RNAwas performed according to the
protocol of the manufacturer. Briefly, 3’IVT Expression Kit
(Affymetrix) and GeneChip WT Terminal Labeling and Control
Kit (Affymetrix) were used for amplifying and labeling 250 ng of
total RNA samples. The labeled cRNA samples were hybridized at
45°C for 16 h, then a standard washing protocol was performed
using GeneChip Fluidics Station 450, and the arrays were scanned
on GeneChip Scanner 7G (Affymetrix) and CEL files were
generated. The CEL files were processed using Expression
Console (Affymetrix) software to generate CHP files using Robust
Multichip Average normalization algorithm. The CHP files were
Frontiers in Immunology | www.frontiersin.org 3133
imported into Transcriptome Analysis Console 2.0 (Affymetrix)
software to identify differentially expressed genes between the two
conditions. To determine the statistical significance, an unpaired
one-way ANOVA test was used with Benjamini–Hochberg false
discovery rate (FDR) for correcting the multiple testing. The
statistical significance was considered at FDR p-value <0.05 and a
fold-change value ≥2.0. Gene Ontology biological function-based
grouping and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis of the differentially expressed genes
were performed by the DAVID (15) and g:Profiler (16) online
tools. Identification of enriched transcription factor binding sites in
the promoter region of the significantly upregulated genes was
performed by the g:Profiler online tool.

Measurement of IDO1 Protein Expression
by Western Blotting
HL-60 and HeLa cells (106 cells/sample) were lysed in RIPA
buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM
Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate,
2.5 mM sodium pyrophosphate, 1 mM b-glycerophosphate, 1
mM Na3VO4, 1 mg/ml leupeptin; #9806, Cell Signaling
Technology, Danvers, MA, USA) supplemented with protease
inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA), and
samples were centrifuged at 13,000 rpm for 5 min at 4°C.
Then, the protein concentrations of the supernatants were
measured using a BCA assay kit (Pierce Chemical, Rockford,
IL, USA). Equal amounts of proteins were separated on
polyacrylamide gel and transferred onto Protran nitrocellulose
membranes (GE Healthcare, Amersham, UK). After blocking
with 5% non-fat dry milk, the membranes were incubated
overnight with rabbit polyclonal anti-IDO1 (A1614; ABclonal,
Woburn, MA, USA) and mouse monoclonal anti-alpha-tubulin
(T9026; Sigma-Aldrich, St. Louis, MO, USA) antibodies. Then,
the membranes were incubated with HRP-conjugated anti-rabbit
(P0448) and anti-mouse (P0161) secondary antibodies (DAKO,
Glostrup, Denmark). The peroxidase activity was detected using
the enhanced chemiluminescence procedure (Advansta, Menlo
Park, CA, USA). Signal intensities were quantified using the
QuantityOne software program (Bio‐Rad, Hercules, CA, USA).

UHPLC–MS/MS Reagents and Chemicals
See Supplementary File 1.

Preparation of Standard, Internal
Standard, and Quality Control Solutions
See Supplementary File 1.

UHPLC–MS/MS Method Validation,
Linearity, Limit of Detection,
and Limit of Quantification
See Supplementary File 1 and Supplementary Tables 1, 2.

UHPLC–MS/MS Methods for
Targeted Metabolomics
The applied bioanalytical method optimization and its
applicability for human body fluids (cerebrospinal fluid, serum,
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and plasma) were described in our previous publications (17,
18). The UHPLC separation of TRP and its metabolites was
performed on an ACQUITY I-Class UPLC™ l iquid
chromatography system (Waters, Manchester, UK) consisting
of Binary Solvent Manager, Sample Manager-FL, and Column
Manager. The UPLC system was controlled using MassLynx
4.1 SCN 901 (Waters). Chromatographic separation for
quantitative analysis of tryptophan and its 11 metabolites in
the cell homogenate supernatant was performed at 25°C on a
pentafluorophenyl (PFP) column (Phenomenex, Torrance,
CA, USA; 100 Å, 100 × 2.1 mm, particle size 2.6 mm)
protected by a PFP guard column (Phenomenex) using 0.1%
(v/v) aqueous FA as solvent A and MeOH containing 0.1% (v/
v) FA as solvent B. Then, 10 ml of the sample was injected into
the UHPLC–MS/MS system. The mass spectrometric
measurements were conducted using a Q Exactive™ Plus
Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo
Fisher Scientific, San Jose, CA, USA) connected online to the
UHPLC instrument as described previously (17). A divert
valve placed after the analytical column was programmed to
switch flow onto the mass spectrometer only when analytes of
interest were eluted from the column (1.4–5.0 min) to prevent
excessive contamination of the ion source and ion optics. The
washing procedures of the autosampler before and after
injecting the samples were programmed to avoid the carry-
over of analytes.

Preparation of HL-60 and HeLa Cell
Homogenates for Targeted Metabolomics
Uninfected/untreated controls, C. trachomatis-infected, IFNG-
treated, and infected+IFNG-treated cells were produced as
described above. To remove cell culture media, HL-60 and
HeLa cells were washed twice with PBS before processing.
Prior to profiling the kynurenine and serotonin pathways,
samples were relabeled, and hence a blind study was
conducted. For the quantification of tryptophan and its
metabol i tes , the HL-60 and HeLa cel l l ines were
homogenized with an ultrasonic homogenizer in 120 ml PBS
for 2 min on ice (with 2-s homogenization and 4-s resting
cycles) and centrifuged after for 15 min at 15,000 × g at 4°C.
Briefly, after centrifugation to 90 ml of each cell homogenate
supernatant sample, 10 ml 0.1% (v/v) of aqueous FA and 300 ml
of ice-cold ACN containing 10 ml of the SIL-IS mix (the same
as that used in the preparation of the calibration standards)
were added, and the mixture was vortexed for 30 s. Samples
were incubated for 30 min at −20°C to support protein
precipitation, and the supernatant was obtained via
centrifugation of the mixture for 15 min at 15,000 × g at
4°C. The supernatant (390 ml) was transferred to a new tube,
centrifuged for 15 s, and then split into two equal portions.
After concentration in vacuum (Speed Vac Plus, Savant, RI,
USA), half of the sample was treated with 70 ml of derivatizing
reagent (n-butanol–acetyl chloride, 9:1, v/v) and incubated for
1 h at 60°C. The mixture was dried under nitrogen before
reconstitution. Both parts of the sample were dissolved in 75 ml
of the starting eluent, vortexed, centrifuged, and combined.
Frontiers in Immunology | www.frontiersin.org 4134
Characterization of the Impact of IFNG on
the Viability of HL-60 and HeLa Cells
MTT assay was performed to calculate the impact of IFNG on
the viability of HL-60 and HeLa cells. Cell culture media were
supplemented with 0, 20, 40, and 80 international unit/ml (IU/
ml) IFNG, and the viability was assessed after 24 h of treatment
as described earlier (19). The same experimental setup was used
for viable cell count measurements. After 24 h of IFNG
treatment, trypan blue exclusion method was used to count the
viable cells. Cell counting was performed by a Countess 3FL
automated cell counter (ThermoFisher, Waltham, MA, USA).

Direct Quantitative PCR Measurement of
C. trachomatis Genome Concentration
Measurement of chlamydial genome accumulation was used as a
proxy to estimate C. trachomatis replication as described before
(20). Briefly, the infected cells underwent two freeze–thaw cycles
to make the chlamydial DNA accessible. The cell lysates were
used directly as templates in the qPCR. Direct qPCR was applied
to measure the relative chlamydial genome concentration in a
Bio-Rad CFX96 real-time system. The qPCR mix contained the
SsoFast™ EvaGreen® qPCR Supermix (Bio-Rad, Hercules, CA,
USA) master mix and the C. trachomatis primer pair pykF: 5’-
GTTGCCAACGCCATTTACGATGGA-3’ and pykR: 5’-TGC
ATGTACAGGATGGGCTCCTAA-3 ’ . F o r abso lu t e
quantitation, the pyk qPCR product was purified with
GenElute PCR Clean-Up Kit (Sigma), and its concentration
was determined by a NanoDrop Lite spectrophotometer
(Thermo Scientific, Waltham, MA, USA). The pyk gene copy
number in the purified qPCR product was calculated as
described before (21). The chlamydial genome content of HL-
60, HeLa, and McCoy samples was determined by a comparison
of their pyk gene cycle threshold (Ct) levels to the Ct levels of
samples which consisted of a known copy number of pyk-
purified qPCR product diluted in HL-60, HeLa, and McCoy
cell lysates as described before (21).

TEM of IFNG-Treated and Infected HL-60
and HeLa Cells
HL-60 and HeLa cells were infected with C. trachomatis (MOI, 4)
and were treated with 20 IU/ml IFNG or left untreated. At 48 h
post-infection, the cells were pelleted and were fixed with 3%
glutardialdehyde in PBS, pH 7.4. The specimens were embedded
in Embed 812 (EMS, Hatfield, PA, USA), and 70-nm-thin
sections were prepared with an Ultracut S ultra-microtome
(Wetzlar, Germany). After staining with uranyl acetate and
lead citrate, the sections were observed with a Jeol 1400 plus
electron microscope (Freising, Germany).

Statistical Analysis of
UHPLC–MS/MS Data
The calculation of the peak area ratios and the calibration and
quantitation of the analytes was performed from collected raw
data using Xcalibur™ Quan Browser software (Thermo Fisher
Scientific). The processed data for the peak area, peak area ratio,
retention time, and concentrations were exported into Microsoft
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Excel software. The resulting concentrations of tryptophan and
its metabolites were normalized to the cell numbers of the
samples. An unpaired one-way ANOVA test was used, which
was corrected for multiple comparisons by controlling the FDR
by a two-stage linear step-up procedure of Benjamini, Krieger,
and Yekutieli. The statistical significance was considered at FDR
P-value <0.05.

Statistical Analysis of C. trachomatis
Growth and Western Blot Data
The Chlamydia genome copy numbers in untreated and IFNG-
treated samples (n = 5) were compared by an unpaired one-way
ANOVA test corrected for multiple comparisons by controlling
the FDR by a two-stage linear step-up procedure of Benjamini,
Krieger, and Yekutieli. The statistical significance was considered
at FDR P-value <0.05. Quantified Western blot protein
expression signal intensities were evaluated. Statistical
differences between groups (n = 3-4) were analyzed by an
unpaired one-way ANOVA test corrected for multiple
comparisons by controlling the FDR by a two-stage linear
step-up procedure of Benjamini, Krieger, and Yekutieli. The
statistical significance was considered at FDR P-value <0.05.
GraphPad Prism 9.2.0 software (GraphPad Software Inc., San
Diego, CA, USA) was used for graphing and statistical analyses.
RESULTS

Global Gene Expression Analysis of the
C. trachomatis-Infected HL-60 Cells
A microarray analysis was performed to get a global view on the
impact of C. trachomatis infection on the gene expression
changes of human neutrophils. Our results showed that C.
trachomatis infection had a significant impact on neutrophil
gene expression, inducing 1,295 genes and repressing 1,510
genes (≥twofold). The list of significantly upregulated and
downregulated genes is presented in Supplementary Table 3.
In order to get functional information on the altered
genes, we performed a Gene Ontology biological function-
based classification using the g:Profiler online analysis tool
(16) (Figure 1A) (g:Profiler analysis data is included in
Supplementary Table 4). Our analysis revealed that many of
the enriched functional groups among the upregulated genes
were related to neutrophil activation, such as “cellular response to
lipopolysaccharide”, “regulation of reactive oxygen metabolic
process”, and “neutrophil activation involved in immune
response”. A second, even more prominent, theme was related
to cytokine secretion and response to cytokines, indicating the
infection-induced cytokine production and autocrine–paracrine
response (signal transduction, gene expression induction) to
these cytokines. Among these groups, “cytokine production”,
“response to cytokine”, “response to interferon-gamma”,
“response to type 1 interferon”, and “intracellular signal
transduction” were found. KEGG pathway analysis by g:Profiler
also found the “cytokine–cytokine receptor interaction”,
“chemokine signaling pathway”, “TNF signaling pathway”, and
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“JAK-STAT signaling pathway” to be significantly enriched
among the upregulated genes. Other pathways like “Toll-like
receptor signaling pathway”, NOD-like and RIG-I-like receptor
signaling pathways, and “NF-kappa B signaling pathway”
were related to bacterial pattern recognition (Figure 1B).
Enriched functional groups among the downregulated genes
were mainly related to cell division and metabolism
(Figure 2A). The KEGG pathway analysis also found various
amino acid metabolism, lipid metabolism, nucleotide
metabolism, and cell cycle-related pathways to be enriched
among the downregulated genes (Figure 2B).

Regulation of the Expression of
Induced Genes in the C. trachomatis-
Infected HL-60 Cells
The g:Profiler analysis of the promoter sequences of the
upregulated genes identified several transcription factor-
binding motifs to be highly significantly enriched in these
sequences. We found inflammation-related transcription
factors, such as AP1 (C-FOS, C-JUN) transcription factors and
NF-kappaB, among the enriched ones. The most significantly
enriched transcription factor motifs, such as IRF1-5, IRF7-9,
STAT2, ICSB, and ISGF3, were related to IFN signaling
(Figure 3A). Supporting these data, the transcription factor
genes stat1-3, stat6, irf1-2, irf7, and irf9 were found to be
upregulated by C. trachomatis infection. These data indicate
that self-produced IFNs had a major impact on the gene
expression of neutrophils. The DAVID pathway analysis of the
upregulated genes identified “Toll-like receptor signaling
pathway” that contained a significant number of upregulated
genes (Benjamini adjusted P-value: 3.9 × 10-13) and could lead to
type-I IFN production (Figure 3B). Various members of this
pathway, including type-I IFN genes themselves (ifna1, ifna2,
ifna8, and ifnb1), were upregulated. These IFNs are able to bind
to their receptors, such as the upregulated ifnar1-2, and induce
the JAK-STAT cascade and eventually the expression of target
genes. Among the target genes, we found the key antichlamydial
gene ido1 which is known to be induced by Chlamydia infection
and interferon, especially IFNG (8).

Impact of C. trachomatis Infection
and IFNG on Tryptophan Degradation
in HL-60 and HeLa Cells
Western blot was used to determine whether Chlamydia
infection and/or IFNG treatment induced IDO1 protein
expression (Figures 4A, B). As a control, HeLa cervical
epithelial cells were used, which is permissive for C. trachomatis,
and IFNG induces IDO expression in these cells (22). Uninfected/
untreated and C. trachomatis-infected HL-60 and HeLa cells did
not express IDO1. IFNG treatment induced IDO1 expression in
both cell lines, indicating that IFNG is the major inducer of IDO1.
Differently from HeLa cells and possibly due to infection-induced
type-I IFN production, C. trachomatis infection significantly
increased the IDO1 expression in IFNG-treated HL-60 cells
compared to IFNG-only-treated cells. To test whether IDO1 was
functional, we performed a UHPLC–MS/MS analysis of the
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uninfected/untreated and infected and/or IFNG treated HL-60 and
HeLa cells at 24 h post-infection (Figures 5A–C). A low level of
kynurenine production was detected in the uninfected/untreated HL-
60 cells, which was not increased significantly by C. trachomatis
infection. IFNG treatment and C. trachomatis infection+IFNG
treatment greatly increased the tryptophan catabolism. The average
Frontiers in Immunology | www.frontiersin.org 6136
kynurenine levels were 19.21-fold and 20.43-fold higher than in the
uninfected/untreated cells, respectively. Despite the higher IDO1
protein expression in the infected+IFNG-treated cells than in the
IFNG-treated cells, the kynurenine levels were not significantly
different. Interestingly, C. trachomatis infection increased the total
tryptophan level compared to the uninfected/untreated control cells.
A

