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Abstract

:

In the human body, the majority of tryptophan is metabolized through the kynurenine pathway. This consists of several metabolites collectively called the kynurenines and includes, among others, kynurenic acid, L-kynurenine, or quinolinic acid. The wealth of metabolites, as well as the associated molecular targets and biological pathways, bring about a situation wherein even a slight imbalance in the kynurenine levels, both in the periphery and central nervous system, have broad consequences regarding general health. Cinnabarinic acid (CA) is the least known trace kynurenine, and its physiological and pathological roles are not widely understood. Some studies, however, indicate that it might be neuroprotective. Information on its hepatoprotective properties have also emerged, although these are pioneering studies and need to be replicated. Therefore, in this review, I aim to present and critically discuss the current knowledge on CA and its role in physiological and pathological settings to guide future studies.
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1. Introduction


In the human body, the essential amino acid tryptophan is taken exogenously via different food products, such as, among others, chicken, turkey, milk products, tuna, cheddar cheese, etc. [1]. Melatonin, the “sleep” hormone, is one of the products of tryptophan conversion [2]. The other known pathway of tryptophan metabolism is the serotonin pathway. This is dysregulated, among others, in depression, and hence, it is targeted by antidepressant drugs [3]. Only ca. 5% of all ingested tryptophan is metabolized via the above-mentioned routes. According to the research, 95% of all tryptophan is metabolized through the kynurenine pathway [4]. This consists of several metabolites (collectively deemed the kynurenines). Some are quite well characterized, such as kynurenic acid (KYNA) [5,6], quinolinic acid (QUIN) [7,8], and (to lesser extent) l-kynurenine (L-KYN) [4]. However, there are metabolites with far less understood roles. These include xanthurenic acid and cinnabarinic acid (CA) [9].



Kynurenine pathway metabolite synthesis begins from the conversion of tryptophan to L-KYN, resulting in the formed intermediate product: N′-formylkynurenine (Figure 1) [10,11]. This occurs by way of the assistance of two enzymes: tryptophan 2,3-dioxygenase, a constitutive enzyme mostly found in the liver [10,11], and indoleamine 2,3-dioxygenase (two isoforms IDO1 or IDO2), an enzyme inducible under inflammatory conditions [12,13]. L-KYN, by the enzyme kynureninase, is almost immediately metabolized to anthranilic acid, or to KYNA, by the kynurenine aminotransferases (KAT, types I–IV with different expressions in target organs) [8]. However, L-KYN may also be transformed into 3-hydroxykynurenine via kynurenine 3-monooxygenase. In turn, 3-hydroxykynurenine is either (1) converted by kynureninase to 3-hydroxyanthranilic acid, or (2) transaminated by KATs to xanthurenic acid. Subsequently, through autoxidation, 3-hydroxyanthranilic acid may be spontaneously made into CA [14], or metabolized to the neurotoxic QUIN or picolinic acid (resulting in the intermediate product 2-aminomuconic-6-semialdehyde). QUIN is eventually converted to nicotine adenine dinucleotide (NAD) [8,15].



There are a variety of molecular targets for the kynurenines. For example, KYNA is the only known endogenous antagonist of the glycine site of the N-methyl-D-aspartate (NMDA) receptor so far. KYNA also affects the kainate and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors [16,17,18]. Furthermore, some research has indicated that it is an antagonist of the nicotinic cholinergic receptor type α7 [19]; however, other studies do not confirm this observation [20]. Moreover, KYNA is known to interact with G protein-coupled receptor type 35 (GPR35) [21] and the aryl hydrocarbon receptor (AhR) [4,5]. Of note, L-KYN also binds to both of these receptors [4]. It has been shown recently that KYNA might be a ligand for adrenoceptor alpha-2B (ADRA2B) and hydroxycarboxylic acid receptor 3 (HCAR3) [5,22]. Other kynurenine pathway metabolites are known to interact with, for example, vesicular glutamate transporter (xanthurenic acid) [23], enzyme sepiapterin reductase (xanthurenic acid) [24], metabotropic glutamate receptors type II (mGlu2 and mGlu3) (xanthurenic acid) [25], and NMDA agonism (QUIN) [26]. They might also induce lipid peroxidation (QUIN) [27] and promote the production of reactive oxygen species (ROS) (3-hydroxykynurenine and 3-hydroxyanthranilic acid) [28].



The wealth of molecular targets and biological pathways associated with kynurenine activity brings about a situation wherein even slight imbalances in the kynurenine levels, both in the periphery and central nervous system (CNS), have broad consequences regarding general health. In fact, disturbances in the kynurenine pathway are implicated in the pathophysiology of cancer [6,29,30], intestine and bowel disorders [31,32], glaucoma [33,34], schizophrenia [35,36], depression [37,38], memory impairments [39,40], Huntington’s disease [41,42], Parkinson’s disease [41,43], multiple sclerosis [44,45], epilepsy [46,47], etc.



CA is the least known kynurenine. Initially described in 1957 [48], more than 60 years later, data regarding its biological role are scarce. Indeed, in 2014, Fazio et al. [49] called it the “forgotten” metabolite. Since then, more papers focused on CA have been published. Nevertheless, in the PubMed database, when typing in “cinnabarinic acid” (November 2023), only about 60 studies can be found, while in ClinicalTrials.gov, nothing is retrieved. Thus, in the current review, I aim to focus specifically on CA and its role in the context of its physiological properties and activity in pathological settings. To do so, I summarize the existing literature data on CA. Additionally, I briefly point out the most important concerns regarding the CA activity in the human body, as well as perspectives for further research.




2. Chemistry and Molecular Targets of Cinnabarinic Acid


2.1. Cinnabarinic Acid Chemistry


CA (C14H8N2O6, 2-amino-3-oxophenoxazine-1,9-dicarboxylic acid, also called cinnabarinate or cinnavalininate (CAS nr 606-59-7) [50] is a member of the class of organic compounds deemed the “phenoxazines” (alternatively, the “phenoxazine chromophores”). Polycyclic aromatic compounds with a phenoxazine moiety, these are linear tricyclic systems composed of two benzene rings joined by a 1,4-oxazine ring (Figure 2). CA has a characteristic brick-brown (described also as orange-brown, red, orange-red) color, and it is primarily known as a pigment [51,52,53]. The molecular weight is 300.22 g/mol. The water solubility is low (i.e., 0.15 g/L); however, it may be dissolved in warm dimethylsulfoxide (DMSO) to make stock (25 mM) [50].



