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The tryptophan and kynurenine pathway is well-known to play an important role in nervous, endocrine, and
immune systems, as well as in the development of inflammatory diseases. It has been documented that some
kynurenine metabolites are considered to have anti-oxidative, anti-inflammatory, and/or neuroprotective properties.
Importantly, many of these kynurenine metabolites may possess immune-regulatory properties that could alleviate
the inflammation response. The abnormal activation of the tryptophan and kynurenine pathway might be involved
in the pathophysiological process of various immune-related diseases, such as inflammatory bowel disease,

cardiovascular disease, osteoporosis, and/or polycystic ovary syndrome.
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| 1. Introduction

Among the 20 amino acids that supply protein formation, tryptophan is one of the essential mammalian amino
acids, and the kynurenine pathway is the major metabolic pathway of the tryptophan metabolism, which is known
to play an important role in the nervous, endocrine, and immune systems @, The tryptophan metabolism is also
closely related to inflammation and inflammatory diseases such as infection, coronary heart disease, autoimmune
syndrome, cancer, and neurodegenerative disorders 2. Similarly, immune activation is intricately linked with the
dysregulation of the tryptophan metabolism on the way to oxidative breakdown along the kynurenine axis 4. In
addition, the amino acids in the tryptophan—kynurenine pathway have been shown to be associated with the risks
of atherosclerotic cardiovascular events, which may predict acute coronary events in older individuals without
previous coronary heart disease. Bl. Furthermore, accumulating evidence has also suggested a role of the
kynurenine pathway in various diseases and disorders, including Alzheimer’s Disease, depression, schizophrenia,
amyotrophic lateral sclerosis, Huntington’s Disease, and/or cancers 4. The tryptophan—kynurenine pathway is the
most important course for the tryptophan catabolism, accounting for around 95% of dietary tryptophan degradation
Bl As a consequence of the kynurenine pathway’s metabolic integration, inflammation could contribute to the

accumulation of kynurenine in the host brain, which may be associated with depression and/or schizophrenia 2!,

Dependent on the nutritional availability of the essential amino acid tryptophan, bacteria of the gut microbiota could
influence the host's serotonin biosynthesis in enterochromaffin cells. Therefore, certain members of the gut
microbiota might be capable of delivering serotonin to their host . An increase in serotonin levels, induced by

spore-forming bacteria in the gut, might contribute to the progression of inflammation, with an impact on neutrophil
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function [, An additional tryptophan-dependent pathway that is modulated by the gut microbiota is the indole
pathway, which also impacts mucosal Th17 cells’ immunity in the gut via the aryl hydrocarbon receptor (AHR) [EI2],
In addition, the tryptophan—kynurenine pathway might underlie the regulation performed by gut microbiota-
regulated interferons 19, Meaningfully, a protective role of dietary tryptophan has been demonstrated in mouse

models (1],

| 2. Tryptophan and Kynurenine Metabolic Pathway

The catabolism of tryptophan has two major enzymatic pathways. The first pathway is the serotonin pathway,
which is mediated by tryptophan hydroxylase and results in the generation of serotonin or 5-hydroxytryptamin (5-
HT), a precursor of melatonin 12, In the other pathway, tryptophan is catabolized to kynurenine, the
neuroprotective kynurenic acid, and the neurotoxic quinolinic acid (QA) (131 Interestingly, D-tryptophan can also be
enzymatically converted to L-tryptophan by D-amino acid oxidase and aminotransferase (Figure 1). Tryptophan is
mainly catabolised through the kynurenine pathway 24, which is controlled at its first step and catalyzed by the
rate-determining enzymes, tryptophan 2,3-dioxygenase in the liver and indoleamine 2,3-dioxygenase in the
extrahepatic tissues 2. The tryptophan and kynurenine pathway accounts for the majority of ingested tryptophan
(12l16]  Kynurenine could be further metabolized into several other downstream products, such as 3-
hydroxykynurenine, xanthurenic acid, anthranilic acid, 3-hydroxyanthranilic acid, and picolinic acid, which are
collectively referred to as kynurenines. Kynurenine is converted into anthranilic acid by kynureninase, and to 3-
hydroxykynurenine by kynurenine monooxygenase. Then, 3-hydroxykynurenine is metabolized into 3-
hydroxyanthranilic acid by kynureninase. Lastly, quinolinic acid is generated, and thereafter, so is nicotinamide
adenine dinucleotide (NAD), which plays an essential role in energy metabolism. The pathway involving the
indoleamine-2,3-dioxygenase has been assumed to play a major role in the development of major depression. In
addition, the tryptophan 2,3-dioxygenase activity is inhibited by the glucose intake in liver, probably involving the
increased production of the feedback allosteric inhibitor, NADPH 4. This may explain the associations between
the elevated concentrations of kynurenine metabolites with the impaired glucose tolerance observed in individuals