B

FIGURE 1 | Functional analysis of the Chlamydia trachomatis infection-induced genes. (A) Gene Ontology analysis of significantly enriched biological function terms
containing differentially expressed genes. The names and significance levels of enrichment of selected functional category terms are shown. (B) Analysis of
significantly enriched Kyoto Encyclopedia of Genes and Genomes pathways containing induced genes. The names and significance levels of enrichment of selected
pathways are shown. The color coding of biological function and pathway term enrichment P-values denotes the significance level of enrichment. The color scale
shows the –log10 P-value of enrichment.
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On the other hand, addition of IFNG to the C. trachomatis-infected
cells significantly increased kynurenine production (9.56-fold
compared to infected only) that led to a moderate but significant
decrease in tryptophan concentration. Downstream metabolites,
such as kynurenic acid, 3-hydroxyanthranilic acid, picolinic acid,
and especially quinolinic acid, could be detected in the C.
trachomatis infected+IFNG treated cells, but not in the infected-
only cells. The HeLa cells showed a slightly different tryptophan
degradation pattern. The uninfected/untreated cells produced a low
level of kynurenine, but differently from HL-60, other downstream
metabolites could also be detected at low concentrations. C.
trachomatis infection induced an increase in tryptophan
Frontiers in Immunology | www.frontiersin.org 7137
concentration. The addition of IFNG to the infected cells greatly
increased the kynurenine concentration (131-fold), but it did not
lead to a significant decrease in tryptophan concentration compared
to the infected cells. Similarly to HL-60, the addition of IFNG to the
infected cells resulted in a higher kynurenic acid and 3-
hydroxyanthranilic acid production. Differently from HL-60 cells,
the addition of IFNG to the infected cells induced anthranilic acid
and xanthurenic acid production but could not induce a significant
change in picolinic acid production. Anthranilic acid and
xanthurenic acid production could not be detected in HL-60 cells,
while 3-hydroxykynurenine and quinolinic acid production could
not be detected in HeLa cells.
A

B

FIGURE 2 | Functional analysis of the Chlamydia trachomatis infection repressed genes. (A)Gene Ontology analysis of significantly enriched biological function terms
containing repressed genes. The names and significance levels of enrichment of selected functional category terms are shown. (B) Analysis of significantly enriched Kyoto
Encyclopedia of Genes and Genomes pathways containing repressed genes. The names and significance levels of enrichment of selected pathways are shown. The color
coding of biological function and pathway term enrichment P-values denotes the significance level of enrichment. The color scale shows the –log10 P-value of enrichment.
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Impact of IFNG on the Growth of C.
trachomatis in HL-60 and HeLa Cells
To exclude the antichlamydial effects of IFNG due to general
cytotoxicity, we performed MTT based viability assays and
trypan blue exclusion-based viable cell counts. These
measurements showed that none of the IFNG concentrations
had a significant impact on the viability of the HL-60 cells
(Figures 6A, B). The MTT viability assay of HeLa cells showed
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a moderate but concentration-independent decrease in cell
reduction capacity by IFNG treatment (13.23–16.33% decrease
compared to untreated control), but the number of viable cells
did not change significantly by any of the applied IFNG
concentrations (Figures 6A, B). As an alternative of the
immunofluorescence-based growth monitoring (23), we
measured the chlamydial genome content at 48 h post-
infection in both cell lines and also the recoverable chlamydial
A

B

FIGURE 3 | Regulation of Chlamydia trachomatis infection-induced neutrophil gene expression. (A) Identification of the enriched transcription factor binding sites
among the promoters of the C. trachomatis infection-induced genes. The names and significance levels of enrichment of selected transcription factors are shown.
The color coding of transcription factor binding site enrichment P-values represents the significance level of enrichment. The color scale denotes the –log10 P-value
of enrichment. (B) C. trachomatis infection-induced genes mapped to the Kyoto Encyclopedia of Genes and Genomes Toll-like receptor signaling pathway. C.
trachomatis infection-induced genes are shown in magenta.
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A B

FIGURE 4 | IDO1 expression in HL-60 and HeLa cells. Cells were infected with Chlamydia trachomatis (multiplicity of infection, 4) and were treated with 20 IU/ml
interferon-gamma or left untreated. (A) Western blot was performed at 24 h post-infection. A representative Western blot is shown. (B) Western blot band intensities
were quantified, and IDO1 expressions were normalized by a-tubulin expression. The normalized intensities in each cell type were compared by one-way ANOVA,
with correction for multiple testing. Data are mean ± SD (n = 3–4). ***P < 0.001.
A B

C

FIGURE 5 | Impact of Chlamydia trachomatis infection and interferon-gamma (IFNG) treatment on the tryptophan catabolism of HL-60 and HeLa cells. (A) Simplified
pathway of tryptophan catabolism, containing the principal enzymes kynurenine aminotransferase, kynurenine-3-monooxygenase, kynureninase, indoleamine-2,3-
dioxygenase, and tryptophan-2,3-dioxygenase. (B) UHPLC–MS/MS measurement of tryptophan degradation products at 24 h post-infection/treatment in C.
trachomatis-infected and/or IFNG-treated HL-60 cells. (C) UHPLC–MS/MS measurement of tryptophan degradation products at 24 h post-infection/treatment in C.
trachomatis-infected and/or IFNG-treated HeLa cells. TRP, L-tryptophan; KYN, L-kynurenine; KYNA, kynurenic acid; 3-HK, 3-hydroxykynurenine; ANA, anthranilic
acid; XA, xanthurenic acid; 3-HANA, 3-hydroxyanthranilic acid; PICA, picolinic acid; QUIN, quinolinic acid. Data are mean ± SD (n = 4). One-way ANOVA with
correction for multiple testing was used to compare the metabolite concentrations between uninfected/untreated and infected and/or IFNG-treated cells. *P < 0.033;
**P < 0.002; ***P < 0.001.
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A B

C D E

F G H

FIGURE 6 | Impact of interferon-gamma (IFNG) on the growth of Chlamydia trachomatis in HL-60 and HeLa cells. (A) Impact of IFNG on the viability of HL-60 and
HeLa cells. MTT cell viability assay of HL-60 and HeLa cells incubated with 0–20–40–80 IU/ml IFNG for 24 h. Data are mean ± SD (n = 8). (B) Viable cell counting of
HL-60 and HeLa cells incubated with 0–20–40–80 IU/ml IFNG for 24 h. Data are mean ± SD (n = 4). To quantify C. trachomatis growth, HL-60 and HeLa cells were
infected with C. trachomatis (multiplicity of infection, 4) and treated with 20–40–80 IU/ml IFNG. To measure direct chlamydial growth, HL-60 and HeLa cells (n = 5)
were lysed at 48 h post-infection, and the chlamydial genome concentrations were measured by direct qPCR. For recoverable growth measurement, cell lysates
from the direct growth measurements were used to infect McCoy cells. Chlamydial growth was measured by direct qPCR at 48 h post-infection. (C) Direct
chlamydial growth in HL-60 cells. (D) Recoverable chlamydial growth in HL-60 cells. (E) Comparison of chlamydial genome concentration in recoverable vs. direct
growth HL-60 samples. (F) Direct chlamydial growth in HeLa cells. (G) Recoverable chlamydial growth in HeLa cells. (H) Comparison of chlamydial genome
concentration in recoverable vs. direct growth HeLa samples. For (C, D, F, G), data are mean ± SD, and individual values are also shown (n = 5). For (E, H), the
mean and individual values are shown (n = 5). One-way ANOVA with correction for multiple testing was used for statistical analysis. *P < 0.033, **P < 0.002,
***P < 0.001, ****P < 0.0001.
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genome content in McCoy cells. Therefore, instead of direct IFU
and recoverable IFU, we use the terms direct growth and
recoverable growth. To test whether IFNG-induced IDO
activity had an impact on chlamydial development, we treated
HL-60 and HeLa cells with 0–20–40–80 IU/ml IFNG and
measured the direct and recoverable chlamydial growth at 48 h
post-infection. Independent of the applied concentration, IFNG
had a non-significant impact on chlamydial genome
accumulation in the infected HL-60 cells. The direct
chlamydial growth was not affected by any of the IFNG
concentrations, and we could not detect a significant decrease
in recoverable chlamydial growth (Figures 6C, D). Comparing
the chlamydial genome content between the direct growth and
recoverable growth samples, we could estimate a low-level
(average 74.5–229.4-fold) accumulation of chlamydial genome
in HL-60 cells (Figure 6E). The analysis of C. trachomatis-
infected HeLa cells showed that these cells are more permissive
for C. trachomatis growth; the chlamydial genome content was,
on average, 34.56-fold higher in these cells than in untreated HL-
60 cells (Figure 6F). The HeLa cells showed a dramatically
different response to IFNG. Addition of IFNG significantly
reduced the chlamydial genome contents (2.43–9.73-fold)
(Figure 6F). The recoverable chlamydial growth was
suppressed even more significantly. The extent of recoverable
growth restriction was, on average, 44.34-fold (20 IU/ml IFNG),
388.4-fold (40 IU/ml IFNG), and 5,613-fold (80 IU/ml IFNG)
(Figure 6G). Comparing the chlamydial genome content
between the direct growth and recoverable growth samples
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revealed that the increase of chlamydial genome content was
1,000.31 ± 476-fold in the untreated HeLa cells. The increase of
chlamydial genome content was reduced to averages of 82.37-,
11.52-, and 4.69-fold in the 20-, 40-, and 80-IU/ml-IFNG-treated
samples, respectively (Figure 6H). We applied TEM to
characterize chlamydial development in untreated and 20 IU/
ml in treated HL-60 cells and as controls in HeLa cells. A
comparison of the TEM images of C. trachomatis-infected and
infected+IFNG-treated HL-60 cells showed similar chlamydial
forms at 48 h post-infection. Intact inclusions could be observed
with a small number of elementary bodies and reticulate bodies
along with enlarged reticulate bodies or persistent bodies
(Figures 7A, B). The infected HeLa cells showed inclusions
with predominantly elementary bodies in a large number, while
the IFNG treatment induced enlarged chlamydial forms that
resembled persistent bodies. However, a lower number of
elementary bodies and reticulate bodies could also be observed
(Figures 7C, D).
DISCUSSION

In this study, we aimed to characterize the IDO-mediated
neutrophil intracellular defense against C. trachomatis
because, despite their short half-life, neutrophils can serve as
host cells for Chlamydia. Zandbergen et al. showed that
infection of human primary neutrophils by C. pneumoniae
resulted in a moderate fivefold replication at 90 h post-
A B

C D

FIGURE 7 | Transmission electron microscopy (TEM) of HL-60 and HeLa cells. Cells were infected with Chlamydia trachomatis (multiplicity of infection, 4) and
were treated with 20 IU/ml interferon-gamma (IFNG) or left untreated. TEM was performed at 48 h post-infection. (A) C. trachomatis-infected HL-60 cell. (B) C.
trachomatis-infected and IFNG-treated HL-60 cell. (C) C. trachomatis-infected HeLa cell. (D) C. trachomatis-infected and IFNG-treated HeLa cell. Red triangle,
elementary body; green triangle, reticulate body; blue triangle, enlarged reticulate body or persistent body. Bar is 5 mm.
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infection, indicating that the intracellular environment may be
permissive for chlamydial survival and a limited degree of
growth (24). This is interesting because the neutrophils have
potent antimicrobial mechanisms, such as reactive oxygen
species (ROS) production and degranulation. Our gene
expression profiling showed that many of these defense genes
were upregulated after C. trachomatis infection, such as parts of
the ROS-generating NADPH oxidase cybb, ncf1, and ncf2 and
various neutrophil granule-related catabolic enzymes such as
ctsh, galc, arsb, ids, and psap. Besides these antimicrobial genes,
the tryptophan-degrading enzyme coding genes ido1 and the
tdo2 were found to be upregulated. It is widely accepted that
IDO-mediated tryptophan degradation is an effective defense
mechanism to inhibit chlamydial replication (8). IDO is an
inducible enzyme, and while IDO induction by infection alone
can be observed, IFNG is a potent inducer of its expression and
activity (8). The gene expression profiling of HL-60 cells showed
that C. trachomatis infection alone could induce type-I
interferon expression and, via an autocrine–paracrine manner,
a JAK-STAT cascade eventually leading to the induction of gene
expression of several neutrophil genes. Indeed the promoter
analysis of the induced genes showed a highly significant
enrichment of interferon-related transcription factors. Among
the infection-induced genes, ido1 and tdo2 were found, but for
robust protein-level induction of IDO1, the addition of IFNG
was needed. Our metabolomics data showed that C. trachomatis
infection alone could induce a minor, non-significant IDO
activity (increase of kynurenine concentration) in neutrophils,
while the addition of exogenous IFNG greatly boosted the IDO
activity. The HeLa cells showed a similar induction of IDO1
when compared to that in HL-60 cells, and a major factor
affecting the IDO1 protein level expression was also the
addition of exogenous IFNG. Despite the greatly induced
IDO1 activity, the intracellular tryptophan levels changed only
slightly compared to either the infected/untreated cells or the
uninfected/untreated control cells in both cell lines. This
observation is different from previous studies, where IFNG
leads to a major decrease in intracellular tryptophan
concentration (8, 25). The 20 IU/ml IFNG concentration used
in our metabolic assays is equal to ≥1 ng/ml (26). Interestingly,
Beatty et al. showed that the addition of 0.5 ng/ml IFNG leads to
a less dramatic (53%) decrease in intracellular tryptophan in C.
trachomatis-infected HeLa cells compared to infected/untreated
controls (at 48 h post-infection) (7). Furthermore, they found
that the intracellular tryptophan level decreased by 45% in C.
trachomatis-infected + 0.5 ng/ml IFNG-treated HeLa cells
compared to the infected-only cells. In our study, we
measured a non-significant, but similar tryptophan
concentration decrease (average 25%) in infected+IFNG-
treated vs. infected-only HeLa cells. The intracellular
tryptophan concentration is dependent on its net transport
into the host cells and its usage in protein synthesis and
catabolism. It was shown before that IFNG decreased the
extracellular tryptophan concentration and greatly increased
tryptophan transport into T24 human uroepithelial cells (27).
In another study, the IFNG treatment of macaque macrophages
Frontiers in Immunology | www.frontiersin.org 12142
resulted in a rapid drop in the extracellular tryptophan level, but
the intracellular tryptophan concentration decreased
moderately compared to the untreated ones, indicating that
the missing tryptophan was replenished from the extracellular
pool (28). An important limitation of these studies, including
ours, is that only the total intracellular tryptophan concentration
can be measured; thus, the tryptophan content of the inclusion is
not known. In addition, there are differences between our study
and the previous ones in sample preparation and tryptophan
quantification method that might explain, to some extent, these
results. Nevertheless, further studies are needed to clarify
this difference.

The measurement of chlamydial genome accumulation in
HL-60 and HeLa cells showed that, in the absence of IFNG,
HeLa is highly permissive to chlamydial growth, while HL-60
supports a lower level but detectable replication. The
chlamydial genome content was 34.56-fold higher in HeLa
than in HL-60. Reticulate bodies and persistent bodies are not
infectious; therefore, they do not contribute to recoverable
growth. If we consider that the recoverable genome copy was
158.7 fold higher in samples of HeLa origin than in samples of
HL-60 origin, we can conclude that there is a higher level of
production of non-infectious or persistent chlamydial forms in
HL-60 cells. The TEM images showed persistent chlamydial
forms along with reticulate and elementary bodies in HL-60
cells, indicating at least a partially normal replication.
Interestingly, chlamydial growth in HL-60 neutrophils was
not influenced by the addition of IFNG despite IFNG-induced
IDO activity in these cells. However, in HeLa cells, the
addition of IFNG greatly inhibited the growth and the
recoverable growth of C. trachomatis . The observed
difference in tryptophan catabolism between HL-60 and
HeLa cells might explain—at least in part—the differing
inhibitory effect of IFNG. Narui et al. showed that the
metabolites of tryptophan catabolism, such as 3-hydroxy-
kynurenine, anthranilic acid, 3-hydroxyanthranilic acid,
quinolinic acid, and especially picolinic acid, had an
antimicrobial effect on Gram-positive and Gram-negative
bacteria and Candida albicans (29). We showed that
picolinic acid and 3-hydroxyanthranilic acid were produced
in higher concentrations—2.36-fold and 13.37-fold,
respectively—in infected+IFNG-treated HeLa cells than in
infected+IFNG-treated HL-60 cells. Another potential
antimicrobial compound, kynurenic acid (30), also had a
16.2-fold higher concentration in infected+IFNG-treated
HeLa cells. Besides the different effect of antimicrobial
tryptophan metabolites, there is also a possibility that HL-60
cells (31), but not HeLa cells, produced nitric oxide that could
impair the function of IDO (32).