Very recently, Gómez-Piñeiro et al. [54] provided new data about the metabolism and stability of CA under physiological conditions, with CA’s stability being studied under varied conditions (solvent, aerobic/anaerobic conditions, pH, temperature). In the initial experiment, CA was dissolved in DMSO, methanol, and acetonitrile to methanol 1:1 at 37 °C. Regardless of the solvent, under such conditions, the CA was stable up to 8 h. When an equivalent volume of water was added, the stability was lost. Also, with lower pH, a greater stability was indicated. Under anaerobic conditions, the half-life for CA in phosphate buffer saline (37 °C) was found to be the highest at ca. 8.7 h. In other test conditions, various reductant compounds were utilized. All, though to different extents, substantially shortened the CA half-life in the experimental medium. CA, when dissolved in phosphate buffer saline (37 °C) and added to rat liver microsomes, had a half-life of ca. 3.9 h (note: its sub-cellular faction is mostly composed of cytochrome P450 (CYP) enzymes). In addition, when nicotinamide adenine dinucleotide phosphate (NADPH), a natural co-factor of CYP enzymes, was added to the mixture, it disappeared within less than 3 min, and it was discovered that the hem-active site of CYPs is involved in this process. When a CYP inhibitor was added to the reaction mixture, it prolonged the CA stability half-time. Next, the authors demonstrated that other products (i.e., dihydrocinnabarinic acid) may be produced during the decomposition process and that light (un-irradiated conditions) does not affect the CA stability.



This work is very valuable because it provides knowledge about the CA stability. Such data must be considered when interpreting results; for example, negative outcomes may not necessarily come about due to the lack of CA activity but because of CA solution instability, as well as the presence of other metabolic products if reductants are added to the solution.




2.2. Cinnabarinic Acid Synthesis


In the human body, CA, formed by the non-enzymatic condensation of two molecules of 3-hydroxyanthranilic acid, is a byproduct of the kynurenine pathway. There are, however, reports that CA is also produced in the orange dead leaf butterfly Kallima inachus, where its decrease triggers the larva-to-pupa transition [55]. CA has also been found deposited in the fruiting bodies of saprophytic white rod fungi from the Polyporaceae family in, among others, Pycnoporus cinnabarinus and Pycnoporus sanguineus [56,57,58,59] and in southern cinnabar polypore (Trametes coccinea) [60]. In the fungus Pycnoporus cinnabarinus, CA is created through the laccase-mediated oxidation of 3-hydroxanthranilic acid [57,59], and it is the presence of CA that gives these mushrooms their characteristic brick-brown color. CA is considered a natural pigment, and its isolation from Pycnoporus cinnabarinus culture media at the laboratory scale has been described [60].



It has been shown in laboratory conditions that laccase [57,61] (which also catalyzes CA synthesis in fungi, as mentioned above), catalase [62,63], tyrosinase [64], superoxide dismutase (SOD) [14,62,65], horseradish peroxidase [62,66], and myeloperoxidase [62] may catalyze the conversion of 3-hydroxyanthranilic acid to CA.



In the Malphigian tubules, but not in the hemolymph of silkworm Bombyx mori, 3-hydroxyanthranilic acid is oxidized to CA (in the presence of manganese ions) [67]. Moreover, the synthesis of CA has been found to take place in the leaves of Tecoma stans [68]. Because the other metabolites of the kynurenine pathway, such as KYNA [5,69,70,71,72,73] and, to lesser extent, also L-KYN [4], are found in different plants, beverages, and food products, it would be interesting to test whether certain food products here-to-fore not documented might also be good sources of CA.




2.3. Receptors and Molecular Mechanisms of Action


CA is the only product of the kynurenine pathway capable of interacting with the mGlu4 receptor (for a summary of the CA mechanisms of action, see Table 1) [74]. The mGlu4 receptor is a Gi/Go protein-coupled receptor (GPCR). These are located presynaptically and impede neurotransmitter release [75]. CA does not display activity against other mGlu receptor subtypes [74]. CA binds in the glutamate-binding pocket, in the extracellular “Venus flytrap” domain, and, specifically, within the orthosteric site of the mGlu4 receptor located there. According to Fazio et al. [74], CA has partial agonist activity towards mGlu4 receptors. In related work, using cultured granule cells, which are known to release glutamate, the authors demonstrated that CA inhibits the formation of cyclic AMP. Of note, the researchers showed that when mGlu4 receptors are knocked out, high doses of CA still exerted activity. Therefore, they suggested that CA may have off-target effects [74].



Pasceri et al. [76] argued that CA is an IDO inhibitor with the Ki value at 326 nM. The CA IC50 is, according to their research, equal to 0.46 μM (the percentage of enzyme activity remaining for 0.1, 1, or 10 μM being 71, 23, and 11%, respectively). This observation agrees with Carr et al. [77], who demonstrated CA-mediated IDO inhibition, but with the IC50 being ca. 2 μM.



In 2014, Lowe et al. [78] found a new mechanism of CA activity. In their work, human peripheral blood mononuclear cells (PBMCs) stimulated with antibodies against CD3 and CD8 in vitro were exposed to a board of kynurenine pathway metabolites (i.e., 3-hydroxykynurenine, 3-hydroxyanthranilic acid, QUIN, and picolinic acid). Of these, 3-hydroxykynurenine and 3-hydroxyanthranilic acid (but not QUIN or picolinic acid) were able to promote IL22 release in CD4+ T cells. The upregulation of IL22 in CD4+ cells, but not in CD8+ T cells, was AhR-mediated, as the blocking of AhR by the potent, selective antagonist CH-223191 prevented the production of IL22. AhR, being a ligand-mediated transcription factor that is expressed ubiquitously in human tissues, is mostly involved in common metabolic functions [79]; however, its activation has an important role within several pathological processes. These include inflammation and carcinogenesis [5,6,80], and AhR is also responsible for the removal of toxic compounds (e.g., drugs or environmental toxins) [81]. Still, as noted in a series of complementary experiments, 3-hydroxyanthranilic acid itself is not an AhR ligand but is the direct precursor of the endogenous AhR ligand, CA. In the utilized experiments, the CA activity was found to be linked to the upregulation of IL22 (but not IL17) in CD4+ T cells, and AhR was seen as being concentration-dependent. CA also was also discovered to induce the in vitro and in vivo expression of cyp1a1, a downstream AhR-mediated gene [78].



When compared with other kynurenine pathway AhR ligands (i.e., KYNA and L-KYN), CA was found to be less effective in the upregulation of cyp1a1. However, research indicated that it brought about IL22 levels higher than the aforementioned two metabolites, and this effect was not cyp1a1-dependent. Other research undertaken demonstrated that human PBMCs can produce CA when challenged with lipopolysaccharide (LPS), a bacterial toxin that is known to induce overt inflammation, or with inflammatory cytokine interferon γ (IFNγ). Herein, mouse naïve CD4+ T cells produced CA only when the fungal enzyme, laccase, was present in the media. As such, this study clearly revealed a new molecular target for CA [78].