that are overweight or have obesity 18],
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Figure 1. lllustration of the general L-Tryptophan and L-Kynurenine or D-Tryptophan and D-Kynurenine metabolic
pathway in bacteria and/or in mammals. Some enzymatic degradation has also been shown. The arrowhead
means stimulation and/or augmentation. As a footnote, some critical events have been omitted for simplicity. D-Trp:
D-Tryptophan; L-Trp: L-Tryptophan; D-KYN: D-Kynurenine; L-KYN: L-Kynurenine; KA: Kynurenic acid; I-3-HK: I-3-
Hydroxykynurenine, d-3-HK: d-3-Hydroxykynurenine; 3-HA: 3-Hydroxyanthranilic acid; ACMSD: a-amino-3-
carboxymuconate-e-semialdehyde; QA: Quinolinic acid; NAD: Nicotinamide adenine dinucleotide; 5-HTTP: 5-
Hydroxytryptophan; 5-HTP: 5-Hydroxytryptophan; 5-HT. 5-hydroxytryptamine (Serotonin); 5-HIAA: 5-
Hydroxyindoleacetic acid; V.B6: vitamin B6; DAAO: d-amino acid oxidase; IDO: Indoleamine 2,3-dioxygenase; KAT:

kynurenine aminotransferase; and KYNU: kynureninase.

Some kynurenines are considered to have anti-oxidative, anti-inflammatory, and neuroprotective properties, while
others have pro-oxidative, pro-inflammatory, and neurotoxic properties, and others have somewhat less well-
characterized properties 9. The tryptophan—kynurenine pathway is recognized to be involved in quality of life
(QOL) after cancer BI2A21 which may play a crucial role in inflammation 22, In addition, the kynurenine pathway
determines the overall neuronal excitability and plasticity by modulating the glutamate receptors and G protein-
coupled receptor 35 (GPR35) activity across the central nervous system (CNS), and regulating the general
features of immune cell status, surveillance, and tolerance, which often involves the AHR. The ratio of kynurenine-

to-tryptophan may be a recognized marker of cellular immune activation 23!,

| 3. Connection between Kynurenine Pathway and Immunity
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Inflammatory cytokines could activate indoleamine 2,3-dioxygenase. For example, interferon gamma can activate
the enzyme of indoleamine 2,3-dioxygenase, thereby shifting the Trp metabolism to Kyn production 24!, Cytokines
and kynurenines are closely associated with mediating the communication between the brain and the immune
system, which could regulate the neuron and/or glial activity in the central nervous system (CNS), as well as the
function of the immune system within a combined network. This concept would broaden the scope for the
development of new treatments for disorders that involve immune systems with harmless and/or more active
agents [22. During inflammation, pro-inflammatory cytokines, mainly tumor necrosis factor-a (TNF-a) and
interferon-y (IFN-y), may increase the catabolism of tryptophan by encouraging the expression of indoleamine 2,3-
dioxygenase 28, Increasing evidence may verify inflammation as key for the entry of tryptophan into the
kynurenine pathway, and, in return, this pathway might metabolite as a crucial modulator of inflammatory
responses. The kynurenine pathway might also be activated to generate sufficient amounts of NAD+ energy, as
activated immune cells may need a great deal of energy to fight against pathogens 24, which could protect the
host against the oxidative stresses that are linked to various inflammations. Significantly, a lot of the kynurenine
metabolites may have the potential for immune regulation, which could alleviate the inflammation. For example,

kynurenic acid could reduce pro-inflammatory cytokines 28],

4. Several Immune-Related Diseases Associated with the
Tryptophan and Kynurenine Pathway

4.1. Major Depressive and Bipolar Disorders

The metabolism of tryptophan, which is the precursor of neurotransmitters, has been deliberated to be one of the
important biological pathways for depression [22l. Possibly based on the relationship of the tryptophan metabolism
with mental disorders, inflammatory diseases are frequently comorbid with major depression. In general, the
dysregulation of tryptophan metabolites, such as serotonin, kynurenine, quinolinic acid, and kynerunic acid, might

also be interrelated to depressive disorders.