Altogether our data show that (i) the antichlamydial activity
of IDO is cell type dependent and (ii) IFNG had a significant
negative impact on Chlamydia growth in HeLa epithelial cells
but had no antichlamydial activity in HL-60 neutrophils,
indicating that neutrophils might serve as a refuge for
Chlamydia in an IFNG-rich environment. Whether this cell-
line based observation is valid in primary cells and in vivo needs
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more studies. Further studies on the intracellular context in
which IDO functions and on tryptophan degradation-
independent antichlamydial mechanisms are needed.
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Neuroinflammation is one of the most frequently studied topics of neurosciences as it is a
common feature in almost all neurological disorders. Although the primary function of
neuroinflammation is to protect the nervous system from an insult, the complex and
sequential response of activated glial cells can lead to neurological damage. Depending
on the type of insults and the time post-insult, the inflammatory response can be
neuroprotective, neurotoxic, or, depending on the glial cell types, both. There are
multiple pathways activated and many bioactive intermediates are released during
neuroinflammation. One of the most common one is the kynurenine pathway,
catabolizing tryptophan, which is involved in immune regulation, neuroprotection, and
neurotoxicity. Different models have been used to study the kynurenine pathway
metabolites to understand their involvements in the development and maintenance of
the inflammatory processes triggered by infections. Among them, the parasitic infection
Neospora caninum could be used as a relevant model to study the role of the kynurenine
pathway in the neuroinflammatory response and the subset of cells involved.

Keywords: kynurenic acid, glia, neuroinflammation, Neospora caninum, quinolinic acid
INTRODUCTION

As the world population is aging, the rates of diagnosable neurological disorders have increased
accordingly, indicating an overall adverse impact on health and quality of life (1). Aiming to
understand the etiopathogeneses of an array of neurological disorders, many studies seek to elucidate
the potential roles of neuroinflammation (2). Although inflammatory processes may not trigger such
disorders alone, the immune system nonetheless can greatly influence symptom severity and
progression. Scientists are actively looking for therapeutic targets that may efficiently control the
exacerbated immune responses associated with neuroinflammation in such conditions (3, 4).
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Neurons and glial cells in the central nervous system (CNS)
form complex and coordinated networks, of which a key
function is to maintain homeostasis (5). Among glia, both
astrocytes and microglia constantly assess the CNS
environment for potential insult (6). Astrocytes particularly
play key roles in maintaining the integrity of the blood–brain
barrier (BBB), regulating CNS metabolism, and releasing
antioxidants and trophic factors, as well as participating in the
process of synaptic communication (7). On the other hand,
microglia are considered the resident immune cells of the CNS,
contributing to the pro- and anti-inflammatory immune
response as they constantly scrutinize the brain parenchyma to
eliminate metabolic waste, abnormal cells and proteins,
infectious agents, and damaged tissue (8). In this way,
astrocytes and microglia become activated and undergo
morphological as well as functional transformations in
response to different microenvironmental signals. With the aim
to maintain homeostasis, the crosstalk among astrocytes and
microglia supports neuronal function and plasticity (9).

Infections, traumatic or ischemic injuries, and accumulation
of toxic metabolites often induce dysregulation of brain
homeostatic processes. At early stages and/or lower levels of
activation, astrocytes and microglia can be neuroprotective
(polarized as A2 and M2, respectively) as they initiate
coordinated responses to restore homeostasis and limit
neurotoxicity by rapidly triggering acute inflammation. This
might contribute to tissue repair and neurogenesis, as well as
clearance of cellular debris, infectious agents, and abnormal
proteins (10, 11). However, at chronic and/or high levels of
activation (polarized as A1 and M1), these glial cells can become
neurotoxic and contribute to neurodegenerative processes (12).
While much has been described, researchers are still trying to
fully understand the molecular and cellular triggers for this
functional switch (2).

One of the most studied pathways in recent years is the
kynurenine pathway (KP), which produces a variety of
neuroactive metabolites (13, 14). During neuroinflammation,
the KP catabolizes approximately 95% of tryptophan to
profoundly decrease serotonin and melatonin production and,
instead, generate a host of neurotoxic, neuroprotective, and
immune-modulating molecules that play key roles in various
brain diseases [reviewed by (15–18)].

Many studies underscore the necessity to better characterize
the complex yet coordinated glial response, as well as their
relevant communications with neurons in neuroinflammatory-
implicated dysfunction (3, 9, 19). In that regard, experimental
models able to mimic these interactions may grant opportunities
to shed new light on the involvement of tryptophan metabolism
in neuroinflammation. For example, exposing external factors
such as infectious agents to in vivo animal models, ex vivo brain
tissue slices, and in vitro freshly dissociated brain cells can
potentially be used to obtain much-needed answers (20).
However, effective models should permit recognition by and
activation of astrocytes and microglia as well as parasite
persistence mechanisms allowing the survival and proliferation
of the infectious agents. This immune-escape mechanism might
Frontiers in Immunology | www.frontiersin.org 2146
bring information about alternative routes to understand cellular
function and linkage of different biochemical pathways, such as
KP, and activation and release of neuroprotective factors.

As such, the infection by the parasite Neospora caninum appears
to be a promising model to study relevant neuroinfectious processes
and may contribute to improve the understanding of crosstalk
mechanisms between neurons, astrocytes, and microglia. N.
caninum is an obligate intracellular protozoan, belonging to the
phylum Apicomplexa, which forms cysts in the CNS and has been
shown to lead to abortions in cattle as well as neurological
symptoms in dogs (21, 22). Thus, the aim of this review is to
highlight the current knowledge about the complex interactions
between neuroinflammation and the KP, and to discuss the
relevance of the N. caninum infection model.
NEUROINFLAMMATION AND THE
KYNURENINE PATHWAY

The KP has been widely studied in the CNS over the last three
decades, especially with regard to its interactions with the
immune system [reviewed by (23–26)]. That said, the KP is
highly dynamic. For instance, many CNS cell types display
different KP profiles that depend on the disease and region
affected (27–29). Microglial activation rapidly occurs during
neuroinflammation and is characterized by structural changes
from a putatively resting, surveiling, ramified cell toward an
activated, spheroidal one (M1 type) producing proinflammatory
mediators such as cytokines (30). These M1 microglia also
activate astrocytes, which become reactive themselves (A1
type). Together, these intercellular signals stimulate the release
of many proinflammatory mediators, such as cytokines (IL-1b,
IL-6, IL-12, IL-23, and TNF-a), chemokine (CCL5 and CCL2),
adenosine triphosphate (ATP), reactive oxygen species (ROS),
and growth factors (2, 9, 31).

Activation of the KP is associated with induction of the
regulatory enzyme, indoleamine 2,3, dioxygenase 1 (IDO-1),
and many proinflammatory mediators can stimulate IDO-1
activity. This includes synergistic actions between, for example,
TNF-a, IL-1b, and IL-6 (32–34). Other studies have shown that
the induction of IDO-1 may also occur in monocyte/
macrophage-like cells, even in the absence of IFN-g (34–36).

After IDO-1, another key step in the KP is the activity of
kynurenine mono oxygenase (KMO), an enzyme highly
expressed in microglia, which converts kynurenine (Kyn) into
3-hydroxyanthranilic acid (37). The former regulates apoptosis/
necrosis pathways in macrophages and has immunoregulatory
and T-cell survival properties. Activation of KMO further leads
to the formation of quinolinic acid (QA). The best-known action
of QA is as an agonist of NMDA receptors in the nervous system
(14) and a potent neuro- and gliotoxin (38).

Interestingly, astrocytes do not express KMO while microglia
express all enzymatic components of the KP (29, 39, 40). Thus,
microglial activation by inflammatory mediators has a
fundamental role in increasing the production of QA (41). In
homeostatic situations, the production of kynurenic acid (KA) by
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astrocytes antagonizes, to a certain extent, the excitotoxic effects
of the QA produced by the microglia, through its antagonism of
NMDA receptors (28). In inflammatory conditions, astrocytes
produce large amounts of Kyn that can be taken up and used by
microglia as additional substrates to produce QA (29, 42–44).
The neurotoxicity of QA is observed through at least five
different mechanisms including excitotoxicity by NMDA
receptor activation, ROS formation, and cytoskeletal
destabilization (45, 46). The imbalance in the production of
QA and KA, with accumulation of QA, increases the neurotoxic
effects by blocking the glutamate uptake by astrocytes (38).
Consequently, this process cyclically stimulates ROS
production, disturbs the BBB, and increases phosphorylation of
structural proteins such as Tau, neurofilament (NF), and glial
fibrillary protein (GFAP), which in turn leads to cellular
cytoskeletal destabilization (39, 47, 48).

Together with QA, other catabolites of the KP have
synergistic neurotoxic effects. O’Farrell et al. (49) observed a
reduced neurite outgrowth and complexity after treatment of
neuron cultures with conditioned media derived from BV-2
microglia stimulated with IFN-g. They also observed an
increased concentration of tryptophan, Kyn, and 3-
hydroxykynurenine (3-HK) in the conditioned media. When
the authors used KP inhibitors, the neuronawfi 2l atrophy was
fully prevented.
MODELS OF EXOGENOUSLY ACTIVATED
NEUROINFLAMMATION AND KP

Many studies have tried to clarify the role of astrocytes and
microglia in neuroinflammation and neuroprotection, and each
of the mechanisms involved in neuroinflammation are yet to be
fully characterized. As above, one common approach to studying
neuroinflammation in cell culture and rodent models is exposure
to the Gram-negative bacterial lipopolysaccharide (LPS). In vitro,
LPS induces IFN-g production and consequently results in the
activation of IDO-1 and thus triggers the KP (28, 29, 50, 51).
Systemic LPS administration does the same, inducing IDO-1
activity alongside production of brain TNF-a and IL-6 (52).

Despite the effectiveness of stimulating neuroinflammatory
processes though, systemic challenge with LPS has failed to fully
clarify the mechanisms of KP (53). The response elicited by LPS
administration can activate pathogen-associated molecular
pattern receptors (PAMPs) and consequently stimulate
signaling pathways leading to the production of inflammatory
cytokines. Nonetheless, the neuroinflammatory processes
triggered in the CNS by infection with bacteria, viruses, and
parasites appear to be far more dynamic than the more
uniformed responses observed following LPS alone.

On the other hand, there are several models of neuroinfection
using microorganisms such as HIV or Toxoplasma gondii. The
model of infection with N. caninum is interesting because it is
not infectious to humans, which makes it a safer agent to use in
medical research. Furthermore, this parasite is easy to cultivate
Frontiers in Immunology | www.frontiersin.org 3147
(54, 55). Importantly, N. caninum has the capacity to activate
neuroinflammatory processes and grant a viable alternative path
to study brain cell interactions and KP activity.

This parasite belongs to the phylum Apicomplexa, which are
unicellular and spore-forming parasites. Parasites from this
group activate the immune response with an associated INF-g
production leading to IDO-1 activation and associated depletion
of tryptophan in the host cells. Infection by these groups of
parasites also induces an increase in TNF-a and IL-1b
production (56, 57). Infection by Apicomplexa parasites also
triggers an increased production of Kyn, 3-HK, and QA (17, 58).

N. caninum infection leads to nervous symptoms in cattle and
canids related to infection sites in the CNS [reviewed by (59)].
During its infection, the initial recognition by the immune
system involves the toll-like receptors, cytosolic sensors such as
nucleotide ligand oligomerization domain-like receptors, and
NLR family sensors containing pyrin (60–65). Some studies
have shown that the activation of these receptors can lead to
an increase of Kyn production via the NF-kB signaling pathway
(66, 67). DuringN. caninum infection, the lymphocyte T helper 1
(Th1) response is effective to limit the multiplication of the
parasite and consequently induces the formation of parasitic
cysts in the host. The involvement of lymphocytes T CD4+ and
CD8+ is crucial for the development of the anti-parasitic
response in mice and is strongly influenced by the systemic
increase of IFN-g (68, 69). Mice treated with recombinant IL-12,
which directly is mediated by IFN-g activity endogenously, had
decreased markers of encephalitis as well as brain parasite load 3
weeks later (70). The effectiveness of IFN-g in protecting against
N. caninum infection in vivo is further supported in a study of
mouse strains. Long et al. (71) demonstrated that BALB/c and
C57Bl/6 mice were both highly susceptible to the development of
N. caninum-induced encephalitis, whereas B10.D2 mice were
highly resistant. Importantly, splenocytes from B10.D2-infected
mice also displayed high antigen-stimulated INF-g to IL-4 ratios
while these ratios were much lower in the other two strains,
which indicates that peripheral immune responses favoring INF-
g production might contribute to N. caninum protection in select
rodent strains in vivo (71).

To demonstrate the steps of N caninum infection within the
CNS, Yamane et al. (72) confirmed that the parasite proliferation
in cultured primary bovine brain cells was controlled by IFN-g as
well as TNF-a. Similarly, we have found in mixed cultures of
astrocytes and microglia that N. caninum induces the production
of TNF-a, IL-10, IL-6, and nitric oxide (NO) (55, 73–75).
Interestingly, when glia-neuron co-cultures were infected by
tachyzoites for 72 h, we observed a N. caninum-induced
retraction of neurites but no hypothesized neuronal loss (76).
However, application of IFN-g to the medium restored neurite
outgrowth of infected cells (76), which is consistent with the
IFN-g-mediated neuroprotection described in the in vivo models
above. Taken together, we proposed that N. caninum infection
triggers a local inflammatory response by way of TNF-a and NO
production, but without IFN-g application, the presence of IL-10
and IL-6 may trigger a switch to a Th2 profile, which could help
preserve the environment.
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Neuro-glia co-cultures infected with N. caninum also induced
astroglioses, which were characterized by an increased GFAP
expression and also induced the mRNA expression for IL-10 (77).
At the same time, the infection induced the mRNA expression for
brain-derived neurotrophic factor (BDNF) and neuronal growth
factor (NGF), which facilitate actions such as synapses plasticity and
formation (78). Additionally, treatment of the glia-neuron co-culture
with the medium of mixed cultures of astrocytes and microglia
infected by this parasite also induced neurite outgrowth (77).

In bovine endothelial cells infected with N. caninum, IDO-1
activation was observed in the presence of IFN-g (79). In a glia-
neuron co-culture model, IDO-1 activation was associated with the
control of the parasitic proliferation, since inhibiting IDO-1 with 1-
MT increased tachyzoite proliferation (80). Also, in the absence of
IFN-g, IDO-1 was activated by the infection, inducing a 50% increase
in Kyn compared to uninfected co-cultures. Recently, Argolo et al.
(81) demonstrated that, despite observation of neurite outgrowth
and release of neurotrophic factors, the infection increased levels of
QA and of CCL5 and CCL2 mRNA expression.

These chemokines recruit cells from immune system and
activate microglia to control the parasite infection. Aside from its
neurotoxic role as an NMDA agonist, QA also contributes to the
production of NAD+, which together modulate the production
of inflammatory cytokines IL-1b, TNF-a, and IL-6 and facilitate
the change toward a pro-inflammatory profile and a resolutive
response by the release of IL-10 (29, 82, 83). However,
dysregulation of QA production has been seen during
infectious models and it is still unclear whether NAD
production is altered in these processes. It is possible that a
portion of KP metabolites, such as QA, are directed toward NAD
+ production in response to infection, but the mechanism(s)
mediating this process remain unclear (84).

It is possible that some effects ofN. caninum infection, such as
Th2 cytokine production and release of neurotrophic factors,
evidence an atypical immune response associated with parasite
persistence. However, these findings should not be confounded
with universal neuroprotection as infection progression triggers
astrocyte death and neurological impairment. Other studies
demonstrated that the parasite could change the immune
response to favor its persistence, such as increased population
of T CD8+ regulatory cells (68), inhibition of IL-12p40
production (85), and the inhibition of Th1 response by STAT3
phosphorylation in the invasion process (86, 87). Taken together,
these varied immune responses to N. caninum infection
underscore the viability of this model in aiding discovery and
further characterization of the dynamic and context-dependent
function of neuroinflammatory processes related to the KP and,
ultimately, brain function in normal and dysfunctional conditions.
CONCLUSION

The KP, the major route of tryptophan catabolism, produces
NAD+ and several intermediates, which have neuroactive
properties. In recent decades, studies of the KP have not only
brought new understanding about interactions of these
Frontiers in Immunology | www.frontiersin.org 4148
intermediates and the function of CNS, but also highlighted
the influence of the unbalanced production of these bioactive
catabolites and their potential impact on various neurological
disorders. At the same time, many scientists have used in vitro
experimental models to study cellular mechanisms and pathways
involved in both physiological and pathological conditions. The
complex and multi-factorial crosstalk between glial cells and
neurons have been studied to better understand the processes of
brain homeostasis and neuroinflammation, which is a common
feature in most brain diseases and disorders.

This paper describes a potentially relevant and novel approach
utilizing neuroinfection via the parasite N. caninum to study KP
activation as well as astrocyte/glia crosstalk, particularly given the
atypical immune response following infection. Although N.
caninum triggers an acute inflammatory response marked also by
astrogliosis, proinflammatory activation of microglia, and QA
production, it also triggers concomitant neurite outgrowth and
neurotrophic factor release in culture. This is likely due to the
production of neurotrophins and immuno-modulating cytokine
IL-10. This highlights the importance of assessing the KP profile
and its relationship with other inflammatory molecules in
neurological disorders associated with infection by non-LPS
factors, such as viruses and parasites, with the aim to understand
the consequences of lesser characterized biochemical interactions.