CA was found to inhibit state 3 mitochondrial respiration [82]. What is more, 3-hydroxyanthranilic acid was discovered to be rapidly oxidized by cytochrome c to CA. In the study, rat liver and beef heart mitochondria were incubated in CA concomitant with various substrates (e.g., α-ketoglutarate, malate, isocitrate, pyruvate, or glutamate). The results of the work demonstrated that a one-hundred-fold excess of glutathione in the incubation medium did not protect the rat liver and beef heart mitochondria from CA inhibition. CA was discovered to be at least twenty times more effective than 3-hydroxyanthranilic acid in inhibiting rat liver mitochondrial respiration. A 1 mM concentration of 3-hydroxyanthranilic acid decreased glutamate, malate, pyruvate, and isocitrate oxidation by around 40–70%, with 50 μM of CA giving a similar effect. When α-ketoglutarate was used as an oxidized substrate, this effect was even more evident. Here, half-maximal inhibition was seen for 250 μM of 3-hydroxyanthranilic acid and 2 μM of CA. Because high amounts of 3-hydroxyanthranilic acid were found to be excreted in the urine of an individual with bladder tumors [83], the author of this work also put forward a very interesting hypothesis, although so far unverified, that the CA interaction with mitochondria is responsible for bladder tumor induction [82].



Eventually, Zollner’s observation regarding the CA-induced inhibition of mitochondrial respiration was confirmed by Nagamura et al. [84], who, in turn, indicated that a 10 μM concentration of CA completely inhibited the mitochondrial respiration in an injured liver, thereby aggravating the symptoms of injury.



There is data that CA is able to generate ROS and induce caspase 3-mediated apoptosis in thymocytes [85]. For the latter, CA is more than ten times more efficient than its precursor, 3-hydroxyanthranilic acid. According to the results of the experimental work, the intracellular ROS generation after CA application was very rapid—taking place as early as 15 min after the CA application, and returning to the control level after 4 h. In contrast, ROS generation by 3-hydroxyanthranilic acid increased gradually up to 4 h. Under further experimentation, it was found that the process of CA-mediated ROS induction was inhibited by SOD, as well as catalase, or a mixture of the two. Likewise, 40% of the mitochondrial membrane potential was disrupted within the first 15 min upon CA administration and was kept constant afterwards.



The above data are contrary, however, to those of Joshi et al. [86,87], who revealed in their work that, in mice, CA decreased the caspase-3 overexpression in hepatocytes and caspae-3/7 overactivity in liver homogenates after incubation with ethanol. Thus, this mechanism needs further verification.





 





Table 1. Overview of proposed molecular targets or mechanisms of action for CA. AhR—aryl hydrocarbon receptor; CA—cinnabarinic acid; ca.—circa (about); IC50—half-maximal inhibitory concentration; IDO—indoleamine-2,3-dioxygenase; IL22—interleukin 22; Ki—the inhibitor constant; mGlu4—metabotropic glutamate receptor type 4; ROS—reactive oxygen species.
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Molecular Target/Mechanism

	
CA Activity

(Summary of Data Found in References)

	
References






	
IDO inhibition

	
IC50 ≈ 2 μM

	
[77]




	
Ki value at 326 nM

IC50 was equal to 0.46 μM

	
[76]




	
mGlu4 receptor orthosteric agonist

	
100 μM CA increases [3H]Ins5 formation by ca. 35% (it is 5× less efficacious than the full mGlu4 agonist ACPT-I); CA binds within the glutamate-binding pocket.

	
[74]




	
AhR agonist; production of IL22

	
CA increases (1 μM) the production of IL22 in human and mouse CD4+ T cells through AhR (the blocking of this receptor prevents the IL22 increase).

	
[78]




	
Inhibition of mitochondrial respiration

	
Complete inhibition at 5 μM; 0.5 μM of CA leads to 50% inhibition of state III respiration.

	
[84]




	
CA is at least 20× more efficient at inhibition than 3-hydroxyanthranilic acid.

	
[82]




	
ROS generation

	
CA brings about the rapid induction of ROS generation (ca. 15 min, with return to the control level after 4 h).

	
[85]




	
Apoptosis

	
Induction: CA holds at least 10× higher apoptosis-inducing properties when compared with 3-hydroxyanthranilic acid. The caspase-3 activity is upregulated in the thymocytes within 6 h after simulation with 30 μM of CA.

	
[85]




	
Antiapoptotic properties: CA alleviates caspase-3 or caspase-3/7 upregulation in ethanol-treated hepatocytes/liver lysates. No direct effect of CA itself is indicated.

	
[86,87]











3. In Vivo Studies


Ulivieri et al. [88] assessed the levels of CA in prefrontal cortex (PFC) samples of schizophrenic and healthy-matched control patients (for a summary of the concentrations of CA in the tissues and body fluids, see Table 2). The CA level was reduced in the schizophrenic patients, compared to the controls, and there was no correlation between the CA levels in the PFCs and the age of the patients or their sex. Neither the duration of treatment nor the type (classical vs. atypical) or duration of antipsychotic drug regimen showed correlation. The CA level seemed to be stable, as there was lack of correlation between the CA content in the PFC and post-mortem intervals.



In related work [88], an intraperitoneal (ip) injection of 0.25 mg/kg of CA into experimental mice caused a peak in the CA levels in the sera after 30 min, and in the mouse cortex and cerebellum, it caused a peak after 1 h (the method used was sensitive enough to detect the CA level in picograms/gram of tissue also in the sera and brains of control counterparts). The level of CA was relatively stable in the cortex and cerebellum samples up to 12 h after injection, and the blood–brain barrier permeability of CA was confirmed immunohistologically. The level of CA increased when LPS, an inflammation inducer, was given.



Bearing this in mind, the authors of [88] analyzed the effect of the systemic administration of CA on psychotic-like behavior in mice. CA, given in a range of doses (0.125, 0.25, 0.5, 1, 5, or 20 mg/kg, ip), except for 20 mg/kg, significantly reduced the MK-801-induced hyperlocomotion (mouse model of psychotic-like behavior) without any influence on the basic animal activity. In the pre-pulse inhibition test in rats, CA was found to reverse the inhibitory activity of MK-801 only at the lowest dose (i.e., 0.25 mg/kg) (but not at 0.125 or 0.75 mg/kg). Likewise, this dose-dependent trend was observed in the novel-object recognition test when memory was disturbed by MK-801 administration. Of note, pretreatment with CA (0.25 and 20 mg/kg) reversed the social interaction disturbances in the MK-801-treated animals. This work demonstrated that the antipsychotic activity of low doses of CA (from 0.125 to 0.5 mg/kg) is mediated through mGlu4 receptors because the systemic administration of CA did not prevent MK-801-induced hyperlocomotion in the mGlu4−/− mice.



The authors of [88] also revealed that 0.5 mg/kg of CA prevented the release of glutamate from the PFC after MK-801 administration. Such studies continued in vitro. Herein, the CA did not inhibit NMDA receptors, though it did inhibit glutamate (through the activation of presynaptic mGlu4 receptors) and, to a lesser extent, the neurotransmitter gamma-aminobutyric acid (GABA) release.