4.2. Cardiovascular Disease

Cardiovascular diseases, including myocardial infarction and/or stroke, may constitute a leading cause of death,
globally. The pathophysiology of cardiovascular diseases is linked to vascular inflammation B, which may be
linked to hypertension. Aryl hydrocarbon receptor (AHR)-signaling is well recognized to contribute to those
cardiovascular pathologies by inducing the expression of pro-inflammatory interleukin IL-13, IL-8, and TNF-a, with
the following foam cells B, Therefore, the tryptophan metabolites may also have an influence on vascular
inflammation 321,

4.3. Kynurenine Pathway in Acute Kidney Injury and Chronic Kidney Disease

Kidney diseases, including acute kidney injury and/or chronic kidney disease, may represent a worldwide health

issue [38I34183] The kynurenine pathway might also be activated in acute kidney injury 28 and the kidney tissues of
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mice with ischemia/reperfusion-induced acute kidney injury B2, Consistently, mice with acute kidney injury arising

from drug-induced toxicity might have a higher amount of kynurenine 281,

4.4. Inflammatory Bowel Disease

Inflammatory bowel disease (IBD), which predominantly encompasses ulcerative colitis (UC) and Crohn’s disease,
is a collective chronic intestinal inflammatory disease. Clinical studies have shown that the tryptophan metabolism
might be associated with the severity of IBD B2, A tryptophan deficiency might contribute to the development of
IBD and/or aggravate a disease’s activity/severity 32, In addition, a strong correlation between kynurenine levels
and IBD has been demonstrated, which would provide new insights into IBD pathogenesis [4%. The modeling of the
tryptophan metabolite fluxes in IBD has indicated that changes in gene expression shifted the intestinal tryptophan

metabolism from the synthesis of serotonin towards the kynurenine pathway 2.

4.5. Osteoporosis

Osteoporosis is also associated with the abnormalities of the kynurenine pathway 42, Osteoporosis is a highly
prevalent disease which is characterized by a low bone mass and represents the most common cause for bone
fractures in the elderly (43l A factor for the pathogenesis in osteoporosis may be the imbalanced activities of
osteoblasts and osteoclasts 44, Recent studies of T cells and osteoporosis have suggested the involvement of
some T-cell subsets, regulatory T (Treg) cell and T helper 17 (Th17) cell subsets 22!,

4.6. Polycystic Ovary Syndrome

Polycystic ovary syndrome (PCOS) is an intricate metabolic disorder that is regarded in women of reproductive
age. Low-grade inflammatory situations, such as obesity and a compromised glucose tolerance, may act as
collective metabolic disturbances in females with PCOS. Furthermore, the elevations of inflammatory cytokines,
such as chemokines and/or interleukins, may worsen this metabolic disturbance in inflammatory disease patients
with PCOS 48l The pathology of PCOS may be a multifactorial disorder in the ovarian folliculogenesis,
compromised gonadotropin levels, a genetic predisposition, and/or a gut microbiota imbalance. Inflammation

appears to be the shared property between PCOS and the kynurenine pathway 42,

5. Kynurenine Metabolites Involved in Brain Memory System
and Immunity

Tryptophan may be altered into several bioactive molecules, such as serotonin in the brain. However, more than
90% of tryptophan might be altered into kynurenine, in a process recognized as the kynurenine pathway 48, Only a
small amount of tryptophan may be metabolized into serotonin. In general, serotonin has been well-known as a
monoamine neurotransmitter that could play an important role in several complex biological functions. In the brain,
the biological roles of serotonin may include the functions of learning and/or memory 481491 |n addition, it has been
reported that kynurenine metabolites could also play roles in memory via the regulation of neurotransmitter

systems. For instance, kynurenine and quinolinic acid (QA) have contrasting effects on NMDA receptor function
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(591 Quinolinic acid may contribute to the stimulation of the NMDA receptor by inhibiting glutamate re-uptake B2,
Likewise, quinolinic acid has been revealed to activate the release of glutamate from neurons, preventing its re-

uptake by astrocytes 321,

In the brain, the tryptophan metabolite kynurenic acid functions as an endogenous antagonist of glycine co-agonist
sites in the NMDA receptor at endogenous brain concentrations 231, The NMDA receptor is critical for the regulation
of synaptic plasticity and/or several cognitive functions 4. In particular, NMDA receptors in the hippocampal CA3
are required for the artificial association of memory events that are stored in the CA3 cell ensembles B2, In
addition, the NMDA-receptor-mediated structural plasticity of dendritic spines plays an important role in synaptic
transmission in the brain during learning and memory formation 281, which is an important role for the endogenous

kynurenic acid in the control of GABAergic neurotransmission in the prefrontal cortex 71,