The infectious process most commonly begins in the periphery,
resulting in the dysregulation of KP metabolism and alteration of
the immune system before propagating in a secondary stage to
affect the CNS. The multifactorial and complex interactions
between periphery and CNS, the KP, and the alteration of BBB
integrity should all be taken into consideration when using models
of neuroinfection. The systematic and comprehensive
characterization of this response presents another step toward a
better understanding of cellular and molecular communication
mechanisms between all the protagonists and the inflammatory
response triggered by the parasitic infection. With this concluded,
some questions remain unanswered: (1) how the mechanism of
neural protection occurs, even with the increase in QA, and
whether this relationship may bring new insights to understand
the CNS response to external insult; (2) how CNS homeostasis is
disrupted after a systemic challenge with N. caninum, where the
KP intermediates are produced, and by which brain cells; (3) what
other metabolic pathways would be associated with KP to justify a
neuroprotective response; (4) do the atypical immune responses
described in cell culture studies translate fully to in vivomodels or
provide additional novelty for understanding relevant immune
activity; and (5) can the N. caninum infection model revolutionize
our understanding of the cellular crosstalk in the CNS, highlight
new processes worthy of investigation, and ultimately facilitate the
development of more effective therapeutic interventions for
immune-related dysfunction of the brain.
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(2009) 29(13):4200–9. doi: 10.1523/JNEUROSCI.5032-08.2009

34. Fujigaki H, Saito K, Fujigaki S, Takemura M, Sudo K, Ishiguro H, et al. The
Signal Transducer and Activator of Transcription 1a and Interferon
Regulatory Factor 1 are Not Essential for the Induction of Indoleamine 2,
3-Dioxygenase by Lipopolysaccharide: Involvement of P38 Mitogen-
Activated Protein Kinase and Nuclear Factor-kb Pathways, and Synergistic
Effect of Several Proinflammatory Cytokines. J Biochem (2006) 139(4):655–62.
doi: 10.1093/jb/mvj072
January 2022 | Volume 12 | Article 714248

https://doi.org/10.1016/S1474-4422(17)30299-5
https://doi.org/10.1016/j.bcp.2015.11.003
https://doi.org/10.1007/s11011-021-00806-4
https://doi.org/10.1038/s41582-019-0227-8
https://doi.org/10.1038/s41582-019-0227-8
https://doi.org/10.1016/j.tins.2020.01.003
https://doi.org/10.3390/ijms20030571
https://doi.org/10.1016/S0166-2236(98)01349-6
https://doi.org/10.1016/S0166-2236(98)01349-6
https://doi.org/10.1126/science.1110647
https://doi.org/10.1177/1073858418783959
https://doi.org/10.1177/1073858418783959
https://doi.org/10.1080/00207454.2016.1212854
https://doi.org/10.1126/science.aaf6260
https://doi.org/10.1038/nrn2038
https://doi.org/10.1038/nrn2038
https://doi.org/10.4137/IJTR.S12626
https://doi.org/10.3389/fimmu.2020.00388
https://doi.org/10.1126/science.aaf9794
https://doi.org/10.1016/j.neuropharm.2016.02.029
https://doi.org/10.1016/j.neuropharm.2015.12.004
https://doi.org/10.1002/glia.23571
https://doi.org/10.1016/j.neuropharm.2016.08.003
https://doi.org/10.1016/S0304-4017(99)00044-8
https://doi.org/10.1016/S0304-4017(96)01035-7
https://doi.org/10.3390/ijms22010403
https://doi.org/10.3892/etm.2020.8933
https://doi.org/10.1016/j.ensci.2020.100270
https://doi.org/10.1038/s41380-019-0414-4
https://doi.org/10.1523/JNEUROSCI.4101-07.2007
https://doi.org/10.1002/glia.20090
https://doi.org/10.1046/j.1471-4159.2001.00498.x
https://doi.org/10.1046/j.1471-4159.2001.00498.x
https://doi.org/10.1016/j.pneurobio.2015.05.003
https://doi.org/10.1016/j.it.2007.01.005
https://doi.org/10.1016/j.it.2007.01.005
https://doi.org/10.1038/npp.2011.277
https://doi.org/10.1523/JNEUROSCI.5032-08.2009
https://doi.org/10.1093/jb/mvj072
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Del’Arco et al. Insights Into Neuroinfection and Kynurenines
35. Fujigaki S, Saito K, Sekikawa K, Tone S, Takikawa O, Fujii H, et al.
Lipopolysaccharide Induction of Indoleamine 2, 3-Dioxygenase is Mediated
Dominantly by an IFN-g-Independent Mechanism. Eur J Immunol (2001)
31(8):2313–8. doi: 10.1002/1521-4141(200108)31:8<2313: :AID-
IMMU2313>3.0.CO;2-S

36. Wang Y, Lawson MA, Dantzer R, Kelley KW. LPS-Induced Indoleamine 2, 3-
Dioxygenase Is Regulated in an Interferon-g-Independent Manner by a JNK
Signaling Pathway in Primary Murine Microglia. Brain Behav Immun (2010)
24(2):201–9. doi: 10.1016/j.bbi.2009.06.152

37. Jones SP, Franco NF, Varney B, Sundaram G, Brown DA, de Bie J, et al.
Expression of the Kynurenine Pathway in Human Peripheral Blood
Mononuclear Cells: Implications for Inflammatory and Neurodegenerative
Disease. PloS One (2015) 10(6):e0131389. doi: 10.1371/journal.pone.0131389

38. Guillemin GJ. Quinolinic Acid, The Inescapable Neurotoxin. FEBS J (2012)
279(8):1356–65. doi: 10.1111/j.1742-4658.2012.08485.x

39. Garrison AM, Parrott JM, Tuñon A, Delgado J, Redus L, O’Connor JC.
Kynurenine Pathway Metabolic Balance Influences Microglia Activity:
Targeting Kynurenine Monooxygenase to Dampen Neuroinflammation.
Psychoneuroendocrinology (2018) 94:1–10. doi: 10.1016/j.psyneuen.2018.04.019

40. Chiarugi A, Calvani M, Meli E, Traggiai E, Moroni F. Synthesis and Release of
Neurotoxic Kynurenine Metabolites by Human Monocyte-Derived
Macrophages. J Neuroimmunol (2001) 120(1-2):190–8. doi: 10.1016/S0165-
5728(01)00418-0

41. Cogo A, Mangin G, Maïer B, Callebert J, Mazighi M, Chabriat H, et al.
Increased Serum QUIN/KYNA Is a Reliable Biomarker of Post-Stroke
Cognitive Decline. Mol Neurodegener (2021) 16(1):1–20. doi: 10.1186/
s13024-020-00421-4

42. Garcez ML, Tan VX, Heng B, Guillemin GJ. Sodium Butyrate and Indole-3-
Propionic Acid Prevent the Increase of Cytokines and Kynurenine Levels in
LPS-Induced Human Primary Astrocytes. Int J Tryptophan Res (2020)
13:1178646920978404. doi: 10.1177/1178646920978404
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et al. Effects of IFN-g, TNF-a, IL-10 and TGF-b on Neospora Caninum
Infection in Rat Glial Cells. Exp Parasitol (2013) 133(3):269–74. doi: 10.1016/
j.exppara.2012.11.016

76. De Jesus EEV, Santos ABD, Ribeiro CSO, Pinheiro AM, Freire SM, El-Bachá
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Coronary artery disease (CAD) is one of the leading cause of mortality worldwide. Several
risk factors including unhealthy lifestyle, genetic background, obesity, diabetes,
hypercholesterolemia, hypertension, smoking, age, etc. contribute to the development
of coronary atherosclerosis and subsequent coronary artery disease. Inflammation plays
an important role in coronary artery disease development and progression. Pro-
inflammatory signals promote the degradation of tryptophan via the kynurenine
pathway resulting in the formation of several immunomodulatory metabolites. An
unbalanced kynurenic pathway has been implicated in the pathomechanisms of various
diseases including CAD. Significant improvements in detection methods in the last
decades may allow simultaneous measurement of multiple metabolites of the
kynurenine pathway and such a thorough analysis of the kynurenine pathway may be a
valuable tool for risk stratification and determination of CAD prognosis. Nevertheless,
imbalance in the activities of different branches of the kynurenine pathway may require
careful interpretation. In this review, we aim to summarize clinical evidence supporting a
possible use of kynurenine pathway metabolites as clinical biomarkers in various
manifestations of CAD.

Keywords: tryptophan, kynurenic acid, personalized medicine, ischemic heart disease, liquid chromatography,
mass spectrometry, prediction, IDO activity/detection
Abbreviations: 3-HAA, 3-hydroxyanthranilic acid; 3-HK, 3-hydroxykynurenine; AA, anthranilic acid; ACS, acute coronary
syndrome; AMI, acute myocardial infarction; CAD, coronary artery disease; ELISA, enzyme-linked immunosorbent assay; GC,
gas chromatography; HPLC, high-performance liquid chromatography; HRMS, high accuracy and mass resolution; IDO,
indoleamine 2,3-dioxygenase; KAT, kynurenine aminotransferase; KMO, kynurenine monooxygenase; KP, kynurenine
pathway; KYN, kynurenine; KYNA, kynurenic acid; LC, liquid chromatography; MRM, multiple reaction monitoring
mode; MS, mass spectrometry; MS/MS, tandem mass spectrometry; PA, picolinic acid; QA, quinolinic acid; QPRT,
quinolinate phosphoribosyltransferase; PRM, parallel reaction monitoring; SPE, solid-phase extraction; TDO, tryptophan-
2,3-dioxygenase; Trp, tryptophan; UHPLC–ESI-MS/MS, ultrahigh performance liquid chromatography–electrospray
ionization tandem mass spectrometry; XA, xanthurenic acid; XLC, automated on-line solid phase extraction method
coupled to high performance liquid chromatography.

org February 2022 | Volume 12 | Article 7685601152

https://www.frontiersin.org/articles/10.3389/fimmu.2021.768560/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.768560/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.768560/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:csont.tamas@med.u-szeged.hu
https://doi.org/10.3389/fimmu.2021.768560
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.768560
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.768560&domain=pdf&date_stamp=2022-02-08
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1 INTRODUCTION

Coronary artery disease (CAD), sometimes called ischemic heart
disease or coronary heart disease, is one of the leading cause of
disability and death worldwide. In 2017, CAD affected around 126
million individuals and caused 9 million deaths globally (1). CAD
represents a group of pathologically related conditions
characterized by atherosclerosis of cardiac arteries and a
potential functional complication of coronary circulation. The
inadequate perfusion of the myocardium results in discrepancy
between oxygen demand and supply, reduced availability of
nutrients and incomplete removal of metabolic end products (2).
CAD manifests as either acute coronary syndrome (ACS) or
chronic coronary syndrome (3). Sudden impairment of
myocardial blood supply in ACS may present in the form of
unstable angina or myocardial infarction, and the severity ranges
from a chest pain to cardiac arrest (4). According to the latest ESC
guidelines, chronic coronary syndrome includes i) stable coronary
artery diseases such as stable angina, coronary spasm or
microvascular angina, ii) new onset heart failure or left
ventricular dysfunction with suspected CAD and iii) stabilized
conditions after recent revascularization or within the 1st year after
ACS events (3). All these conditions share similar pathophysiology
in which inflammation plays a role (5) and many inflammatory
biomarkers (e.g. C-reactive protein (CRP), interleukin(IL)-6,
myeloperoxidase, soluble CD40 ligand, etc.) may have a potential
role for predicting CAD or assessing the severity of CAD (6). Pro-
inflammatory signals have been reported to facilitate tryptophan
metabolism through the kynurenine pathway, thereby leading to
the formation of several immunomodulatory metabolites (7). An
unbalanced kynurenine pathway (KP) has been implicated in the
pathomechanisms of various diseases including CAD, indicating a
potential diagnostic or predictive role for KP metabolites.
Therefore, here we review the literature on the potential use of
KP metabolites as clinical biomarkers in CAD and evaluate the
currently available detection methods.
2 CAD, ATHEROSCLEROSIS, AND
INFLAMMATION

The most important mechanism in the background of CAD is
atherosclerotic plaqueaccumulation in epicardial coronary arteries
(8), which is influenced by various genetic and environmental
factors, lifestyle, and both pharmacological and invasive
interventions. Inflammation plays a crucial role in all stages of
atherosclerotic plaque formation. Smoking, lack of physical
activity, unhealthy diet and certain health problems including
but not limited to diabetes mellitus, obesity, metabolic syndrome,
hypertension, hypercholesterolemia, or homocystinuria have been
found to be themost importantmodifiable risk factors of CAD (9),
contributing to endothelial dysfunction. Endothelial cell activation
during the initiation of atherogenic processes leads to expression
and release of pro-inflammatory factors, chemoattractant and
adhesion molecules, which results in leukocyte and monocyte
infiltration of arterial walls, leading to inflammation (10).
Frontiers in Immunology | www.frontiersin.org 2153
Inflammation has a fundamental role during late-stage
atherosclerosis as well: it enhances the local accumulation of
macrophages that are responsible for the weakening of the
fibrous cap of plaques by releasing collagen-degrading matrix
metalloproteinases (11). Destabilization of the cap increases the
risk of plaque rupture, which suggests that inflammation has an
important role not only during atherogenesis, but during the
development of ACS as well. This statement was supported by
several independent studieswhich indicated the predictive value of
pro-inflammatory molecules in blood serum, such as IL-6, tumor
necrosis factor-a or CRP for the incidence of cardiovascular
diseases (12–14). It was also reported that adaptive immunity
alterations including failure to control the activation of aggressive
T-cells might be associated with worse outcome in ACS patients
and can be rarely identified inpatientswith stable coronarydisease,
andwere never seen in healthy controls (15). This suggests that not
only inflammatory, but other aspects of immune functions might
also have important roles during the development of
atherosclerosis and CAD. The fact that certain autoimmune
diseases, such as rheumatoid arthritis and systemic lupus
erythematosus have been associated with higher prevalence of
atherosclerosis, hypertension, and increased cardiovascular
mortality, supports this statement (16, 17). More detailed
understanding of these mechanisms might help the identification
of new biomarkers and potential therapeutic targets which may
support both the follow-up and treatment of patients with
cardiovascular diseases.
3 THE KYNURENINE PATHWAY

The physiological role of KP, the major route of tryptophan
degradation, in the heart and vasculature is not completely clear
yet. Under normal conditions the pathway plays an important role
in generating nicotinic acid (vitamin B3) and therefore
contributing to cellular energetic homeostasis in form of
nicotinamide adenine dinucleotide (NAD+) (18). NAD+ is a
common redox cofactor in various biological processes,
including calcium homeostasis , energy metabolism,
mitochondrial functions, and antioxidant/prooxidant balance
which are particularly relevant in the heart and vascular system
(19). Although the exact physiological role of othermembers of KP
is unknown in the cardiovascular system, certain metabolites may
contribute to vascular tone regulation, especially during
inflammation (20).

Increasing number of studies indicates that KP is altered in
cardiovascular diseases; however, it is still unclear whether or not
the endogenous kynurenines are directly involved in the
initiation or progression of CAD (21). The importance of the
KP in cardiovascular diseases may include the patho-mechanistic
involvement in cardiovascular risk factors, such as hypertension,
diabetes mellitus, dyslipidemia and obesity, as well as in vascular
inflammation and atherosclerosis in CAD (21, 22).

In humans, approximately 95% of catabolized tryptophan (Trp)
is converted to immunomodulating compounds, collectively termed
kynurenines (Figure 1). The conversion of Trp to N-formyl-L-
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kynurenine is the rate-limiting first step of the KP which can be
catalyzed by three different enzymes: indoleamine 2,3-dioxygenase-
1 and -2 (IDO1, IDO2) or tryptophan-2,3-dioxygenase (TDO).
While TDO functions mainly in the liver, controlling the
concentration of Trp in the circulation, IDO enzymes are
responsible for the initiation of KP in extrahepatic tissues to
produce large number of metabolites involved in various
physiological and pathophysiological processes (23). N-formyl-L-
kynurenine is then converted to L-kynurenine (KYN) by
formamidase. Kynurenine/tryptophan ratio (KYN/Trp ratio,
KTR) is considered as an indicator of rate-limiting IDO/TDO
activity. KYN is the central intermediate of the pathway, which
can be metabolized further by three enzymes, initiating the three
main branches of KP (Figure 1). Kynurenine monooxygenase
(KMO) catalyzes the production of 3-hydroxykynurenine (3-HK),
while kynureninase contributes to anthranilic acid (AA) formation.
Both 3-HK and AA can be converted to hydroxyanthranilic acid (3-
HAA), then to 2-amino-3-carboxymuconate semialdehyde,
precursor of quinolinic acid (QA) and picolinic acid (PA). Under
physiological condition, the majority of KYN is metabolized
through these branches to produce NAD+ from QA (18). 3-HK
can be converted to xanthurenic acid (XA) as well. The third main
route of KYN breakdown is the formation of kynurenic acid
Frontiers in Immunology | www.frontiersin.org 3154
(KYNA) via kynurenine aminotransferase enzymes (KAT I-IV)
(Figure 1) (23).