This comprehensive, multidirectional research has provided new, important findings about the role of CA [88]. Moreover, it confirmed the already existing data that CA is brain-barrier-permeable. It also revealed the actual levels of CA in sera (mice) and brain samples (mice and humans). Additionally, for the first time, CA was demonstrated to be implicated in the pathophysiology of schizophrenia.



More recently, Shilov et al. [89] measured the concentration of CA and 3-hydroxyanthranilic acid in the blood of 23 schizophrenic patients (depressive–delusional type) at two time points: before and after the implementation of drug treatment. These individuals were recruited when the exacerbation of the disease’s symptoms occurred. The patients, during their treatment, were administered different antipsychotics. The PANSS (Positive and Negative Symptom Rating Scale) was applied to assess the clinical schizophrenic symptoms, and the HDR (Hamilton Scale) was employed to assess the depressive symptoms. The mean concentration for CA in the blood samples before the implementation of treatment was found to be 11.26 nmol/L, whereas the CA concentration after treatment was 8.03 nmol/L. Furthermore, the mean concentration of 3-hydroxyanthranilic acid was 14.95 nmol/L, and it was 20.05 nmol/L before and after treatment. The authors calculated the sum of both metabolites (CA + 3-hydroxyanthranilic acid), as they argued that it may better reflect the state of the kynurenine pathway. Inverse statistical significance was shown between the sum of both metabolites and CA before treatment and the PANSS score after treatment. No correlation was discovered between the metabolites separately, nor in their sum between and after treatment. This study, however, possesses several limitations: (1) first of all, the methodology for the CA measurement contains several gaps, which may make this study difficult to replicate; (2) it is unclear when exactly the blood samples were collected (after, e.g., 12 h, a few days, or a few months after treatment implementation); and (3) the correlation between specific drug treatments and CA is not provided. Taking this into account, one can conclude that it is too early to point towards any final opinion about the relevance of Shilov’s findings [89].



Alterations of kynurenine pathway metabolites, including CA, were investigated in patients with autism spectrum disorder (ASD) [90]. Accordingly, the levels of CA and stanniocalcin 2 were higher in individuals with ASD than in the controls (note that Stc2 encodes stanniocalcin 2, a glycoprotein involved in cell metabolism, inflammation, apoptosis, calcium homeostasis, etc.). In addition, IL22 level (regulated by AhR) was higher in individuals with ASD than in the controls. The researchers noted a very strong positive correlation between CA and IL22 only in individuals with ASD. In summary, this study reveals that, in patients with ASD, higher activity of IDO is observed, and the synthesis of metabolites is shifted towards CA, which activates AhR and its downstream target Stc2. Undoubtedly, this comprehensive and elegant study is of significant value and provides evidence that AhR blockage may be a target in the treatment of ASD [90].



The activity of systemically (ip) administered CA was investigated by Notartomaso et al. [91] in preclinical models of acute inflammatory (formalin model) and neuropathic pain (chronic constriction injury (CCI)). The authors investigated the hypothesis that CA, as a mGlu4 agonist, has analgesic activity [92,93]. In the formalin test, low doses of CA (0.125 or 0.25 mg/kg), but not high doses (0.5 or 3 mg/kg), reduced the nocifensive behavior, compared to the control mice, and the CA-induced effect in the formalin test was mediated through the activation of mGlu4 receptors but not AhR.



Additionally, it was shown that an acute administration of CA (0.25 mg/kg, ip) is analgesic in CCI mice. Of note, chronic administration did not induce analgesic activity, which means that the development of tolerance occurred, but it also did not appear when CA was co-administered with CH223191, an AhR antagonist. Electrophysiological studies indicated that CA and CH223191 given together, but not singly, did, however, reduce the activity of the nociceptive neurons.



Taken together, this paper showed for the first time the analgesic properties of CA in only very low dosages [91]. This effect may be related (as the authors suggest) to rapid receptor desensitization or to the recruiting of other molecules, the activity of which counterbalances CA-induced analgesia. This study has scientific value, as the development of tolerance to CA-mediated analgesia excludes this compound for the treatment of chronic pain, at least when given alone.



Fazio et al. [49] investigated the effect of the systemic administration of CA (doses from 0.1 to 10 mg/kg, ip) in mice with experimentally-induced autoimmune encephalomyelitis (EAE). When treatment with CA (10 mg/kg, ip) after immunization commenced after a 7-day delay, partial protection was observed. The same was noted when treatment with CA was limited to 21 days post- immunization. Furthermore, the lowest and highest doses of CA given once daily for 35 days after immunization completely suppressed the clinical symptoms of EAE. Additional studies also demonstrated that a 35-day-long chronic treatment regimen with CA contracted the demyelination processes in the mouse spinal cords and minimized the accumulation of migratory cells in the mouse brains and spinal cords. Beyond the aforementioned, the cytokine profiling of CD4+ T cells isolated from lymph nodes or from brain-infiltrating leukocytes indicated that CA-pretreatment + immunized mice decreased the IFNγ and IL-17 levels compared to immunized-only animals. In contrast, the level of TGF-β was higher in the CA-treated animals both in the lymph nodes and brain-infiltrating leukocytes, whereas the level of anti-inflammatory IL-10 was upregulated only in the lymph nodes, but its level did not differ between groups in the brain-infiltrating leukocytes. The authors hypothesized that CA administration may trigger the synthesis of IDO (induced in inflammatory conditions) and kynureninase enzymes (which covert 3-hydroxykynurenine to the ultimate precursor of CA (i.e., 3-hydroxyanthranilic acid)). This was confirmed utilizing purified splenocytes at 20 days post-immunization. Moreover, the experimenters revealed that endogenous CA synthesis requires antigen-specific stimulation. In complementing their observations, CA (10 mg/kg, ip) was administered to immunized mGlu4−/− mice and was seen to reduce (to some extent) the clinical scores in mGlu4−/− mice. This suggests that the protective properties of CA are mediated by additional mechanisms apart from mGlu4 activation.



Considering the role of AhR, which is the ligand-activated transcription factor responsible for xenobiotic metabolism, it would be useful to test whether these receptors are implicated in CA-mediated protection in the multiple sclerosis model in mice. Collectively, this study clearly shows the positive activity of CA towards neuroinflammation [49].



The activity of CA (5 or 10 mg/kg, ip), a key ingredient of pu-erh tea, was also investigated in a mouse model of circadian rhythm-related obesity [94]. Herein, CA was seen to decrease the food intake and did slow the weight gain of mice that were exposed to circadian rhythm disturbances. In addition, it inhibited the deposition of liver fat, reduced inflammation in the liver, and diminished the white-fat deposition in the epididymis. The upregulation of the mGlu4 receptor was, moreover, seen in the CA-treated mice, and CA intake had a positive effect upon the gut microbial composition, as an increase in the Lactobacillus and Eubacterium abundance was revealed [94]. It is worth noting that Joshi et al. [95] did not note the influence of CA administration on the body weights (12 mg/kg, ip for 11 days) of normal (non-obese) mice. Thus, it cannot be excluded that the effect of CA is only seen in obesity. Our research, however, indicated that a significant reduction in the body weight gain of rats postnatally exposed to KYNA supplementation came about. This was without changes in the total body surface and bone mineral density [96].