Kynurenic acid is also a ligand of the GPR35 8l and is able to activate the AHR 8. The GPR35 is massively
expressed in immune cells such as eosinophils, monocytes, natural killer-like T cells, and/or gastrointestinal cells,
suggesting that the GPR35 might be physiologically important in these cells B2, |In addition, the GPR35 is
upregulated in activated neutrophils, which could promote their migration ©9. It has been revealed that serotonin
metabolite 5-hydroxyindoleacetic acid (5-HIAA) might be a ligand of the GPR35 89, |nterestingly, tryptophan raised
the levels of kynurenine, kynurenic acid, and 5-HIAA in a time-dependent manner B, The AHR is a transcription
factor that incorporates dietary, microbial, metabolic, and/or environmental signals to control intricate cellular
performances. The postbiotics of the gut microbiota metabolism may be a significant source of nutritional AHR
ligands €2, Short-chain fatty acids (SCFAs) are typical examples of postbiotics that may include acetate, butyrate,
and propionate, which are derived from the fermentation of dietary fibers by gut microbiota that could activate the
AHR [€8 The AHR pathway may be involved in several immune processes which are dynamic for the host's

intestinal homeostasis, as well as for the optimal microbiome 4],

Some of the distinctive kynurenine aminotransferases could catalyze the transamination of L-kynurenine (L-KYN)
to kynurenic acid 62, Kynurenic acid can be formed from D-kynurenine (D-KYN) through an oxidative deamination
by D-amino acid oxidase 68, which may account, in part, for the kynurenic acid synthesis from d-kynurenine in the
brain 88, Therefore, de novo kynurenic acid formation could involve different mechanisms. In particular, ROS
should be considered as a possible alternative for the production of kynurenic acid from both L-KYN and D-KYN

under physiological and/or pathological conditions 87,

Microglia have the ability to mediate innate immune memory and can be reprogrammed by primary stimuli to
enhance or inhibit their immune response to secondary stimuli. Inflammatory stimulation is an important factor for
microglia to mediate innate immune memory. Single or repeated stimulation can induce the microglia to form
different phenotypes. This microglia-mediated innate immune response is involved in the regulation of immune
memory. The neuronal deletion of excitatory amino acid transporter 2 may lead to the dysregulation of the
kynurenine pathway, and the astrocytic deficiency of excitatory amino acid transporter 2 may also result in the

dysfunction of innate and adaptive immune pathways, which correlate with cognitive decline (8!,

https://encyclopedia.pub/entry/43439 6/12



Tryptophan and Kynurenine Pathway Involved in Immune-Related Diseases | Encyclopedia.pub

References

1.

10.

11.

Metghalchi, S.; Ponnuswamy, P.; Simon, T.; Haddad, Y.; Laurans, L.; Clément, M.; Dalloz, M.;
Romain, M.; Esposito, B.; Koropoulis, V.; et al. Indoleamine 2,3-Dioxygenase Fine-Tunes Immune
Homeostasis in Atherosclerosis and Colitis through Repression of Interleukin-10 Production. Cell
Metab. 2015, 22, 460-471.

. Strasser, B.; Becker, K.; Fuchs, D.; Gostner, J.M. Kynurenine pathway metabolism and immune

activation: Peripheral measurements in psychiatric and co-morbid conditions. Neuropharmacology
2017, 112, 286-296.

. Sulo, G.; Vollset, S.E.; Nygard, O.; Midttun, @.; Ueland, P.M.; Eussen, S.J.; Pedersen, E.R.; Tell,

G.S. Neopterin and kynurenine-tryptophan ratio as predictors of coronary events in older adults,
the Hordaland Health Study. Int. J. Cardiol. 2013, 168, 1435-1440.

. Chen, Y.; Guillemin, G.J. Kynurenine pathway metabolites in humans: Disease and healthy

States. Int. J. Tryptophan Res. 2009, 2, 1-19.

. Cervenka, I.; Agudelo, L.Z.; Ruas, J.L. Kynurenines: Tryptophan’s metabolites in exercise,

inflammation, and mental health. Science 2017, 357, eaaf9794.

. O'Mahony, S.M.; Clarke, G.; Borre, Y.E.; Dinan, T.G.; Cryan, J.F. Serotonin, tryptophan

metabolism and the brain-gut-microbiome axis. Behav. Brain Res. 2015, 277, 32—-48.

. Mauler, M.; Schanze, N.; Krauel, K.; Schoenichen, C.; Glatzki, F.; Poeschl, S.; Stallmann, D.;

Mezger, J.; Gauchel, N.; Sharipova, D.; et al. Peripheral serotonin lacks effects on endothelial
adhesion molecule expression in acute inflammation. J. Thromb. Haemost. 2022, 20, 222-229.

. Zeitelhofer, M.; Adzemovic, M.Z.; Gomez-Cabrero, D.; Bergman, P.; Hochmeister, S.; N'diaye, M.;

Paulson, A.; Ruhrmann, S.; Aimgren, M.; Tegnér, J.N.; et al. Functional genomics analysis of
vitamin D effects on CD4+ T cells in vivo in experimental autoimmune encephalomyelitis. Proc.
Natl. Acad. Sci. USA 2017, 114, E1678—-E1687.