The available literature data is limited regarding the activities of
differentKPbranches (i.e. 3-HK,AA,KYNAbranch) andprobably
their proportions are different among tissues and cell types, both
under physiological conditions and diseases. In patients without
heart failure and CAD who underwent coronary angiography the
following ratios were measured in blood: 3-HK/KYN was 1.9%,
AA/KYN was 0.9%, KYNA/KYN was 2.8% and 3 HAA/KYN was
2.0% (24). In human atherosclerotic arteries RNA transcripts of
IDO, TDO, KMO and kynureninase enzymes were increased,
while the levels of KATI-II were decreased versus controls, which
indicates a deviation in KP branches (25). In the brain under
physiological conditions the synthesis of 3-HK and KYNA is
approximately evenly proportioned (26); however, in
inflammatory conditions it shifts in the direction of 3-HK
synthesis (27).

Enzymes of KP are expressed in wide variety of organs/tissues/
cells. Regarding the cardiovascular system, cardiomyocytes,
endothelial cells, fibroblasts, smooth muscle cells and immune
cells are relevant. Several enzymes are expressed in these cells, for
detailed information see Supplement Table 1. Table shows cell
type-specific RNA expression of enzymes involved in KP from
FIGURE 1 | Schematic overview of the kynurenine pathway. Enzymes are indicated in italics. AA, anthranilic acid; ACMSD, aminocarboxymuconate-semialdehyde-
decarboxylase; AMO, anthranilate 3-monooxygenase; 3-HAA, 3-hydroxyanthranilic acid; 3-HAO, 3-hydroxyanthranilate 3,4-dioxygenase; 3-HK, 3-hydroxykynurenine;
IDO1 and or, IDO2, indoleamine 2,3-dioxygenase-1 and -2; KATs, kynurenine aminotransferase enzymes; KMO, kynurenine monooxygenase; KYN, kynurenine;
KYNA, kynurenic acid; NAM, nicotinamide adenine mononucleotide; PA, picolinic acid; QA, quinolinic acid; QPRT, quinolinate phosphoribosyltransferase; TDO,
tryptophan-2,3-dioxygenase; Trp, Tryptophan; XA, xanthurenic acid.
February 2022 | Volume 12 | Article 768560

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
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healthy human tissues (Supplement Table 1) according to
transcriptomics datasets of www.proteinatlas.org (28). The rate-
limiting IDO expression is not detected in cardiomyocytes,
fibroblasts and dendritic cells, and expression is low in
endothelial, smooth muscle and T cells, and high in
macrophages and monocytes (Supplement Table 1) in healthy
persons. However, the expression is induced under cardiovascular
disease related conditions in most of the cell types (29–35)
(Table 1). It suggests that the intensity of IDO expression is not
constant, and seems to be enhanced in CAD.

Members of KP exert effects on the same, kynurenine-
producing cell (cis-action) (37) and distinct cells (trans-action)
(38) mainly in receptor-dependent manner. For instance, KYN
activates aryl hydrocarbon receptor (39). KYNA is an antagonist
of glutamate receptors (e.g. NMDA, AMPA, kainate) and 7-
nicotinic acetylcholine receptors, and agonist of aryl
hydrocarbon receptor and GPR35 (40). QA activates glutamate
receptors and may exert receptor-independent intracellular
action as well. As a result of KP activation, Trp depletion is
sensed by amino-acid sensors (e.g. GCN2, mTOR), leading to
cellular changes (38).

Considerable amount of data supports the fundamental
immunomodulatory role of KP. IDO is expressed by various
immune cells and contributes to regulation of immune responses
through several mechanisms, including modulation of signaling
pathways and production of immunologically active KP
metabolites, such as KYN, 3-HAA and KYNA (23). IDO is
expressed in mainly dendritic cells, monocytes and macrophages
(41), contributing to majority production of kynurenine
metabolites. KYN have been found to reduce the activity of
natural killer cells, dendritic cells, macrophages, monocytes and
proliferation of T-lymphocytes (42). 3-HAA was found to directly
inhibit the activation of dendritic cells, while KYNA provides anti-
inflammatory and immunosuppressive functions via attenuation of
pro-inflammatory cytokine production (43, 44).
Frontiers in Immunology | www.frontiersin.org 4155
It has been revealed that kynurenine metabolism becomes up-
regulated through activation of IDO in response to inflammatory
signals, from which IFN-g is thought to be the main IDO
activator (7). IDO is also activated by other inflammatory
stimuli like lipopolysaccharide, IL-1, TNF, soluble CTLA4–
immunoglobulin fusion protein, IFN-a IFN-b as well. Anti-
inflammatory cytokines such as IL-4, IL-10, and TGFb inhibit
IFN-g-induced IDO. In addition, CD40 ligation and nitric-oxide
(NO) inhibits IDO activity (45, 46). Therefore, regulation of IDO
expression is complex (45), the balance between pro- and anti-
inflammatory signals determines the activity of IDO and KP
(46). Although most cell types express IFN receptors, IFNs
induce IDO considerably greater in few cell types like dendritic
cells, macrophages or vascular smooth muscle cells than
endothelial cells or Treg cells (47, 48).

In the cardiovascular system, endothelial cells synthetize large
quantities of kynurenines, especially KYNA, the synthesis of
which can be altered by the ionic milieu, oxygen, and nutrient
supply (49). It is well-known that pro-inflammatory cytokines,
such as IDO activator IFN-g are important contributors of
atherogenesis (50). The IFN-g can be produced by resident
cells (mainly by T-lymphocytes and macrophages) of
atherosclerotic plaques (50), and extends the activation of
macrophages leading to increased IDO1 activation and
enhanced production of Trp metabolites (51). Additionally,
recent evidence supports the key role for the KP in the
regulation of inflammation and tolerance mechanism linked to
atherosclerosis, thus IDO1 emerges as a key atheroprotective
enzyme promoting immune homeostasis (52).

In conclusion, KP might be associated with pathogenesis of
CAD by modulation of inflammatory processes as well. The
potential involvement of the KP in CAD suggests that
kynurenines might be utilized as biomarkers of CAD in the
future with substantial diagnostic, predictive, prognostic and
monitoring values.
TABLE 1 | IDO expression under cardiovascular disease related conditions.

Cell type Species Source Condition Expression Ref.

cardiomyocyte neonatal
rat

heart left ventricle in vitro cardiomyocyte hypertrophy induced by treatment with
angiotensin II, isoproterenol, phenylephrine

mRNA and protein (34)

cardiac
endothelial cells

mouse heart left ventricle 1 day after in vivo myocardial infarction mRNA and IDO activity assessed
by measurement of KTR

(35)

vascular
endothelial cells

human aorta induction with IFN-g protein (31)

cardiac
myofibroblasts

human heart ventricles induction with IFN-g protein (33)

cardiac/stem
progenitor cells

human heart right atria appendage
myocardial tissue

induction with IFN-g protein (32)

serum human venous blood patients in whom CAD was suspected, and underwent coronary
angiogram

IDO activity assessed by
measurement of KTR

(36)

aortic smooth
muscle cells

human aorta induction with IFN-g IDO activity: paper
chromatography

(30)

monocytes,
macrophages

human blood buffy coat induction with IFN-g protein (31)

dendritic cell human blood buffy coat induction with IFN-g mRNA (29)
Feb
ruary 2022 | Volume 12 | Article 76
Table shows that those cells which are relevant in coronary artery diseases (CAD) express indoleamine 2,3-dioxygenase (IDO) in response to cardiovascular pathology related stimuli.
KTR, kynurenine/tryptophan ratio.
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Gáspár et al. Kynurenines: CAD Biomarkers
4 KYNURENINE PATHWAY METABOLITES
AS POTENTIAL CLINICAL BIOMARKERS
IN CAD

4.1 Methods Available for the Detection
of Kynurenine Pathway Metabolites:
Clinical Relevance
The biologically active metabolites of KP might be used as
measurable biomarkers for different pathological conditions. In
the field of neurology, decreased Trp metabolites were reported
in patients with migraine without aura in the interictal period
(53), and KP metabolites were suggested to be promising
biomarkers for amyotrophic lateral sclerosis (54). In
hemodialysis patients, increased KYN/Trp ratio was found to
be associated with atherosclerotic changes, such as decreased
ankle-brachial pressure index and increased carotid artery
intima-medial thickness (55). Hypercholesterolemia was shown
to decrease enzyme activities of kidney 3-HAA 3,4-dioxygenase
and liver TDO, thereby leading to a decreased formation of
nicotinic acid (56). Application of kynurenines as prognostic
parameters in CAD was also suggested (57, 58). The most
frequently measured kynurenines are Trp, KYN, XA, AA and
KYNA, and their ratios are also often determined. Various ratios
of KP metabolites may provide indirect information about the
activities of particular enzymes and/or show the relative
activation of the three major branches of KP (25, 59, 60). KP
metabolites have small molecular weight, and they have been
found to be stable, measurable compounds (54). The within-
person reproducibility for determination of KYN, KYNA, XA, 3-
HK, AA, 3-HAA, and Kyn/Trp ratio in samples from chronic
heart failure patients and control individuals was found to be
good to fair (61), supporting the applicability of kynurenines as
predictive biomarkers. The idea of using KP metabolites as
biomarkers was first introduced more than 70 years ago, when
elevated urine kynurenines were observed in patients diagnosed
with cancer or cardiovascular disease (62, 63).

Reliable methods for determining Trp and its metabolites are
essential for theutilizationof kynurenines asbiomarkersduring the
initiation and progression of CAD. However, a number of issues
need to be considered in the development of analytical methods in
order to obtain high robustness, selectiveness and sensitiveness.
Hence, the physiological concentrations of endogenous Trp and its
metabolites cover awide range invariousbiological samples suchas
biofluids, cells or tissues. For instance, the physiological
concentration of Trp was found in the µM range, while
concentrations of KYN, KYNA and 3-HK were in the nM range
in mice serum (64). The relatively low concentration of certain
metabolites of KP and the presence of interfering compounds
require the application of an effective sample preparation
procedure as a key factor for assuring reliable measurement. The
recovery and matrix effect of a given compound is determined by
several physico-chemical factors related to itself and the applied
condition of the method. For the analyte, pKa, pKb, pI, logP,
stability, etc. are essential in the design of the sample preparation
procedure (65). Regarding KP metabolites, these values cover a
relatively wide spectrum, which makes it difficult to optimize a
Frontiers in Immunology | www.frontiersin.org 5156
given sample preparation for all components without any
compromise. Generally, the protein precipitation of biological
samples is before the analysis using organic solvents and/or acids
such as acetonitrile, methanol, trichloroacetic acid and formic acid
(57, 66–69). The solid-phase extraction (SPE) procedures
combined with extraction solvent evaporation provides an
efficient, but labour-intensive and time-consuming approach for
the enrichment of targeted kynurenines by removing interfering
compounds (70–74). The automated online SPE methods are
capable of decreasing the above-mentioned disadvantages of
offline techniques (70). The complexity of the biological samples
involves the presence of several isomers (isobars) with similar
chemical structures. Their separation is also of great importance in
achieving accurate qualitative and quantitative information
about given biological matrices. Thereby, some analytical
methods such as antibody-based procedures cannot be suitable
for distinguishing isomers such as PA and nicotinic acid (69). The
application of chromatographic separation techniques provides
the opportunity to separate targeted KP metabolites from other
endogenous isomers.

In the past, Trp metabolites were measured using UV
spectrophotometry after separation by thin-layer chromatography
followed by fluorometric identification and elution (75, 76);
however, now these methods are considered outdated. Relevant
analytical methods of the KP and their most important advantages
and disadvantages are summarized in Table 2. The development of
high-pressure liquid chromatography (HPLC) allowed monitoring
KP metabolite levels in biological materials faster with higher
sensitivity and accuracy than thin layer chromatography. HPLC
combined with UV detection is a popular method for quantification
of Trp, KYN, 3-HK, QA, PA and XA, since such instruments are
widely available and the measurement is relatively easy (Table 2).
However, this method has low selectivity due to interfering
compounds in samples, chemical characteristics of measured
molecules and different levels in biological samples (77). To
improve sensitivity, fluorescence detectors coupled with HPLC
are used for the analysis of kynurenines, which are frequently
applied for the analysis of Trp and KYNA in blood, brain, heart
or liver (87, 115) (Table 2). Another option for more accurate
determination of kynurenines is the application of electrochemical
detection combined with HPLC, a widely used method for
quantification of Trp, KYN, 3-HAA, 3-HK, XA and AA
(Table 2). The electrochemical detection is known for its high
sensitivity; however, the main drawback of this approach is the lack
of reproducibility caused by electrode clogging and loss in selectivity
(115). The advent of ultra-high-performance liquid
chromatography (UHPLC) provided enhanced chromatographic
separation efficiencies on columns packed with sub-2 µm silica
particles using UHPLC system with very low extra-column variance
and high operating pressure (116). The main advantages of UHPLC
techniques include: i) higher rate and throughput, i.e. separations
can be achieved in a fraction of the time compared to that of HPLC;
ii) better resolution and iii) sharper peaks and thus better lower limit
of detection and quantification. The UHPLC method improved
separation efficiency and analysis time of Trp metabolites and
permitted to monitor multiple compounds in a single
measurement, because of negligible co-elution of analytes (89, 117).
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TABLE 2 | Detection possibilities of Trp and kynurenine pathway (KP) metabolites and their most important advantages and disadvantages.