Joshi et al., in a series of papers, analyzed the cytoprotective effects of CA against apoptosis induced by endoplasmic reticulum stress, oxidative stress, and alcohol insult (acute and chronic) and in non-alcoholic fatty liver disease [86,87,95,97]. They revealed that the CA-driven cytoprotecting activity is associated with the activation of AhR. This effect was found to be specifically linked to the upregulation of its downstream gene Stc2. As mentioned earlier, mice given CA for 11 days (12 mg/kg, ip) did gain weight similar to their control counterparts [95].



The effect of CA on developing zebrafish (Danio rerio) was assessed by Majewski et al. [98]. Herein, the incubation of fish with 30 μm of CA from 24 to 96 h post-fertilization (hpf) induced severe morphological abnormalities: among others, notochord anomalies, small eyes, severe heart and yolk sac oedema, and jaw underdevelopment. When given acutely, 180 μm of CA also increased the heart rate compared to control larvae. The same phenotype was seen when embryos were incubated in CA (concentrations of 5, 10, and 50 μm) between 24–48 hpf and 24–72 hpf. In addition, Majewski et al. [98] observed tremors and convulsions in larvae incubated in CA from 24 to 124 hpf.



The effect of CA was also investigated in larval zebrafish by Lowe et al. [78] in the context of cyp1a1 upregulation. In their experimental settings, a TL zebrafish strain was used (compared to the Tubingen strain in Majewski et al. [98]), and the concentrations administered were higher (100 μm, but the fish were incubated for only 6 h). Both papers [78,98], however, lack detailed information on how the CA solution was prepared.



Compared especially to KYNA, based on the data of Majewski et al. [98], CA seems to be teratogenic. However, this is a single study that needs replication to make a proper conclusion, considering that, for example, the observations for L-KYN of Majewski et al. [98] are not in agreement with those of Marszalek-Grabska et al. [99].





 





Table 2. Content of CA in tissues and body fluids of human and experimental animals. ASD—autism spectrum disorder; CA—cinnabarinic acid; ca.—circa (about); ip—intraperitoneally; HPLC-MS/MS—high-performance liquid chromatography–mass spectrometry; LC-MS/MS—liquid chromatography–mass spectrometry; LPS—lipopolysaccharide; SEM—standard error of the mean; PFC—prefrontal cortex; UPLC-MS/MS—ultra-performance liquid chromatography–mass spectrometry.






Table 2. Content of CA in tissues and body fluids of human and experimental animals. ASD—autism spectrum disorder; CA—cinnabarinic acid; ca.—circa (about); ip—intraperitoneally; HPLC-MS/MS—high-performance liquid chromatography–mass spectrometry; LC-MS/MS—liquid chromatography–mass spectrometry; LPS—lipopolysaccharide; SEM—standard error of the mean; PFC—prefrontal cortex; UPLC-MS/MS—ultra-performance liquid chromatography–mass spectrometry.





	
Species

	
Group

	
Content of CA in Tissues/Body Fluids [Value in pM Recalculated for Comparison between Studies]

	
Comment(s)

(If Applicable)

	
Method for Quantification

	
References






	
Human

	
23 adult individuals with schizophrenia (16 males and 7 females) and 26 non-schizophrenic patients

	

	
PFCs of healthy-matched control patients: mean ± SEM: 35.92 ± 1.99 pg/g tissue [119.64 ± 6.62 pM]






	

	
Reduced levels of CA in PFCs of schizophrenic patients vs. controls



	
No correlation between CA levels in PFC and age of patients or their sex






	
UPLC-MS/MS

	
[88]




	

	
PFCs of schizophrenic patients: mean ± SEM: 22.61 ± 1.65 pg/g tissue [75.31 ± 5.49 pM]









	
Human

	
23 female, adult patients with schizophrenia

	

	
Plasma (before treatment with antipsychotics): mean: 11.26 nmol/L (min. 3.03 nmol/L–max. 38.31 nmol/L) [mean: 11,750 pM, min. 3160 pM–max 40,030 pM]






	

	
No statistical difference between groups






	
HPLC-MS/MS

	
[89]




	

	
Plasma (after treatment with antipsychotics): mean: 8.03 nmol/L (min. 2.49 nmol/L–max. 45.30 nmol/L) [mean: 8390 pM, min. 2600 pM–max. 47,360 pM]









	
Human

	
Adult patients with ASD (90 ASD patients and 104 controls)

	

	
Plasma (healthy-matched control patients): ca. 0.25 nM (mean) [250 pM]






	

	
Detailed concentrations not provided



	
CA levels higher in ASD patients






	
LC-MS/MS

	
[90]




	

	
Plasma (ASD group): ca. 0.75 nM (mean) [750 pM]









	
Sprague-Dawley adult, male rats

	
Controls

	

	
Lungs: ca. 60 pg/mg [199.85 pM] tissue



	
Kidney, liver, and spleen: 7–10 pg/mg [23.31–33.30 pM] tissue



	
Brain: below detection limit



	
Striatal dialysate: below detection limit






	
-

	
HPLC-MS/MS

	
[74]




	
After LPS challenge

	

	
Lungs: below detection limit



	
Kidney: 133 pg/mg [443.0 pM] tissue



	
Spleen: 36 pg/mg [119.91 pM] tissue



	
Brain: 160 pg/mg [532.94 pM] tissue



	
Striatal dialysate: below detection limit






	
-




	
C57BL/6 adult, male mice

	
Experimentally evoked autoimmuneencephalomyelitis

	

	
Cerebrospinal fluid: below detection limit






	
-

	
HPLC-MS/MS

	
[74]




	
C57BL/6 adult, male mice

	
Controls

	

	
Serum: ca. 4 ng/mL [13,320 pM]



	
Cortex: ca. 20 pg/g [66.61 pM] tissue



	
Cerebellum: ca. 14 pg/g [46.63 pM] tissue






	

	
Detailed concentrations not provided






	
UPLC-MS/MS

	
[88]




	
CA (0.25mg/kg, ip) acutely injected

	

	
Serum: ca. 30 ng/mL [99,920 pM] after 0.5 h, ca. 6 ng/mL [19,984 pM] after 1 h, and ca. 4 ng/mL [13,320 pM] after 3 h post-injection



	
Cortex: below 500 pg/g [1665 pM] tissue after 0.5 h, above 1000 pg/g tissue after 1 h, ca. 1000 pg/g [3330 pM] tissue after 2 h, and from 3 to 12 h post-injection at relatively stable level of ca. 500 pg/g [1665 pM] tissue