. Schiering, C.; Wincent, E.; Metidji, A.; Iseppon, A.; Li, Y.; Potocnik, A.J.; Omenetti, S.; Henderson,

C.J.; Wolf, C.R.; Nebert, D.W.; et al. Feedback control of AHR signalling regulates intestinal
immunity. Nature 2017, 542, 242-245.

Schaupp, L.; Muth, S.; Rogell, L.; Kofoed-Branzk, M.; Melchior, F.; Lienenklaus, S.; Ganal-
Vonarburg, S.C.; Klein, M.; Guendel, F.; Hain, T.; et al. Microbiota-Induced Type | Interferons
Instruct a Poised Basal State of Dendritic Cells. Cell 2020, 181, 1080-1096.e19.

Kappel, B.A.; De Angelis, L.; Heiser, M.; Ballanti, M.; Stoehr, R.; Goettsch, C.; Mavilio, M.; Artati,
A.; Paoluzi, O.A.; Adamski, J.; et al. Cross-omics analysis revealed gut microbiome-related
metabolic pathways underlying atherosclerosis development after antibiotics treatment. Mol.
Metab. 2020, 36, 100976.

https://encyclopedia.pub/entry/43439 7/12



Tryptophan and Kynurenine Pathway Involved in Immune-Related Diseases | Encyclopedia.pub

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Taleb, S. Tryptophan Dietary Impacts Gut Barrier and Metabolic Diseases. Front. Immunol. 2019,
10, 2113.

Arnone, D.; Saraykar, S.; Salem, H.; Teixeira, A.L.; Dantzer, R.; Selvaraj, S. Role of Kynurenine
pathway and its metabolites in mood disorders: A systematic review and meta-analysis of clinical
studies. Neurosci. Biobehav. Rev. 2018, 92, 477-485.

Le Floc’h, N.; Otten, W.; Merlot, E. Tryptophan metabolism, from nutrition to potential therapeutic
applications. Amino Acids 2011, 41, 1195-1205.

Badawy, A.A. Kynurenine Pathway of Tryptophan Metabolism: Regulatory and Functional
Aspects. Int. J. Tryptophan Res. 2017, 10, 1178646917691938.

Miyake, Y.; Tanaka, K.; Okubo, H.; Sasaki, S.; Arakawa, M. Tryptophan intake is related to a lower
prevalence of depressive symptoms during pregnancy in Japan: Baseline data from the Kyushu
Okinawa Maternal and Child Health Study. Eur. J. Nutr. 2022, 61, 4215-4222.

Badawy, A.A.; Evans, M. The regulation of rat liver tryptophan pyrrolase activity by reduced
nicotinamide-adenine dinucleotide (phosphate). Experiments with glucose and nicotinamide.
Biochem. J. 1976, 156, 381-390.

Christensen, M.H.E.; Fadnes, D.J.; Ragst, T.H.; Pedersen, E.R.; Andersen, J.R.; Vage, V.; Ulvik,
A.; Midttun, @.; Ueland, P.M.; Nygard, O.K.; et al. Inflammatory markers, the tryptophan-
kynurenine pathway, and vitamin B status after bariatric surgery. PLoS ONE 2018, 13, e0192169.

Trombetti, S.; Sessa, R.; Catapano, R.; Rinaldi, L.; Lo Bianco, A.; Feliciello, A.; 1zzo, P.; Grosso,
M. Exploring the Leukemogenic Potential of GATA-1S, the Shorter Isoform of GATA-1: Novel
Insights into Mechanisms Hampering Respiratory Chain Complex Il Activity and Limiting Oxidative
Phosphorylation Efficiency. Antioxidants 2021, 10, 1603.

Lanser, L.; Kink, P.; Egger, E.M.; Willenbacher, W.; Fuchs, D.; Weiss, G.; Kurz, K. Inflammation-
Induced Tryptophan Breakdown is Related With Anemia, Fatigue, and Depression in Cancer.
Front. Immunol. 2020, 11, 249.

Sforzini, L.; Nettis, M.A.; Mondelli, V.; Pariante, C.M. Inflammation in cancer and depression: A
starring role for the kynurenine pathway. Psychopharmacology 2019, 236, 2997-3011.

Taylor, M.W.; Feng, G.S. Relationship between interferon-gamma, indoleamine 2,3-dioxygenase,
and tryptophan catabolism. FASEB J. 1991, 5, 2516-2522.

Badawy, A.A.; Guillemin, G. The Plasma / Ratio and Indoleamine 2,3-Dioxygenase: Time for
Appraisal. Int. J. Tryptophan Res. 2019, 12, 1178646919868978.