Detection method Advantages Disadvantages Detectable
Trp and KP
metabolites

Origin of samples Successful use of
method for detection

of Trp and KP
metabolites

HPLC
(in general)

Low-cost equipment Relatively longer analysis time
because of sample preparation
(depending on the type of detection)
High consumption of reagents
High sample volume (depending on
the type of detection)
Complex workflows with intensively
manual sample and information
handling

with UV
absorbance
detection

Most suitable for clinical
application in routine
diagnostics

Lower sensitivity and selectivity,
because of the detection

Trp, KYN,
3-HK, XA, PA,
QA

Urine (human), sweat (human),
serum (human), plasma
(human), heart tissue (human),
brain (rat), liver (rat), serum (rat)

(49, 77–85)

with
fluorescence
detection

Higher sensitivity compared
to UV detection

Suitable only for metabolites with
autofluorescence
Derivatization might be necessary

Trp, KYNA,
3-HAA, QA,
AA

Serum (human), sweat (human),
plasma (human), urine (human),
brain (rat), liver (rat), placenta
(rat), plasma (rat)

(49, 63, 77–79, 81,
83, 85–90)

with
electrochemical

detection

One of the highest
sensitivity among HPLC
techniques

Low selectivity and reproducibility Trp, KYN,
3-HK, 3-HAA,
XA, AA

Brain tissue (mouse), serum
(mouse), ileum (mouse), plasma
(human), serum (human)

(49, 91–94)

with MS/MS
detection

High sensitivity and
selectivity
Applicability for
multimetabolites analysis
Relatively low reagent cost
Requires minimum sample
preparation and low sample
volume
(solid phase extraction)
Low matrix effects and
interferences
High-throughput application
Portability
High separation efficiency

Careful multistep sample preparation
(derivatization)
Optimal standards needed for internal
calibration
Expensive equipment
High costs of detection
Low ionization response of Trp
metabolites
Higher signal to noise ratio compared
to GC-MS (but with combination of
appropriate detection system could
be minimized)

Trp, KYN,
3-HK, 3-HAA,
QA, XA, PA,
AA, KYNA

Plasma (rat, human, mouse),
cerebrospinal fluid (nonhuman
primates),
brain tissue (mouse),
urine (human, mouse)
serum (mouse)
liver (mouse)
intestinal content (mouse)

(24, 25, 36, 57, 61,
70, 72, 95–105)

UHPLC-(HR)MS/
MS

High-throughput application
Shorter analysis time
Low sample volume
Higher separation efficiency
Less solvent consumption

Relatively new techniques
Higher cost
Not widely available
Low ionization response of Trp
Careful sample preparation

Trp, KYN, QA,
KYNA, PA,
XA, 3-HK, 3-
HAA, AA

Cerebrospinal fluid (human),
serum (human, mouse), plasma
(human), urine (human, mouse),
liver (mouse), intestinal content
(mouse)

(65, 67–69, 73,
106–110)

GC-MS,
GC-MS/MS

High sensitivity, mass
resolution and accuracy
High selectivity
High Reproducibility
Low sample volume
Affordable, with relatively
low running cost

Some of kynurenines are hardly
detectable (KYN, 3-HK)
Expensive equipments
Requires additional sample
preparation
Lower mass accuracy

Trp, KYN,
QA

Urine (human), plasma (human),
brain (rat)

(61, 96, 111)

ELISA Ready to use kits
User friendly
Small sample volume
Widely available
Relatively low cost
Information about KP
enzyme activity through the
determination of KP
metabolites

Not optimal for multi-metabolite
analysis
Not available for all kynurenines
Lower specificity and sensitivity than
LC-MS/MS
Cross-reactivity issues

KYN, Trp,
KYNA, QA, AA

Serum (human), plasma
(human), urine

(25, 112)

(Continued)
Frontiers in Immunolog
y | www.frontiersin.org
 6157
 February 2022 | Volu
me 12 | Article 768560

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
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The analysis of KP metabolites had been further advanced
with the detection of the metabolites by mass spectrometry (MS),
in particular, using instruments with high accuracy and mass
resolution (HRMS). In order to obtain a highly selective and
sensitive analysis of biological samples, MS is frequently
hyphenated with chromatographic separation, for instance, gas
chromatography (GC-MS) and liquid chromatography (LC-MS).
Nowadays, the significance of GC-MS analysis of kynurenines
has diminished with the advent of atmospheric ionization LC-
MS methods. Supplement Table 2 summarizes the main
parameters of sample preparation procedures and LC-MS
methods related to the analysis of Trp metabolites. LC-MS
based metabolomics can be divided into two main strategies,
i.e. non-targeted and targeted approaches. The primary aim of
the non-targeted strategy is to obtain a comprehensive profile of
the altered metabolites by providing mainly qualitative data,
which are generally based on the accurate mass of metabolites
obtained by hyphenated HRMS measurement. In comparison,
the targeted approach focuses on quantitative or semi-
quantitative information of a selected, limited number of
metabolites commonly obtained by liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS) (68,
118). The targeted LC-MS/MS analysis of kynurenines is based
on monitoring retention times and precursor ions to product
ions transitions, which are generally generated by positive
ionization multiple reaction monitoring mode (MRM) (66, 70).
The latest approach, using quadrupole-orbitrap hybrid high-
resolution instruments in parallel reaction monitoring (PRM)
mode, provides high specificity because the MS/MS data are
acquired in high-resolution mode to separate the target ions
from co-isolated background ions (65, 105). The PRM allows for
parallel monitoring of a targeted precursor and all subsequent
transition ions, while the MRM provides only one transition.
However, the quadrupole-orbitrap hybrid high-resolution
instrument has disadvantages, such as the higher cost and
lower scan rate than triple quadrupole tandem mass
spectrometers. Overall, the enhanced selectivity of the PRM
methods provides better quantitative and qualitative results
(119, 120). For data analysis, the obtained chromatographic
peak area of the quantifier ion (most abundant fragment ion)
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provides quantitative information, while the peak area of
qualifier ion (characteristic fragment ion) and the peak area
ratio of the ions are used to confirm the presence of a given
compound (103). An important consideration when comparing
LC-MS methods is the lower limit of detection or quantification
values obtained for the KP metabolites (Supplement Table 2).
However, comparisons of these values are difficult due to the
different methods of their determination, for instance, using
matrix-free standard solution or metabolite free matrix (101,
103). A further aspect is the required amount of biological
samples processed. With the development of LC-MS
instruments and the analytical methods, the required amount
of samples has been significantly reduced (67, 109). To
demonstrate the possibility of simultaneous quantification of a
large number of analytes with the LC-MS method, 30 different
compounds of Trp metabolism were detected in human samples,
including serotonin and indol pathways, as well as KP (115). To
further broaden the possible measurable molecules and to handle
the detection challenges, the HPLC-MS/MS method has been
upgraded with an alternative sample preparation (ultrafiltration
instead of protein precipitation) (101). Higher sensitivity was
reached from lower sample volumes for adequate throughput for
cost- and time-efficient routine sample analysis. The main
limitation of LC was also highlighted, i.e., not all KP
metabolites can be measured at sufficient sensitivity in all
species and samples (101). Nevertheless, a single-run HPLC-
MS/MS approach was successfully applied to the analysis of
plasma samples from healthy and acute myocardial infarction
patients (57). The methodology was further optimized by
simplifying sample pretreatment and modifying reverse-phase
separation to broaden the range of measurable Trp metabolites
(104). On the other hand, LeFévre and his co-workers validated a
UPLC-HRMS/MS method to measure Trp metabolites in mice
urine, serum, intestinal contents and liver using Kinetex XB-C18
column (105). A high-throughput, sensitive and automated on-
line solid-phase extraction–liquid chromatographic–tandem
mass spectrometric (XLC–MS/MS) method applying positive
electrospray ionization was also shown to enable accurate and
precise measurement of Trp, KYN and 3-HK in plasma (70). The
main advantages of XLC–MS/MS are relatively easy handling,
TABLE 2 | Continued

Detection method Advantages Disadvantages Detectable
Trp and KP
metabolites

Origin of samples Successful use of
method for detection

of Trp and KP
metabolites

Fluorescent
chemosensor

High specificity
Low cost
Less-time consuming

Available only for KYN KYN Serum (human) (113)

Electrochemical
immunosensor

Suitable for lab-on-a-chip
platform
Low-cost
Robustness
Miniaturized and
automatized detection

Not available for all kynurenines
Only for blood samples

KYNA Serum (human) (114)
February 2022 | Volu
GC-MS, gas chromatography–mass spectrometry; GC-MS/MS, gas chromatography coupled with tandem mass spectrometry; HPLC, high-performance liquid chromatography;
UHPLC-(HR)MS/MS, ultrahigh-performance liquid chromatography with (high resolution) tandemmass spectrometry; ELISA, enzyme-linked immunosorbent assay; Trp, tryptophan; KYN,
kynurenine; 3-HK, 3-hydroxykynurenine, AA, anthranilic acid, 3-HAA, 3-hydroxyanthranilic acid; QA, quinolinic acid; KYNA, kynurenic acid; XA, xanthurenic acid; PA, picolinic acid.
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portability, and reduction of cost per sample due to reduced
sample preparation time, which can be even automatized to
reduce analysis time and analytical variation caused by manual
sample preparation and reuse of cartridges (70). Sensitivity and
the range of measured Trp metabolites were further expanded
using SPE and HPLC-MS/MS method for measuring Trp, KYN,
KYNA, 3-HAA, AA, QA and PA in rat plasma, which allowed
the analysis of a large number of samples in a single day
(Table 2) (72).

The simultaneous detection of as many kynurenines as
possible is one of the challenges in using Trp metabolites as
potential predictive markers. However, high throughput capacity
should be also handled during clinical practice. Hényková et al.
set up an UHPLC technique connected to electrospray tandem
mass spectrometry (UHPLC–ESI-MS/MS), wherein 18 Trp
metabolites from the KP and serotonin pathway were
measurable in human samples (Table 2). This method allowed
accurate analysis of almost 100 samples in 24 h (106). Whiley
and co-workers designed a targeted UHPLC-ESI-MS/MS in 96-
well plate format for application in multiday, multiplate clinical
and epidemiology population studies. A chromatographic cycle
time of 7 min enabled the analysis of two 96-well plates in 24 h
(109). The conception of using kynurenines as prognostic
markers of a disease was strengthened by Schwieler et al. In
their work, a novel, robust UHPLC-MS/MS method was used for
quantification of multiple KP metabolites, including PA isomers,
in the cerebrospinal fluid (69).

Validation of LC-MS methods by using relevant and optimal
standards is rather challenging. Stable isotope-labeled kynurenines
are the best candidates for internal standards, because of identical
chemical properties to the target analyte. Using stable isotope-
labelled internal standard, the instability, recovery,
chromatographic behavior or ionization efficiency issues can be
minimised in comparison to other internal standards. However,
the main difficulties of this approach are high cost limiting its
widespread use and the disadvantages of the optimal isotopically
labelled internal standard. Specifically, the deuterium-labeled
compounds may demonstrate unexpected behaviour, such as
different retention times or recoveries (115); therefore, a possible
solution can be the use of structural analogues.

To date, most of the HPLC-MS methods are time consuming,
involve complex workflows with intensive handling of manual
sample and information. As a result, laboratories need to spend
time optimizing the workflow, which limits the overall
throughput and delays time to reportable results. In addition,
these methodologies require laborious method validation, and
relatively costly and sophisticated equipment. Therefore, these
methods currently are not widely adopted in clinical practice.
Hopefully this situation will change soon due to continuous
development of these techniques and it will not be a limitation
for use in the near future.

Besides chromatographic techniques, enzyme-linked
immunosorbent assay (ELISA) methods are also suitable for
the specific and quantitative determination of several KP
metabolites including KYN, Trp, KYNA, QA, AA and others
(Table 2). The recognition of these metabolites by antibodies is
linked to an enzymatic reaction leading to the formation of a
Frontiers in Immunology | www.frontiersin.org 8159
coloured product that can be assayed by a plate reader for
determining the concentration of the metabolite of interest in
the sample. Standards are usually provided in the commercially
available kits. These methods are suitable for the quantitative
determination of KYN/Trp ratios (25) or KYNA concentrations
(83) in different biological fluids. The main advantages are user-
friendly application, small sample volume, relatively high
throughput, and wide availability even in clinical laboratories.
However, this technique is not available for all kynurenines.
Usability of ELISA in prognostic investigations was strengthened
by Bekki’s work, in which high level of serum KYN was
correlated with poor prognosis of chronic hepatitis C virus
infection and serum kynurenine was identified as an
independent predictor for prognosis of patients (112). On the
other hand, the determination of KYN/Trp can show the activity
of IDO enzyme (25).

Recently, a new fluorescent chemosensor approach has been
invented to detect KYN. KYN is incorporated as part of the
fluorophore and functions through internal charge transfer
induced bathochromic shift (113). This method was reported
as a selective, convenient, less time-consuming and relatively
cheap detection of KYN in human serum (Table 2).
Furthermore, a novel electrochemical immunosensor with a
multi-electrode platform was invented for detection of KYNA
allowing a low-cost, robust, reliable, and non-invasive multi-
analyte detection with miniaturised and automatized detection of
KYNA in blood samples (Table 2) (114). These innovative
methods, however, should be further developed to cover
measurement of all KP metabolites.

In conclusion, various methods are available for the
measurement of metabolites of KP, including KYN, KYNA, 3-
HK or their ratio to Trp, that are potential prognostic markers of
cardiovascular diseases. Choosing the most suitable methods for
determination of kynurenines is really important to provide
reliable and reproducible data for clinical decisions. The
following aspects should be considered when deciding about
the detection method to be used: the concentration of
kynurenines and the suspected changes of metabolites levels
due to the pathological conditions, advantages and disadvantages
of different detection methods, such as sensitivity, selectivity,
possible interference with other biological components,
instrumental environment, price, and availability of
infrastructure or expertise.

4.2 Atherosclerosis and KP
Atherosclerosis is a systemic disease that affects many vessel beds
including aorta, carotid and coronary arteries as well. Carotid
artery intima-media thickness, decreased ankle-brachial index
and raised aortic stiffness are considered as clinical indicators of
atherosclerosis, and these parameters correlate with the
atherosclerosis of coronary arteries (121–123).

Main findings of our literature review focusing on KP
metabolites as a marker of atherosclerosis are summarized
in Table 3.

Plasma KYN/Trp ratio was increased and Trp was decreased
in patients with advanced atherosclerosis compared to patients
without atherosclerosis (73, 124), and increased KYN/Trp ratio
February 2022 | Volume 12 | Article 768560

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
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and low Trp represented high odds ratio for advanced
atherosclerosis (73). Increased KYN/Trp ratio correlated with
increased intima-media thickness (55, 80, 125) and decreased
ankle-brachial index (73). Although Kato et al. found that ankle-
brachial index was not correlated with either KYN/Trp ratio or
Trp level, they showed that patients with high KYN/Trp ratio
have advanced atherosclerosis (increased intima-media
thickness, plaque size, decreased ankle-brachial index)
compared to individuals with lower KYN/Trp ratio value (55).
In addition, decreased Trp correlated with decreased ankle-
brachial index (73) and increased intima-media thickness (55).

In patients with chronic kidney disease, two studies showed
correlation between increased KYN, increased QA and increased
Frontiers in Immunology | www.frontiersin.org 9160
intima-media thickness (49, 81), and one investigation failed to
support KYN/Trp ratio-thickness correlation (55). Interestingly,
Pawlak et al. have found that QA is an independent predictor for
increased thickness in this population. KYN was not associated
with decreased ankle-brachial index (55, 73).

Although 3-HAA was elevated in advanced atherosclerosis
and correlated with decreased ankle-brachial index, it did not
show increased odd ratio for advanced atherosclerosis (73). In
atrial fibrillation increased KYNA was associated with raised
aortic stiffness (90), but KYNA was not correlated with carotid
intima-media thickness in chronic kidney disease (49, 81).

Taken together, disturbed KP is associated with
atherosclerosis, and increased blood KYN/Trp ratio and
TABLE 3 | Kynurenine pathway (KP) metabolites: markers of atherosclerosis.

Changes in Kynurenine Pathway metabolites’ blood level
based on the endpoint of the investigation

Main Message Investigated
population

Number of
participants

Sex
Age

Ref.

KTR KYN TRP OTHER
↑ ↓ ↓ 3-HAA↑ in advanced atherosclerosis

vs. control
KTR ratio (IDO activity) is positively
and Trp is negatively associated
and correlated with atherosclerosis
KTR is positively associated with
post-operative cardiac
complications

patients with advanced
atherosclerosis vs
patients without
atherosclerosis1

100
(22 control)

both sex
69-70 years

(73)

↑ ↔ ↓ 3-HAA↔ represented high odds ratio for
advanced atherosclerosis

↑ ↔ ↓ 3-HAA↑ correlated with decreased
ankle-brachial index (ABI)

↑ ↑ ↓ 3-HAA↔ at baseline in post-operative
complications vs. no
complication

↑ - - - represented high odds ratio for
post-operative complications

↑ ↔ ↓ - correlated with increased
carotid artery intima-medial
thickness (IMT) and maximal
diameter of carotid plaques

elevated KTR ratio (IDO activity)
may be related to advanced
atherosclerosis in haemodialysis
patients

patients undergoing
regular haemodialysis

243 both sex
60 ± 10 years

(55)

↔ ↔ ↔ - correlated with decreased ABI
↑ - - - associated with advanced

atherosclerosis (increased IMT,
plaque size, decreased ABI) vs
lower KTR level

↑2 ↔ ↓ - in grade II-III atherosclerosis
compared to normal group

KTR ratio (IDO activity) increases in
atherosclerosis

patients with histologically
verified atherosclerosis

51 both sex
42–91 years

(124)

↑ - - - correlated with increased IMT IDO activity is positively associated
with atherosclerosis

older adults in Health
2000 Study

921 both sex
46–76 years

(125)

- ↑ - 3-HK↑
QA↑

KYNA↔
AA↔

correlated with increased IMT,
and QA is independent
predictor

disturbed kynurenine pathway may
have a role in the atherosclerosis

patients with chronic
kidney disease

106 both sex
55 ± 14 years

(49)

- ↑ - QA↑
QA/KYN↑
KYNA↔

correlated with increased IMT
and QA, QA/KYN are
independent predictors

disturbed kynurenine pathway may
have a role in the atherosclerosis

patients with end-stage
renal disease

124 both sex
55 ± 14 years

(81)

↑ - - - correlated with increased IMT
in female subjects, but not in
males

IDO enzyme is involved in immune
regulation of early atherosclerosis
in young female adults

young adults in Finn
Study

986 both sex
24-39 years

(80)

- - - KYNA ↑ correlated with increased
aortic stiffness index and
decreased aortic distensibility,
aortic strain

disturbed KP may have a role in
the pathogenesis of arterial
stiffening

patients with persistent
atrial fibrillation

100 43 females,
70 ± 8 years
57 males,

68 ± 7 years

(90)
February
 2022 | Volum
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1Patients underwent carotid endarterectomy, open infrainguinal revascularization or major leg amputation due to critical ischemia.
2Statistical significance is not indicated.
Studies are ordered alphabetically according to the first author. ↑ increase,↔ not changed, ↓ decrease, - not examined; 3-HAA, 3- hydroxyanthranilic acid; 3-HK, 3-hydroxykynurenine; 5-
HT, 5-hydroxytryptamine; AA, anthranilic acid; ABI, ankle-brachial index; IDO, indoleamine 2,3-dioxygenase; IMT, intima-medial thickness; KTR, kynurenine/tryptophan ratio; KYN,
kynurenine; KYNA, kynurenic acid; QA, quinolinic acid; TRP, tryptophan.
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decreased Trp seem to correlate with the severity of
atherosclerosis, thereby KYN/Trp ratio and Trp may correlate
with coronary atherosclerosis as well. Furthermore,
determination of QA is promising in chronic kidney disease
for prediction of the degree of atherosclerosis.