	
Cerebellum: ca. 200 pg/g [666.17 pM] tissue after 0.5 h, a little below 600 pg/g [1998.51 pM] tissue after 1 h, ca. 400 pg/g [1332.34 pM] tissue from 3 to 4 h post-injection; above 200 pg/g [666.17 pM] tissue at 12 h post-injection









	
Female mice (Stc2+/+, C57BL/6 background)

	
Controls

	

	
Liver: ca. 10 pg/mg [33.30 pM] tissue



	
Serum: -






	

	
Detected in serum but impossible to specify concentration from figure (lack of detailed information in the text)






	
HPLC-MS/MS

	
[94]










4. In Vitro Studies


Fazio et al. [74] analyzed the effect of CA on the viability of cultured cortical neurons challenged with excitotoxic NMDA. Herein, CA itself in the range of the tested concentrations (from 10 to 300 μM) did affect the viability of the neurons either after 10 min, or after 24 h of incubation. In contrast, in concentrations above 30 μM, it did protect the neurons against death after the application of NMDA. There was not, however, a concentration-dependent effect, as all doses above 30 μM protected the neurons in equal potency. Furthermore, in the cultures prepared from mGlu4−/− mice, neuroprotection was evident, but it was lower compared to the wild-type cultures.



To strengthen their findings, the authors of [74] infused CA (50 nmol/0.5 μL) to the globus pallidus to establish whether CA is protective against the MPTP-induced damage of the dopaminergic neurons in the nigrostriatal pathway (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a toxin used to induce Parkinson’s-like symptoms). In their experimental setup, they showed that CA is neuroprotective.



There are data on the influence of antiseizure medications (ASMs) on the release of KYNA, though this seems to be a drug-dependent activity [100,101,102]. Likewise, the effect of levetiracetam and zonisamide on the release of, among others, CA was analyzed using rat cortical astrocyte cultures [103,104]. In the latter work, Fukuyama and Okada [104] showed that chronic incubation with inflammatory cytokine IFNγ did affect the astroglial release of KYNA and L-KYN, whereas the CA level was below the detection limit. When 3-hydroxykynurenine was added to the reaction mixture (medium + IFNγ, chronic incubation for 7 days), CA was detected. A concentration-dependent effect of IFNγ was also observed: for 100 U/mL of IFNγ, the level of CA was around 10 nM, and this IFNγ concentration was the same as the level of xanthurenic acid but was lower than that of the QUIN level (a little above 15 nM). Levetiracetam, a new-generation ASM, when added to a medium with 3-hydroxykynurenine, did not affect the CA concentration itself, but when given in combination with IFNγ, its level doubled for concentrations of 10 and 30 μM. The acute administration of excitotoxic AMPA and adenophostin A (agonist at the IP3 receptors) to a medium increased the CA level, but when levetiracetam was added, this effect was reversed. Together with the data obtained by the same research group for zonismide (another ASM) [104], one may assume that CA might be implicated in the mechanism of action of ASMs, though more studies are needed (especially in vivo) to make any final conclusions.



According to several studies, liquid culture filtrate obtained from Pycnoporus cinnabarinus [57], Trametes coccinea [105], and Pycnoporus sanguineus SYBC-L7 [52] shows antimicrobial activity. The presence of CA is largely responsible for this effect. In the course of such work, the lowest maximal inhibitory concentration was obtained for bacteria from the Streptococcus genus (group B, D, F, G), though CA was also effective towards the Staphylococcus genus, Bacillus genus, Pseudomonas aeruginosa, Klebsiella pneumoniae, Escherichia coli, and Salmonella enteriditis [57]. In general, the inhibition was seen to be greater for Gram-positive rather than Gram-negative bacteria [57,105]. Beyond the aforementioned, the formation of bacterial biofilms (Bacillus cereus and Bacillus subtilis) was seen to be inhibited by CA [105]. Considering that CA occurs naturally and may be produced on preparative scale, one may conclude it might be worth investigating CA as a new antimicrobial agent.




5. Conclusions and Future Perspectives


Compared to, e.g., KYNA, the biological role of CA is widely unknown. As an endogenous byproduct of the kynurenine pathway, CA seems to have an important function in several physiological circumstances. One may assume that the little interest in this metabolite is because there are difficulties in finding it in biological material. Even in the same papers, the authors acknowledged that it was or was not detected in body fluids [74,95] or in samples [103,104]. Its content in serum is also much smaller than that of KYNA (nM vs. μM concentrations) [5]. Therefore, it is not without reason that it is called “trace’’ kynurenine [74,88]. One may not exclude, however, that it is not a lack of scientific community interest in CA but rather the technical difficulties for its measurement that have brought about the situation wherein it is less investigated than the other kynurenine pathway metabolites. The latest study of Gómez-Piñeiro et al. [54] also shows that CA is unstable under physiological conditions, and that, in the presence of reductants, it readily metabolizes to other products. Thus, this may also be another reason that its levels are below the detection limit. The available data, however, indicate that CA seems to be well worth investigating, though the first step is overcoming obstacles related to its measurement in biological samples.



There are very few data in the literature regarding the biological function of CA. Mostly, these are single papers; thus, even if of high scientific value, it is not possible to confirm the findings, as comparative studies have not been undertaken in independent experiments. Furthermore, there are also some papers that are contradictory. One can assume that, at this stage of the knowledge, it is impossible to give any final conclusions about the role of CA in the human body, though it seems that, similar to KYNA, CA may have neuroprotective properties [49,74,88]. It is also possible that it is hepatoprotective, but this must be confirmed by research groups other than Joshi et al. [86,87,94,96]. At this stage of the knowledge, it is not possible to directly compare CA to KYNA, as too many gaps in the current knowledge exist for CA (no data about its role e.g., in epilepsy, Alzheimer’s disease, cancer, etc.), and there is only a single study demonstrating the existence of a role in ASD and schizophrenia.



When practical methods for determining this metabolite are developed, CA’s effects in health and disease will be an unlimited topic for research. So far, the role of CA has been investigated in autism, schizophrenia, and pain, and these studies must be replicated. Studies on the role of CA activity regarding other diseases, like depression, epilepsy, anxiety, neurodegenerative diseases, etc., are warranted. Similarly, the role of CA in the context of inflammation-related diseases might be worth investigating. Moreover, there is a lack of data on how and whether CA affects the microbiome and gut–brain axis, and it is unclear what food products may be a source of CA. There is a lack of knowledge on how exactly CA synthesis relates to the synthesis of other kynurenine pathway metabolites, and this gap has to be filled. When evidence is related to tumors, metabolic changes are noted, and the CA activity can vary. Thus, its activity in various forms of cancer must be thoroughly assessed. It is reasonable, therefore, to expect that the coming years might at least partially address these issues.