Baumgartner, R.; Forteza, M.J.; Ketelhuth, D.F.J. The interplay between cytokines and the
Kynurenine pathway in inflammation and atherosclerosis. Cytokine 2019, 122, 154148.

https://encyclopedia.pub/entry/43439 8/12



Tryptophan and Kynurenine Pathway Involved in Immune-Related Diseases | Encyclopedia.pub

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

Stone, T.W.; Clanchy, F.I.L.; Huang, Y.S.; Chiang, N.Y.; Darlington, L.G.; Williams, R.O. An
integrated cytokine and kynurenine network as the basis of neuroimmune communication. Front.
Neurosci. 2022, 16, 1002004.

O’Connor, J.C.; André, C.; Wang, Y.; Lawson, M.A.; Szegedi, S.S.; Lestage, J.; Castanon, N.;
Kelley, K.W.; Dantzer, R. Interferon-gamma and tumor necrosis factor-alpha mediate the
upregulation of indoleamine 2,3-dioxygenase and the induction of depressive-like behavior in
mice in response to bacillus Calmette-Guerin. J. Neurosci. 2009, 29, 4200-4209.

Savitz, J. The kynurenine pathway: A finger in every pie. Mol. Psychiatry 2020, 25, 131-147.

Wirthgen, E.; Hoeflich, A.; Rebl, A.; Glnther, J. Kynurenic Acid: The Janus-Faced Role of an
Immunomodulatory Tryptophan Metabolite and Its Link to Pathological Conditions. Front.
Immunol. 2018, 8, 1957.

Marx, W.; McGuinness, A.J.; Rocks, T.; Ruusunen, A.; Cleminson, J.; Walker, A.J.; Gomes-da-
Costa, S.; Lane, M.; Sanches, M.; Diaz, A.P,; et al. The kynurenine pathway in major depressive
disorder, bipolar disorder, and schizophrenia: A meta-analysis of 101 studies. Mol. Psychiatry
2021, 26, 4158-4178.

Daiber, A.; Steven, S.; Weber, A.; Shuvaev, V.V.; Muzykantov, V.R.; Laher, I.; Li, H.; Lamas, S.;
Munzel, T. Targeting vascular (endothelial) dysfunction. Br. J. Pharmacol. 2017, 174, 1591-1619.

Dahlem, C.; Kado, S.Y.; He, Y.; Bein, K.; Wu, D.; Haarmann-Stemmann, T.; Kado, N.Y.; Vogel,
C.F.A. AHR Signaling Interacting with Nutritional Factors Regulating the Expression of Markers in
Vascular Inflammation and Atherogenesis. Int. J. Mol. Sci. 2020, 21, 8287.

Wenzel, P.; Knorr, M.; Kossmann, S.; Stratmann, J.; Hausding, M.; Schuhmacher, S.; Karbach,
S.H.; Schwenk, M.; Yogev, N.; Schulz, E.; et al. Lysozyme M-positive monocytes mediate
angiotensin ll-induced arterial hypertension and vascular dysfunction. Circulation 2011, 124,
1370-1381.

Hoste, E.A.J.; Kellum, J.A.; Selby, N.M.; Zarbock, A.; Palevsky, P.M.; Bagshaw, S.M.; Goldstein,
S.L.; Cerda, J.; Chawla, L.S. Global epidemiology and outcomes of acute kidney injury. Nat. Rev.
Nephrol. 2018, 14, 607-625.

Sawhney, S.; Fraser, S.D. Epidemiology of AKI: Utilizing Large Databases to Determine the
Burden of AKI. Adv. Chronic Kidney Dis. 2017, 24, 194-204.

Carney, E.F. The impact of chronic kidney disease on global health. Nat. Rev. Nephrol. 2020, 16,
251.

Zheng, X.; Zhang, A.; Binnie, M.; McGuire, K.; Webster, S.P.; Hughes, J.; Howie, S.E.M.; Mole,
D.J. Kynurenine 3-monooxygenase is a critical regulator of renal ischemia-reperfusion injury. Exp.
Mol. Med. 2019, 51, 1-14.

https://encyclopedia.pub/entry/43439 9/12



Tryptophan and Kynurenine Pathway Involved in Immune-Related Diseases | Encyclopedia.pub

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Wei, Q.; Xiao, X.; Fogle, P.; Dong, Z. Changes in metabolic profiles during acute kidney injury and
recovery following ischemia/reperfusion. PLoS ONE 2014, 9, e106647.

Volarevic, V.; Markovic, B.S.; Jankovic, M.G.; Djokovic, B.; Jovicic, N.; Harrell, C.R.; Fellabaum,
C.; Djonov, V.; Arsenijevic, N.; Lukic, M.L. Galectin 3 protects from cisplatin-induced acute kidney
injury by promoting TLR-2-dependent activation of IDO1/Kynurenine pathway in renal DCs.
Theranostics 2019, 9, 5976—6001.