4.3 Coronary Artery Disease and KP
CAD is a group of distinct diseases like myocardial infarction,
stable and unstable angina, sudden cardiac death, new onset of
heart failure and so on. All CADs are characterized by
atherosclerosis or atherosclerotic occlusion of the coronary
arteries, but the severity and time-course of coronary
atherosclerosis development result in a wide range of clinical
manifestations that can be classified as either acute or chronic
coronary syndromes (9). Emerging evidence suggests that low-
grade inflammation contributes to the progression of
atherosclerosis and CAD, also that the KP is essential for the
modulationof these inflammatory responses (68, 99).The resulting
increased KYN/Trp ratio is a measure of IFN-g-mediated immune
activation. In addition, IFN-g activates the KP in monocytes
(mainly through IDO1, KMO and QPRT upregulation) in a
time-dependent manner and has been associated with risk of
cardiovascular events (126, 127). Several metabolites in KP have
been associated with different CADs including but not limited to
acute coronary syndrome (99), chronic coronary syndrome (24) or
post-cardiac arrest syndrome (98) (Table 4). It has been also
demonstrated that some of the kynurenines are positively
associated with CADs mortality and predicted increased risk of
acute myocardial infarction in different patient populations (130).
Studies examining circulating KP metabolites related to CAD as
potential biomarkers are summarized in Table 4.

The importance of KP in influencing cardiovascular disease
mortality (analysis of cause specific mortality) was investigated
in Hordaland Health Study (99, 102). In this cohort study, the
plasma CRP indicating chronic inflammation was positively
correlated with KYN, 3-HK, and 3-HAA and negatively
correlated with XA and tryptophan in age- and sex adjusted
analyses (102). KYN, AA, and HKwere positively associated with
risk of all-cause mortality; however, Trp and XA were inversely
associated with mortality risk (102). There were no linear
associations between KYNA, 3-HAA and risk of all-cause
mortality. Increased baseline KYN/Trp, KYN, 3-HK, AA and
decreased Trp, XA were related to later cardiovascular death
(Table 4) (102). KYNA and 3-HAA showed no association.
IFN-g-mediated inflammation and activation of KP seem to have
a stronger relationship with cardiovascular mortality than with
mortality due to cancer or other causes (102). Interestingly, the
elevated baseline KYN/Trp ratio predicted higher risk for acute
coronary event (like unstable angina, non-fatal or fatal acute
myocardial infarction or sudden death) in older patients without
prior coronary disease (129) (Table 4), therefore this study
showed that the KYN/Trp ratio may predict future coronary
events years ahead of the acute episode, among community-
dwelling older adults without prior coronary heart disease.

Wirleitner and co-workers investigated the concentrations of
KYN, free Trp, and neopterin, as well as the KYN/Trp ratio in
blood samples of angiographically verified CAD patients
Frontiers in Immunology | www.frontiersin.org 10161
collected before transluminal coronary angioplasty (79).
According to their findings, KYN/Trp ratio was increased and
Trp was decreased in CAD compared to controls (Table 4), and
Trp degradation correlates with the levels of neopterin, the
formation of which is stimulated by IFN-g, suggesting that the
lowering of Trp concentration is caused by the IFN-g-induced
stimulation of IDO and subsequent activation of KP. Therefore,
reduced availability of both Trp and Trp-derived serotonin, as
well as the production of toxic compounds through the ‘bad’ arm
of the KP, such as QA may contribute to the development of
neuropsychiatric disorders in CAD patients (79).

It is worth to mention that postmortem analysis of blood Trp
metabolites as possible biomarkers for CAD might contribute to
the investigation of sudden unexpected deaths (84). Several Trp
metabolites were analyzed to help the differentiation between
non-CAD and CAD pathologies after sudden unexpected deaths.
Decreased KYN/Trp, KYN, PA/KYNA and increased PA/KYN,
PA/3-HAA, were observed in CAD-caused deaths (Table 4). No
significant differences have been identified in Trp, KYNA, 3-
HAA, XA, QA, PA levels between groups. Authors have
proposed that PA/KYNA and PA/3-HAA may be suitable
markers for classifying non-CAD out of the CAD in sudden
unexpected deaths (84).

Besides kynurenine metabolites, the synthetizing enzymes
might be also used as prognostic parameters. IDO becomes up-
regulated or upregulated in response to various infectious and
inflammatory stimuli. The importance of IDO enzymes in
prognosis of cardiovascular diseases was supported by Li’s work
(131), where a Mendelian Randomization was used to obtain
unconfounded estimates of the association of IDO1 with ischemic
heart disease, ischemic stroke and their risk factors. The IDO1
protein showed inverse association with ischemic heart disease,
with its risk factor, diabetes mellitus type 2, but it was not clearly
associated with systolic or diastolic blood pressure. They
concluded that the life-long increased plasma IDO1 was
inversely associated with risk of developing ischemic heart disease.

Correlation between severity of CAD and KPmetabolites were
also investigated (Table 4). In patients with suspected CAD,
increased KYN/Trp ratio and KYN were predictive for
significant CAD and both changes correlated with CAD severity
(36). Post-mortem analysis have revealed that decreased KYN/Trp
ratio, KYN, Trp, KYNA, 3-HAA, QA, 3-HAA/Trp, QA/PA, QA/
Trp and increasedPA,Trp/KYNA, PA/3-HAA,PA/KYN,PA/Trp,
PA/KYNA correlated with severity of CAD occlusion (84). In
chronic heart failure with implantable cardioverter-defibrillator
KYN was found to be correlated with CAD severity (128).

The alteration of KP metabolites is also associated with the
cardiovascular risk factors, review in detail (21). For instance
Eussen et al. showed that the plasma concentrations of
kynurenines were generally higher in participants with
hypertension, overweight and the KP was found to be
dysregulated in obese individuals (99). A significant correlation
between IDO and BMI, waist circumference and waist-to-hip
ratio were observed in Pertovaara’s work (80). Positive
correlation of increased IDO1 activity and KYN with incidence
of CAD and low-grade inflammation, obesity, dyslipidemia,
insulin resistance, diabetes and metabolic syndrome were also
February 2022 | Volume 12 | Article 768560
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TABLE 4 | Circulating kynurenine pathway (KP) metabolites related to coronary artery diseases (CAD): potential markers.

Changes in Kynurenine Pathway metabolites’ blood
level based on the endpoint of the investigation

Main Message Investigated
population

Number of
participants

Sex
Age

Ref.

KTR KYN TRP OTHER

↑ ↑ ↓ 3-HAA↔ at baseline who had later
major adverse cardiac event
(MACE)1

KTR may predict MACE in
advanced atherosclerosis

patients with advanced
atherosclerosis vs
patients without
atherosclerosis2

100
(22 control)

both sexes
69-70 years

(73)

↑ - - - represented high odds ratio
for MACE

- ↑ - - associated with all-cause
mortality

KYN was predictive for death and
severity of heart failure, but KYN
was no longer significant in
multivariate model

chronic heart failure
(44% had CAD)

114 both sexes
71 ± 12 years

(128)

- ↑ - - in NYHA III-IV vs. NYHA I-II
correlates with severity of
chronic heart failure (high
NT-proBNP, low peak VO2,
low LVEF, low GFR)

- ↑ - - correlated with reduced
LVEF and increased CAD
severity

KYN was found to be correlated
with chronic heart failure and CAD
severity

chronic heart failure with
implantable
cardioverter-defibrillator
(ICD) (71% had CAD)

156 both sexes
69 ± 11 years

(128)

- ↑ ↔ KYNA↑
AA↔
3-HK↑
XA↔

3-HAA↔

at baseline associated with
increased risk of acute
coronary syndrome (ACS)3

KP can be involved in the early
development of CAD and prediction
of ACS

presumptively healthy
elders without prior
coronary events

2819 both sexes
71-74 years

(99)

↑ ↑ - - significantly associated with
in-hospital mortality

activation of the KP shows
association with unfavourable clinical
outcomes in cardiac arrest patients

cardiac arrest patients 270 both sexes
57-74 years

(110)

↑ ↑ ↓ - significantly associated with
poor neurological outcome4

↔ ↔ ↔ 3-HK↑
KYNA↔
XA↓
AA↔

3-HAA↔
QA↔

3-HK/XA↑

weakly associated with
increased risk of all-cause
mortality

increased 3-HK, 3-HK/XA and
decreased XA had weak
associations with increased mortality
in CAD patients

CAD with preserved
ejection fraction
(i.e. without systolic
heart failure)

807 both sexes
63 ± 10 years

(24)

↑ ↑ ↔ 3-HK↑
KYNA↔
XA↔
AA↔

3-HAA↔
QA↑

3-HK/XA↑

in heart failure patients
compared to controls with
or without CAD5

heart failure itself can be associated
with alterations of the KP,
independent of CAD

heart failure
(73.8% had CAD)

202 both sexes
63 ± 9 years

(24)

↑ ↑ ↔ 3-HK↑
KYNA↔
XA↓
AA↔

3-HAA↔
QA↑

3-HK/XA↑

associated with increased
risk of all-cause mortality

disturbed KP is associated with
increased mortality in patients with
heart failure

↑ - - - associated with risk of
major coronary events
(MCE)6

KTR can be a predictor of adverse
prognosis, CVD and all-cause
mortality in patients with stable
angina pectoris and significant CAD

patients with stable
angina pectoris and
angiographically verified
significant CAD

2380 both sexes
64 ± 10 years

(95)

↑ - - - predicted CVD7 mortality
↑ - - - associated with all-cause

mortality

(Continued)
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TABLE 4 | Continued

Changes in Kynurenine Pathway metabolites’ blood
level based on the endpoint of the investigation

Main Message Investigated
population

Number of
participants

Sex
Age

Ref.

KTR KYN TRP OTHER

↑ - - - in urine associated with
increased CVD and all-
cause mortality in dose-
response manner

urine KTR is predictor of MCE,
acute myocardial infarction (AMI),
and mortality in stable CAD patients

patients with suspected
stable CAD

3224 both sexes
62 ± 11 years

(96)

↑ - - - in urine associated with
increased incidence of MCE
and AMI in dose-response
manner

↑ - - KYNA↑
3-HK↑
AA↑

3-HAA↑
XA↔

associated with incidence of
AMI

KTR and disturbed KP pathway
increases the risk of AMI in CAD
patients

suspected stable
angina pectoris

4122 both sexes
55-70 years

(100)

↑ ↔ ↓ KYNA↔
3-HAA↔

in cardiac arrest patients
compared to healthy controls

KP is associated with the severity of
post-cardiac arrest shock, early
death, and poor long-term outcome
all KP metabolites were independent
predictors of early death, while
KYNA and 3-HAA were independent
predictors of poor 12-month
neurological outcome as well

cardiac arrest patients
with both shockable
and nonshockable initial
rhythms

245
(10 control)

both sexes
53-72 years

(98)

↑ ↑ ↔ KYNA↔
3-HAA↑

in cardiac arrest patients
with nonshockable initial
rhythm compared to
patients with initial
shockable rhythm

↑ ↑ ↔ KYNA↑
3-HAA↑

in patients with lower blood
pressure and lower
bicarbonate levels during
the first 24 hrs after return
of circulation

↑ ↑ ↔ KYNA↑
3-HAA↑

correlated with intensive
care unit death, 12-month
death and poor neurological
outcome

↓ ↓ ↔ KYNA↔
XA↔

3-HAA↔
QA↔
PA↔
FA

in CAD patients vs non-
CAD patients (post-mortem)

post-mortem KTR and disturbed KP
pathway may predict severe CAD

individuals died from
sudden unexpected
death with severe CAD
occlusion more than
75% of the cut surface

31 male
21-86 years

(84)

↓ ↓ ↓ KYNA↓
3-HAA↓
QA↓
PA↑
FA

associated with severity of
CAD occlusion8

↑ - ↓ KYNA↓
5-HT↔

in hypothermia compared to
baseline

IDO becomes activated under
hypothermia, and may contribute to
increased susceptibility to infection/
sepsis under lower body
temperatures

post cardiac arrest
patients treated with
target temperature
management

20 both sexes
54-74 years

(107)

↑(NS) - ↓(NS) KYNA↑
5-HT↔

in patients with poor
neurological outcome
compared to the ones with
favourable outcome

↑ - - - at baseline associated with
increased risk of ACS9

KTR level predicts ACS older adults without
previous CAD

2743 both sexes
71-74 years

(129)

↑ ↑ ↓ KYNA↔
XA↔
5-HT↓

in AMI compared to healthy
controls free from CVD

KP metabolite might be biomarkers
for monitoring of AMI progression

hospitalized patients
diagnosed with acute
myocardial infarction

9
(18 controls)

both sexes
N.A.

(57)

- - ↑ KYNA↓
XA↓

in urine samples of ACS
patients compared to
healthy controls

as a part of wide urinary
metabolomics KP metabolites may
serve as biomarkers in ACS diagnosis

ACS patients 36
(30 controls)

both sexes
59 ± 8 years

(68)

↑ ↔ ↓ - in CAD vs. healthy controls KTR may be involved in the
development of CAD

CAD verified by
coronary angiography

35
(35 controls)

both sexes
61 ± 10 years

(79)
↑(NS) ↔ ↔ - among 1-vessel, 2- or 3-

vessel CAD and restenosis
groups

(Continued)
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demonstrated (80, 100, 132). Diabetes mellitus is one of the
major risks for CAD and it can be described as chronic low-grade
inflammation, in which the macrophages actively contribute to
the development of atherosclerotic plaques. Moreover, the
proinflammatory cytokine, IFN-g can modulate the activity of
rate-limiting enzyme of KP, the IDO1, therefore the
dysregulation of the KP might be involved in the pathogenesis
of CAD and/or its risk factors, including diabetes mellitus (133).
Risk for CAD is also influenced by the sex as well (134). It was
identified that the sex has influence on the amount of KP
metabolites, inducing different blood levels of kynurenines and
Trp among males and females, which is further complicating the
relation of kynurenines to CAD, however, the correlation
Frontiers in Immunology | www.frontiersin.org 13164
between the KP changes and CAD remained identical (84).
Substantial data suggest that the sex difference in the activity of
KP is caused by mainly hormonal factors (135). In in vivo
experiments, it has been revealed that the combined effect of
estrogen and corticosterone upregulates the activity of the KP in
rats. The modulatory role of female sex hormones on KP was
supported by human studies, which has revealed that the KYN/
Trp rises during pregnancy, and in oral contraceptive users as
well. On the other hand, it has been confirmed that
administration of androgens to both male and female subjects
reduces the excretion of Trp metabolites via urine (135). It can be
mentioned that people with anemia had a decrease in blood Trp
level, which is positively correlated with a drop of hemoglobin (126).
TABLE 4 | Continued

Changes in Kynurenine Pathway metabolites’ blood
level based on the endpoint of the investigation

Main Message Investigated
population

Number of
participants

Sex
Age

Ref.