Funding


This research was partially funded by the Medical University of Lublin (DS 449).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The author declares no conflicts of interest.




References


	



Richard, D.M.; Dawes, M.A.; Mathias, C.W.; Acheson, A.; Hill-Kapturczak, N.; Dougherty, D.M. L-Tryptophan: Basic Metabolic Functions, Behavioral Research and Therapeutic Indications. Int. J. Tryptophan. Res. 2009, 2, 45–60. [Google Scholar] [CrossRef]

	



Zhao, D.; Yu, Y.; Shen, Y.; Liu, Q.; Zhao, Z.; Sharma, R.; Reiter, R.J. Melatonin Synthesis and Function: Evolutionary History in Animals and Plants. Front. Endocrinol. 2019, 10, 249. [Google Scholar] [CrossRef]

	



Correia, A.S.; Vale, N. Tryptophan Metabolism in Depression: A Narrative Review with a Focus on Serotonin and Kynurenine Pathways. Int. J. Mol. Sci. 2022, 23, 8493. [Google Scholar] [CrossRef] [PubMed]

	



Marszalek-Grabska, M.; Walczak, K.; Gawel, K.; Wicha-Komsta, K.; Wnorowska, S.; Wnorowski, A.; Turski, W.A. Kynurenine emerges from the shadows Current knowledge on its fate and function. Pharmacol. Ther. 2021, 225, 107845. [Google Scholar] [CrossRef] [PubMed]

	



Turska, M.; Paluszkiewicz, P.; Turski, W.A.; Parada-Turska, J. A Review of the Health Benefits of Food Enriched with Kynurenic Acid. Nutrients 2022, 14, 4182. [Google Scholar] [CrossRef] [PubMed]

	



Walczak, K.; Wnorowski, A.; Turski, W.A.; Plech, T. Kynurenic acid and cancer: Facts and controversies. Cell. Mol. Life. Sci. 2020, 77, 1531–1550. [Google Scholar] [CrossRef] [PubMed]

	



Hestad, K.; Alexander, J.; Rootwelt, H.; Aaseth, J.O. The Role of Tryptophan Dysmetabolism and Quinolinic Acid in Depressive and Neurodegenerative Diseases. Biomolecules 2022, 12, 998. [Google Scholar] [CrossRef] [PubMed]

	



Schwarcz, R.; Bruno, J.P.; Muchowski, P.J.; Wu, H.Q. Kynurenines in the mammalian brain: When physiology meets pathology. Nat. Rev. Neurosci. 2012, 13, 465–477. [Google Scholar] [CrossRef] [PubMed]

	



Fazio, F.; Lionetto, L.; Curto, M.; Iacovelli, L.; Copeland, C.S.; Neale, S.A.; Bruno, V.; Battaglia, G.; Salt, T.E.; Nicoletti, F. Cinnabarinic acid and xanthurenic acid: Two kynurenine metabolites that interact with metabotropic glutamate receptors. Neuropharmacology 2017, 112 Pt B, 365–372. [Google Scholar] [CrossRef]

	



Mehler, A.H.; Knox, W.E. The conversion of tryptophan to kynurenine in liver. II. The enzymatic hydrolysis of formylkynurenine. J. Biol. Chem. 1950, 187, 431–438. [Google Scholar] [CrossRef]

	



Knox, W.E.; Mehler, A.H. The conversion of tryptophan to kynurenine in liver. I. The coupled tryptophan peroxidase-oxidase system forming formylkynurenine. J. Biol. Chem. 1950, 187, 419–430. [Google Scholar] [CrossRef] [PubMed]

	



Mándi, Y.; Vécsei, L. The kynurenine system and immunoregulation. J. Neural. Transm. 2012, 119, 197–209. [Google Scholar] [CrossRef] [PubMed]

	



Takikawa, O. Biochemical and medical aspects of the indoleamine 2,3-dioxygenase-initiated L-tryptophan metabolism. Biochem. Biophys. Res. Commun. 2005, 338, 12–19. [Google Scholar] [CrossRef] [PubMed]

	



Dykens, J.A.; Sullivan, S.G.; Stern, A. Glucose metabolism and hemoglobin reactivity in human red blood cells exposed to the tryptophan metabolites 3-hydroxyanthranilate, quinolinate and picolinate. Biochem. Pharmacol. 1989, 38, 1555–1562. [Google Scholar] [CrossRef]

	



Tanaka, M.; Vécsei, L. Monitoring the kynurenine system: Concentrations, ratios or what else? Adv. Clin. Exp. Med. 2021, 30, 775–778. [Google Scholar] [CrossRef]

	



Perkins, M.N.; Stone, T.W. An iontophoretic investigation of the actions of convulsant kynurenines and their interaction with the endogenous excitant quinolinic acid. Brain. Res. 1982, 247, 184–187. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Stone, T.W. Neuropharmacology of quinolinic and kynurenic acids. Pharmacol. Rev. 1993, 45, 309–379. [Google Scholar]

	



Hilmas, C.; Pereira, E.F.; Alkondon, M.; Rassoulpour, A.; Schwarcz, R.; Albuquerque, E.X. The brain metabolite kynurenic acid inhibits alpha7 nicotinic receptor activity and increases non-alpha7 nicotinic receptor expression: Physiopathological implications. J. Neurosci. 2001, 21, 7463–7473. [Google Scholar] [CrossRef]

	



Stone, T.W. Does kynurenic acid act on nicotinic receptors? An assessment of the evidence. J. Neurochem. 2020, 152, 627–649. [Google Scholar] [CrossRef]

	



Wang, J.; Simonavicius, N.; Wu, X.; Swaminath, G.; Reagan, J.; Tian, H.; Ling, L. Kynurenic acid as a ligand for orphan G protein-coupled receptor GPR35. J. Biol. Chem. 2006, 281, 22021–22028. [Google Scholar] [CrossRef]

	



Kapolka, N.J.; Isom, D.G. HCAR3: An underexplored metabolite sensor. Nat. Rev. Drug. Discov. 2020, 199, 745. [Google Scholar] [CrossRef]

	



Bartlett, R.D.; Esslinger, C.S.; Thompson, C.M.; Bridges, R.J. Substituted quinolines as inhibitors of L-glutamate transport into synaptic vesicles. Neuropharmacology 1998, 37, 839–846. [Google Scholar] [CrossRef]

	



Haruki, H.; Hovius, R.; Pedersen, M.G.; Johnsson, K. Tetrahydrobiopterin Biosynthesis as a Potential Target of the Kynurenine Pathway Metabolite Xanthurenic Acid. J. Biol. Chem. 2016, 291, 652–657. [Google Scholar] [CrossRef]

	



Copeland, C.S.; Neale, S.A.; Salt, T.E. Actions of Xanthurenic acid, a putative endogenous Group II metabotropic glutamate receptor agonist, on sensory transmission in the thalamus. Neuropharmacology 2013, 66, 133–142. [Google Scholar] [CrossRef]