Nikolaus, S.; Schulte, B.; Al-Massad, N.; Thieme, F.; Schulte, D.M.; Bethge, J.; Rehman, A.; Tran,
F.; Aden, K.; Hasler, R.; et al. Increased Tryptophan Metabolism Is Associated With Activity of
Inflammatory Bowel Diseases. Gastroenterology 2017, 153, 1504-1516.e2.

Zhou, G.; Liu, H.; Weli, P.; He, Q.; Zhang, J.; Shi, Q.; Liu, T.; Liu, S. Amino acids-targeted
metabolomics reveals novel diagnostic biomarkers for ulcerative colitis and Crohn’s disease.
Amino Acids, 2023; online ahead of print.

Wnorowski, A.; Wnorowska, S.; Kurzepa, J.; Parada-Turska, J. Alterations in Kynurenine and
NAD+ Salvage Pathways during the Successful Treatment of Inflammatory Bowel Disease
Suggest HCAR3 and NNMT as Potential Drug Targets. Int. J. Mol. Sci. 2021, 22, 13497.

Ogbechi, J.; Clanchy, F.I.; Huang, Y.S.; Topping, L.M.; Stone, T.W.; Williams, R.O. IDO activation,
inflammation and musculoskeletal disease. Exp. Gerontol. 2020, 131, 110820.

Cheung, A.M.; Papaioannou, A.; Morin, S.; Osteoporosis Canada Scientific Advisory Council.
Postmenopausal Osteoporosis. N. Engl. J. Med. 2016, 374, 2096.

Chen, X.; Wang, Z.; Duan, N.; Zhu, G.; Schwarz, E.M.; Xie, C. Osteoblast-osteoclast interactions.
Connect. Tissue Res. 2018, 59, 99-107.

Zhang, W.; Dang, K.; Huai, Y.; Qian, A. Osteoimmunology: The Regulatory Roles of T
Lymphocytes in Osteoporosis. Front. Endocrinol. 2020, 11, 465.

Shorakae, S.; Ranasinha, S.; Abell, S.; Lambert, G.; Lambert, E.; de Courten, B.; Teede, H. Inter-
related effects of insulin resistance, hyperandrogenism, sympathetic dysfunction and chronic
inflammation in PCOS. Clin. Endocrinol. 2018, 89, 628-633.

Jovanovic, F.; Sudhakar, A.; Knezevic, N.N. The Kynurenine Pathway and Polycystic Ovary
Syndrome: Inflammation as a Common Denominator. Int. J. Tryptophan Res. 2022, 15,
11786469221099214.

Richard, D.M.; Dawes, M.A.; Mathias, C.W.; Acheson, A.; Hill-Kapturczak, N.; Dougherty, D. L-
tryptophan: Basic metabolic functions, behavioral research and therapeutic indications. Int. J.
Tryptophan Res. 2009, 2, 45-60.

Bacqué-Cazenave, J.; Bharatiya, R.; Barriere, G.; Delbecque, J.P.; Bouguiyoud, N.; Di Giovanni,
G.; Cattaert, D.; De Deurwaerdere, P. Serotonin in Animal Cognition and Behavior. Int. J. Mol. Sci.

https://encyclopedia.pub/entry/43439 10/12



Tryptophan and Kynurenine Pathway Involved in Immune-Related Diseases | Encyclopedia.pub

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

2020, 21, 1649.

Perkins, M.N.; Stone, T.W. Actions of kynurenic acid and quinolinic acid in the rat hippocampus in
vivo. Exp. Neurol. 1985, 88, 570-579.

Maddison, D.C.; Giorgini, F. The kynurenine pathway and neurodegenerative disease. Semin.
Cell Dev. Biol. 2015, 40, 134-141.

Jo, W.K.; Zhang, Y.; Emrich, H.M.; Dietrich, D.E. Glia in the cytokine-mediated onset of
depression: Fine tuning the immune response. Front. Cell Neurosci. 2015, 9, 268.

Fukuwatari, T. Possibility of Amino Acid Treatment to Prevent the Psychiatric Disorders via
Modulation of the Production of Tryptophan Metabolite Kynurenic Acid. Nutrients 2020, 12, 1403.

Nakazawa, K.; McHugh, T.J.; Wilson, M.A.; Tonegawa, S. NMDA receptors, place cells and
hippocampal spatial memory. Nat. Rev. Neurosci. 2004, 5, 361-372.

Nomoto, M.; Ohkawa, N.; Inokuchi, K.; Oishi, N. Requirement for hippocampal CA3 NMDA
receptors in artificial association of memory events stored in CA3 cell ensembles. Mol. Brain
2023, 16, 12.