KTR KYN TRP OTHER

↑ ↑ ↔ - in significant CAD vs non-
significant CAD, and it was
predictive for significant
CAD

KTR may predict CAD severity patients with suspected
CAD

305 both sexes
64 ± 10 years

(36)

↑ ↑ - - correlated with the CAD
severity

↓ ↓ - - in single-vessel CAD/non-
significant CAD patients at
baseline who had MCEs10

later

disturbed KP pathway might be
associated with poor outcome in
CAD patients

↔ ↔ - - in double- and triple-vessel
CAD patients at baseline
who had MCEs later

↓(NS) ↓(NS) - - tendentiously at baseline in
patients who died later

↑ ↑ ↓/↔11 - associated with increased
all-cause mortality

KYN was associated with all-cause
mortality in two independent
prospective cohorts of patients with
ICD, as well as with ventricular
arrhythmia-induced ICD schocks

ischemic or non-
ischemic systolic heart
failure with implantable
cardioverter-defibrillator
(ICD)

402
(PROSE-

ICD)
240

(GRADE)12

both sexes
18-80 years

(67)

↔ ↑/↔10 ↔ - associated with increased
ventricular arrhythmia-
induced ICD shocks

↑ ↑ ↓ KYNA↔
3-HK↑
AA↑

3-HAA↔
XA↓

at baseline associated with
increased CVD mortality13

KTR and disturbed KP pathway may
predict CVD mortality

individuals with or
without any kind of
diseases (e.g. CVD,
diabetes, etc.)

7015 both sexes
46-49 years
70-74 years

(102)
February
 2022 | Volum
e 12 | Article 76
Studies are ordered alphabetically according to the first author. ↑ increase,↔ not changed, ↓ decrease, - not examined; 3-HAA, 3- hydroxyanthranilic acid; 3-HK, 3-hydroxykynurenine; 5-
HT, 5-hydroxytryptamine; AA, anthranilic acid; ACS, acute coronary syndrome; AMI, acute myocardial infarction; BNP, brain natriuretic peptide; CVD, cardiovascular disease; FA, further
ratios are available; GFR, glomerular filtration rate; ICD, implantable cardioverter-defibrillator; IDO, indoleamine 2,3-dioxygenase; IMT, intima-medial thickness; KTR, kynurenine/tryptophan
ratio; KYN, kynurenine; KYNA, kynurenic acid; LVEF, left ventricular ejection fraction; MACE, major adverse cardiac event; MCE, major coronary events; NS, non-significant; NYHA, New
York Heart Association functional classification; PA, picolinic acid; QA, quinolinic acid; TRP, tryptophan; XA, xanthurenic acid.
1all-cause death, stroke, myocardial infarction, coronary revascularization during the follow-up period.
2patients underwent carotid endarterectomy, open infrainguinal revascularization or major leg amputation due to critical ischemia.
3unstable angina pectoris, AMI, sudden death in crude analysis (adjusted for gender); only KYN and HK significant when adjusted for gender, hypercholesterolemia, kidney function (eGFR),
smoking, BMI, hypertension, and diabetes.
4after adjusting for age, gender and comorbidities, only ↑ KTR remains significantly associated with poor neurological outcome.
5adjusted for diabetes, eGFR, pyridoxal 5’phosphate, C-reactive protein and Trp (not Trp in KTR model).
6fatal and non-fatal AMI, sudden cardiac death, sudden death.
7International Classification of Diseases (ICD)-10 codes I00-I99 or R96.
8only PA is significant in trend correlation.
9unstable angina, non-fatal or fatal AMI or sudden death.
10death, myocardial infarction, and/or recurrent cardiac chest pain.
11results were different in PROSE-ICD study/in GRADE study.
12models were adjusted for age, sex, race, enrolment center, smoking status, BMI, LVEF, NYHA class, atrial fibrillation, diabetes, hypertension, and CKD (adjustment for kidney disease
was only done in PROSE-ICD as the information was not available in GRADE).
13associciation was non-significant in participants without self-reported cancer, CVD (myocardial infarction, angina, and stroke), or diabetes.
8560

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
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4.3.1 Acute Coronary Syndrome and KP
ACS is a severe type of CAD, which is usually associated with
atherosclerotic plaque rupture and thrombus formation leading
to acute myocardial infarction (AMI), unstable angina, acute
heart failure, arrhythmias or even sudden cardiac death.

In the Hordaland Health Study, more than presumptively
2500 healthy elders without prior coronary events were involved
to study the plasma concentration of KP metabolites and its
potential linkage to acute coronary event endpoints (99, 129).
During the investigation, significant positive associations of
increased baseline concentrations of KYN/Trp, KYN, KYNA,
and 3-HK with risk of ACS were described (Table 4) (99, 129).
Among the kynurenines, KYN and 3-HK showed the strongest
relations with markers of cellular immune activation and were
associated with increased risk of acute coronary events in
community-dwelling elderly without a known history of CAD.
Circulating Trp, AA, XA and 3-HAA were not associated with
increased risk of ACS (99).

It was also demonstrated, in patients with stable angina
pectoris, that systemic markers of IFN-g activity, plasma
neopterin, and increased plasma KYN/Trp ratio provide
similar risk estimates for ACS-related major coronary event,
like AMI or sudden cardiac death (Table 4) (95). Therefore, the
elevated levels of neopterin and KYN/Trp ratio possibly identify
subjects with vulnerable lesions despite a clinically stable
condition (95).

Besides blood specimens, urine samples can be used as non-
invasively collected sources of biomarkers during diagnosis of
cardiovascular diseases. Wand et al. applied urine metabolomics
to investigate potential biomarkers and metabolic profiles for the
prediction and diagnosis of ACS (68). In this study, Trp
concentration was significantly increased in urine samples with
parallelly decreased KYNA and XA levels compared to healthy
controls (Table 4) (68). Pedersen et al. published that in
suspected CAD increased urine KYN/Trp ratio was associated
with increased incidence of ACS-related major coronary event,
like AMI or sudden cardiac death (Table 4) (96). Another
interesting finding was that KYN/Trp ratio seemed to be
relatively stable over time in urine samples, which raises the
chance of its clinical application as a biomarker in the future.

In advanced atherosclerosis, increased KYN/Trp ratio, KYN
and decreased Trp were associated with increased major adverse
cardiac event (including AMI and coronary revascularization,
all-cause death, stroke) in the follow-up period (Table 4) (73).
Furthermore, solely KYN/Trp ratio represented high odds ratio
for later major adverse cardiac event (73).

Wongpraparut et al. have found that decreased baseline KYN/
Trp ratio and KYN in single-vessel or insignificant CAD was
associated with major cardiac events (like death, myocardial
infarction, and/or recurrent cardiac chest pain) in the 1-year
follow-up period (Table 4) (36). Regarding these levels, there
were no association with cardiac events in double- or triple-
vessel CAD patients.

4.3.1.1 AMI and KP
AMI means myocardial cell death, an injury caused by sudden
coronary occlusion related to ischemia usually as a consequence
Frontiers in Immunology | www.frontiersin.org 14165
of CAD. Based on our research, few studies focused specifically
on the relation between AMI and KP (Table 4). According to
Tong’s work, the plasma concentration of Trp, kynurenines, 5-
hydroxytryptamine (5-HT), as well as the concentration ratio of
KYN/Trp and Trp/5-HT might serve as biomarkers to monitor
the initiation and progression of AMI and evaluate the outcomes
of therapeutic agents (57). In AMI compared to healthy controls,
increased level of KYN/Trp, KYN and decreased Trp, 5-HT was
measured without any changes in KYNA or XA (57).

Pederson et al. have found that increased level of KYN/Trp in
the urine (96) and the plasma (100) is associated with the risk of
AMI in suspected CAD patients. They have also demonstrated
that increased circulatory KYNA, 3-HK, AA, 3-HAA were
associated with incidence of AMI in CAD patients (100) and
association was stronger with adverse prognosis among patients
with impaired glucose homeostasis. Furthermore, the addition of
AA improved goodness offit for the multivariable model and AA
provided significant net reclassification improvements (100).

These results were strengthened by Lewis et al., where the
metabolomic platform of patients was utilized to discover blood
markers with potential to detect the presence of myocardial
injury. They found that AA becomes elevated for sustained
periods after 2 hours of planned AMI (i.e. alcohol septal
ab l a t i on t r e a tmen t fo r hype r t roph i c obs t ru c t i v e
cardiomyopathy). This finding suggests both the alteration of
Trp metabolism during cardiac ischemia and its potential role in
the response to ischemia (136).

4.3.1.2 Cardiac Arrest and Post-Cardiac Arrest Syndrome
and KP
Sudden cardiac death, also known as sudden cardiac arrest,
occurs when the heart abruptly stops beating. CAD is the most
common cause of cardiac arrest (137) which consequently leads
to circulatory shock, i.e. an imbalance between oxygen demand
and supply caused by inadequate blood flow, resulting in cell
dysfunction and cell damage. Despite initial successful
cardiopulmonary resuscitation, the morbidity and mortality
following cardiac arrest remain high. The pathological state
called post-cardiac arrest syndrome is characterized by cardiac
dysfunction with circulatory shock and systemic inflammation.

The early activation of the KP after successful resuscitation
was recently demonstrated (Table 4) (98). It was shown that Trp
was significantly lower and the ratio of KYN to Trp was
significantly higher in all resuscitated patients compared to
healthy volunteers, and significantly higher levels of KP
metabolites were observed in patients who died compared to
those who survived. Elevated KYNA and 3-HAA levels were
associated with 12-month poor neurological outcome. KP
metabolites KYN, KYNA, and 3-HAA were markedly
increased in the instance of poor outcome, supporting the
specific prognostic role of KP. “Although KYNA generation
might represent a protective adaptive response to overcome the
neurotoxic effects resulting from 3-HAA, the ratio of KYNA to 3-
HAA was not significantly different in patients who survived
compared to those who died, and did not correlate with
outcomes neither” (98). These findings were also observed in
rats and pigs, where the increased plasma levels of KYN, KYNA
February 2022 | Volume 12 | Article 768560
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and 3-HAA occurred during the initial hours following
resuscitation and persisted up to 3–5 days following cardiac
arrest and KP activation showed an equivalent time course in
rats, pigs, and humans, and was significantly related to the
severity of post-resuscitation myocardial dysfunction,
functional outcome and survival (97). KYNA seems to be
neuroprotective against ischemic brain damage caused by
global or focal cerebral hypoperfusion (138–141), but probably
the effect of endogenously raised KYNA is blunted by several
factors (e.g. comorbidities, age, gender, etc.) or the production
rate of KYNA was not enough to overcome the neurotoxic
effects, which would explain the lack of correlation between
increased level of KYNA and good prognosis in studies
conducted by Ristango et al.

Another prospective cohort study investigating the possible
relationships between the activation of KP and the mortality of
cardiac arrest patients revealed that both increased KYN
concentration and KYN/Trp ratio is significantly associated
with in-hospital mortality (Table 4) (110). In the same study,
the connections between KP and neurological outcome were
examined too as a secondary endpoint. Lower Trp and higher
KYN, with subsequent higher KYN/Trp ratio were significantly
associated with poor neurological outcome at hospital discharge
in cardiac arrest patients, which can be explained by the influx of
KYN and neurotoxic compounds of the KP during cerebral
hypoxia occurring upon cardiac arrest (110).

A study was conducted by Schefold et al., where they
examined the effect of controlled body temperature after
cardiac arrest on the serum level of Trp, KYN/Trp ratio and
KYNA (107). Cardiac arrest causes global hypoperfusion (i.e.
ischemia) to the body (including brain as well) and a subsequent
cell dysfunction and damage, accompanied by global
inflammatory response. Controlled hypothermia (decreased
body temperature to 32–34°C) is used in clinical practice to
ease systemic inflammation and hypoperfusion associated
dysfunction and damage. They showed that hypothermia
results in increased KYN/Trp ratio, decreased Trp and KYNA
(Table 4). They also determined the neurological outcome
according to Pittsburgh Cerebral Performance Category (CPC),
which is a scale on 1 to 5. 1 is e.g. good cerebral performance:
conscious, alert, able to work, might have mild neurological or
physiological deficit contrast to 5 which is brain death (142).
Interestingly, they found higher KYNA, non-significantly higher
KYN/Trp ratio and lower Trp level in patients with unfavorable
neurological outcome (CPC 3-5) vs. favorable outcome (CPC
1-2) (107).

In one cohort of systolic heart failure with undefined CAD
status, increased blood KYN was associated with increased
ventricular arrhythmia-induced implantable cardioverter-
defibrillator shocks as an indicator of potential cardiac arrest
caused by arrhythmia (Table 4) (67). Nevertheless, they have not
found such a significant association in another cohort study with
the same outcome (67).

4.3.2 Chronic Coronary Syndrome and KP
Stable angina and ischemic chronic heart failure are common
manifestations of chronic coronary syndrome of CAD.
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It is known that metabolites of the KP mediate
immunomodulation, oxidant defense and apoptosis, for
detailed information please see review articles: (143–145).
These mechanisms are involved in the development of heart
failure (146, 147); therefore, the abnormalities of KP may
influence the development and progression of heart failure
(128). This phenomenon was strengthened by Lund et al.,
where the adjusted KYN, 3-HK, QA and derived ratios KYN/
Trp and 3-HK/XA were higher in heart failure patients
compared to control subjects independently from CAD status
(Table 4), and these elevated levels associated with higher all-
cause mortality in heart failure. Interestingly, increase in XA was
consistently related to lower mortality in investigated heart
failure and control groups (24). Increasing evidence suggest the
predictive value of kynurenines as biomarkers in chronic heart
failure (61, 67, 128, 148). It has been demonstrated that KYN
increased with severity of chronic heart failure and performed
better than NT-proBNP for predicting mortality and reflect
exercise capacity. In a logistic regression analysis, KYN proved
to be the only parameter among a number of chronic heart
failure, inflammatory and oxidative stress markers that showed
predictive value for death and reflect exercise capacity (Table 4)
(128). In this univariate analysis KYN predicted all-cause
mortality compared to NT-proBNP that was not predictive for
death (128). Furthermore, ROC curve for KYN tended to be
higher than for NT-proBNP. KYN and NT-proBNP similarly
predicted severely compromised left ventricular function, but
they were not compared in assessing exercise capacity. Based on
death prediction analysis, authors proposed KYN as a better
marker (128). The increased KYN concentration was also
measured and associated with all-cause mortality and
appropriate shock in two independent prospective cohorts of
heart failure patients undergoing implantable cardioverter-
defibrillator implantation for primary prevention of sudden
cardiac death (Table 4) (67).
5 CONCLUSION

Although several detection methods are available for the
measurement of KP metabolites, there is still no consensus
about standardized assays suitable for widespread and routine
use in clinical laboratory diagnostics. Moreover, determination
of population-wide normal concentration ranges for individual
metabolites of KP are urgently needed. Simultaneous
determination of multiple components of KP may be
straightforward in assessing the link between KP and various
manifestations of CAD; however, large scale clinical studies are
required to provide strong evidences.

Based on reviewing the literature, we can conclude that
disturbed KP is associated with atherosclerosis, and more
specifically increased blood KYN/Trp ratio and decreased Trp
seem to correlate with the severity of atherosclerosis, thereby
KYN/Trp ratio and Trp may correlate with coronary
atherosclerosis as well. Furthermore, determination of QA is
promising in chronic kidney diseases for prediction of the degree
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of atherosclerosis. Measurement of KYN and Trp, and
calculation of their ratio can help to predict the degree of
atherosclerosis and to follow-up the efficacy of anti-
atherosclerotic treatment; nevertheless, large-scale clinical
studies are still needed to determine the normal range of KYN/
Trp ratio in healthy individuals and the cut-off value for
atherosclerosis prediction. Change in KYN/Trp ratio itself is
not specific for atherosclerosis, so it is not really suitable for
diagnosis. Only few studies examined the possible predictive role
of other KP metabolites with inconclusive findings, so further
investigations are needed to elucidate this role in atherosclerosis.

Disturbed KP - especially increased KYN/Trp ratio and KYN –
have been also found to be associated with unfavourable overall
outcome in healthy individuals, patients with CAD, heart failure
and cardiac arrest. However, due to the fact that a limited number
of studies have been performed on a highly heterogeneous patient
population applying various detection methods and targeting
different KP metabolites and clinical endpoints, it is not
surprising that drawing conclusions on any clear disease- or
outcome-specific difference in KP changes which allows exact
diagnosis of suspected disease or predicting specific endpoints is
rather challenging. Nevertheless, measuring and adding KYN/Trp
ratio and/or KYN to cardiovascular risk assessment and
stratification seems to improve the accuracy of prediction of
important outcomes like incidence of CAD, cardiovascular
diseases and all-cause mortality. Follow-up of KP metabolites
may be suitable for monitoring of severity and progression of
CAD and heart failure, and also the efficacy of therapy.
Measurement of 3-HK seems to be promising in prediction, and
AA may improve the prediction of AMI in suspected CAD
patients. Comprehensive analysis of whole KP metabolome was
conducted in only few studies; therefore whole metabolome
Frontiers in Immunology | www.frontiersin.org 16167
approach is recommended for future investigations to better
understand the possible roles of different KYN branches in
particular manifestations of CAD.
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