Hossen, E.; Funahashi, Y.; Faruk, M.O.; Ahammad, R.U.; Amano, M.; Yamada, K.; Kaibuchi, K.
Rho-Kinase/ROCK Phosphorylates PSD-93 Downstream of NMDARSs to Orchestrate Synaptic
Plasticity. Int. J. Mol. Sci. 2022, 24, 404.

Fernandez, A.M.M.M.; Molla, H.M.; Thomases, D.R.; Tseng, K.Y. Prefrontal a7nAChR Signaling
Differentially Modulates Afferent Drive and Trace Fear Conditioning Behavior in Adolescent and
Adult Rats. J. Neurosci. 2021, 41, 1908-1916.

Kaya, B.; Melhem, H.; Niess, J.H. GPR35 in Intestinal Diseases: From Risk Gene to Function.
Front. Immunol. 2021, 12, 717392.

Farooq, S.M.; Hou, Y.; Li, H.; O'Meara, M.; Wang, Y.; Li, C.; Wang, J.M. Disruption of GPR35
Exacerbates Dextran Sulfate Sodium-Induced Colitis in Mice. Dig. Dis. Sci. 2018, 63, 2910-2922.

De Giovanni, M.; Tam, H.; Valet, C.; Xu, Y.; Looney, M.R.; Cyster, J.G. GPR35 promotes
neutrophil recruitment in response to serotonin metabolite 5-HIAA. Cell 2022, 185, 815-830.e19.

Sathyasaikumar, K.V.; Notarangelo, F.M.; Kelly, D.L.; Rowland, L.M.; Hare, S.M.; Chen, S.; Mo,
C.; Buchanan, R.W.; Schwarcz, R. Tryptophan Challenge in Healthy Controls and People with
Schizophrenia: Acute Effects on Plasma Levels of Kynurenine, Kynurenic Acid and 5-
Hydroxyindoleacetic Acid. Pharmaceuticals 2022, 15, 1003.

Koduru, L.; Lakshmanan, M.; Hoon, S.; Lee, D.Y.; Lee, Y.K.; Ow, D.S. Systems Biology of Gut
Microbiota-Human Receptor Interactions: Toward Anti-inflammatory Probiotics. Front. Microbiol.
2022, 13, 846555.

https://encyclopedia.pub/entry/43439 11/12



Tryptophan and Kynurenine Pathway Involved in Immune-Related Diseases | Encyclopedia.pub

63.

64.

65.

66.

67.

68.

Modoux, M.; Rolhion, N.; Lefevre, J.H.; Oeuvray, C.; Nadvornik, P.; llles, P.; Emond, P.; Parc, Y.;
Mani, S.; Dvorak, Z.; et al. Butyrate acts through HDAC inhibition to enhance aryl hydrocarbon
receptor activation by gut microbiota-derived ligands. Gut Microbes 2022, 14, 2105637.

Korecka, A.; Dona, A.; Lahiri, S.; Tett, A.J.; Al-Asmakh, M.; Braniste, V.; D’Arienzo, R.; Abbaspour,
A.; Reichardt, N.; Fujii-Kuriyama, Y.; et al. Bidirectional communication between the Aryl
hydrocarbon Receptor (AhR) and the microbiome tunes host metabolism. NPJ Biofilms
Microbiomes 2016, 2, 16014.

Selvam, A.K.; Bjornstedt, M. A Novel Assay Method to Determine the B-Elimination of Se-
Methylselenocysteine to Monomethylselenol by Kynurenine Aminotransferase 1. Antioxidants
2020, 9, 139.

Pérez-de la Cruz, V.; Amori, L.; Sathyasaikumar, K.V.; Wang, X.D.; Notarangelo, F.M.; Wu, H.Q.;
Schwarcz, R. Enzymatic transamination of D-kynurenine generates kynurenic acid in rat and
human brain. J. Neurochem. 2012, 120, 1026-1035.

Blanco Ayala, T.; Lugo Huitrén, R.; Carmona Aparicio, L.; Ramirez Ortega, D.; Gonzéalez Esquivel,
D.; Pedraza Chaverri, J.; Pérez de la Cruz, G.; Rios, C.; Schwarcz, R.; Pérez de la Cruz, V.
Alternative kynurenic acid synthesis routes studied in the rat cerebellum. Front. Cell Neurosci.
2015, 9, 178.

Sharma, A.; Kazim, S.F.; Larson, C.S.; Ramakrishnan, A.; Gray, J.D.; McEwen, B.S.; Rosenberg,
P.A.; Shen, L.; Pereira, A.C. Divergent roles of astrocytic versus neuronal EAAT2 deficiency on
cognition and overlap with aging and Alzheimer’s molecular signatures. Proc. Natl. Acad. Sci.
USA 2019, 116, 21800-21811.

Retrieved from https://encyclopedia.pub/entry/history/show/98182

https://encyclopedia.pub/entry/43439 12/12