	



Stone, T.W.; Perkins, M.N. Quinolinic acid: A potent endogenous excitant at amino acid receptors in CNS. Eur. J. Pharmacol. 1981, 72, 411–412. [Google Scholar] [CrossRef]

	



Guillemin, G.J. Quinolinic acid, the inescapable neurotoxin. FEBS J. 2012, 279, 1356–1365. [Google Scholar] [CrossRef] [PubMed]

	



Reyes-Ocampo, J.; Ramírez-Ortega, D.; Cervantes, G.I.; Pineda, B.; Balderas, P.M.; González-Esquivel, D.; Sánchez-Chapul, L.; Lugo-Huitrón, R.; Silva-Adaya, D.; Ríos, C.; et al. Mitochondrial dysfunction related to cell damage induced by 3-hydroxykynurenine and 3-hydroxyanthranilic acid: Non-dependent-effect of early reactive oxygen species production. Neurotoxicology 2015, 50, 81–91. [Google Scholar] [CrossRef] [PubMed]

	



Walczak, K.; Dąbrowski, W.; Langner, E.; Zgrajka, W.; Piłat, J.; Kocki, T.; Rzeski, W.; Turski, W.A. Kynurenic acid synthesis and kynurenine aminotransferases expression in colon derived normal and cancer cells. Scand. J. Gastroenterol. 2011, 46, 903–912. [Google Scholar] [CrossRef]

	



Walczak, K.; Zurawska, M.; Kiś, J.; Starownik, R.; Zgrajka, W.; Bar, K.; Turski, W.A.; Rzeski, W. Kynurenic acid in human renal cell carcinoma: Its antiproliferative and antimigrative action on Caki-2 cells. Amino Acids 2012, 43, 1663–1670. [Google Scholar] [CrossRef]

	



Wang, S.; van Schooten, F.J.; Jin, H.; Jonkers, D.; Godschalk, R. The Involvement of Intestinal Tryptophan Metabolism in Inflammatory Bowel Disease Identified by a Meta-Analysis of the Transcriptome and a Systematic Review of the Metabolome. Nutrients 2023, 15, 2886. [Google Scholar] [CrossRef] [PubMed]

	



Dudzińska, E.; Szymona, K.; Kloc, R.; Gil-Kulik, P.; Kocki, T.; Świstowska, M.; Bogucki, J.; Kocki, J.; Urbanska, E.M. Increased expression of kynurenine aminotransferases mRNA in lymphocytes of patients with inflammatory bowel disease. Therap. Adv. Gastroenterol. 2019, 12, 1756284819881304. [Google Scholar] [CrossRef] [PubMed]

	



Fiedorowicz, M.; Choragiewicz, T.; Thaler, S.; Schuettauf, F.; Nowakowska, D.; Wojtunik, K.; Reibaldi, M.; Avitabile, T.; Kocki, T.; Turski, W.A.; et al. Tryptophan and Kynurenine Pathway Metabolites in Animal Models of Retinal and Optic Nerve Damage: Different Dynamics of Changes. Front. Physiol. 2019, 10, 1254. [Google Scholar] [CrossRef] [PubMed]

	



Fiedorowicz, M.; Choragiewicz, T.; Turski, W.A.; Kocki, T.; Nowakowska, D.; Wertejuk, K.; Kamińska, A.; Avitabile, T.; Wełniak-Kaminska, M.; Grieb, P.; et al. Tryptophan Pathway Abnormalities in a Murine Model of Hereditary Glaucoma. Int. J. Mol. Sci. 2021, 22, 1039. [Google Scholar] [CrossRef] [PubMed]

	



Johansson, A.S.; Owe-Larsson, B.; Asp, L.; Kocki, T.; Adler, M.; Hetta, J.; Gardner, R.; Lundkvist, G.B.; Urbanska, E.M.; Karlsson, H. Activation of kynurenine pathway in ex vivo fibroblasts from patients with bipolar disorder or schizophrenia: Cytokine challenge increases production of 3-hydroxykynurenine. Psychiatr. Res. 2013, 47, 1815–1823. [Google Scholar] [CrossRef]

	



Szymona, K.; Zdzisińska, B.; Karakuła-Juchnowicz, H.; Kocki, T.; Kandefer-Szerszeń, M.; Flis, M.; Rosa, W.; Urbańska, E.M. Correlations of Kynurenic Acid, 3-Hydroxykynurenine, sIL-2R, IFN-α, and IL-4 with Clinical Symptoms During Acute Relapse of Schizophrenia. Neurotox. Res. 2017, 32, 17–26. [Google Scholar] [CrossRef] [PubMed]

	



Myint, A.M.; Kim, Y.K.; Verkerk, R.; Scharpé, S.; Steinbusch, H.; Leonard, B. Kynurenine pathway in major depression: Evidence of impaired neuroprotection. J. Affect. Disord. 2007, 98, 143–151. [Google Scholar] [CrossRef] [PubMed]

	



Oxenkrug, G.; Turski, W.; Zgrajka, W.; Weinstock, J.; Ruthazer, R.; Summergrad, P. Disturbances of Tryptophan Metabolism and Risk of Depression in HCV Patients Treated with IFN-Alpha. J. Infect. Dis. Ther. 2014, 2, 131. [Google Scholar] [CrossRef]

	



Bakker, L.; Köhler, S.; Eussen, S.J.P.M.; Choe, K.; van den Hove, D.L.A.; Kenis, G.; Rutten, B.P.F.; Ulvik, A.; Ueland, P.M.; Verhey, F.R.J.; et al. Correlations between kynurenines in plasma and CSF, and their relation to markers of Alzheimer’s disease pathology. Brain. Behav. Immun. 2023, 111, 312–319. [Google Scholar] [CrossRef]

	



Zakrocka, I.; Targowska-Duda, K.M.; Wnorowski, A.; Kocki, T.; Jóźwiak, K.; Turski, W.A. Angiotensin II Type 1 Receptor Blockers Inhibit KAT II Activity in the Brain-Its Possible Clinical Applications. Neurotox. Res. 2017, 32, 639–648. [Google Scholar] [CrossRef]

	



Breda, C.; Sathyasaikumar, K.V.; Sograte Idrissi, S.; Notarangelo, F.M.; Estranero, J.G.; Moore, G.G.; Green, E.W.; Kyriacou, C.P.; Schwarcz, R.; Giorgini, F. Tryptophan-2,3-dioxygenase (TDO) inhibition ameliorates neurodegeneration by modulation of kynurenine pathway metabolites. Proc. Natl. Acad. Sci. USA 2016, 113, 5435–5440. [Google Scholar] [CrossRef] [PubMed]

	



Campesan, S.; Green, E.W.; Breda, C.; Sathyasaikumar, K.V.; Muchowski, P.J.; Schwarcz, R.; Kyriacou, C.P.; Giorgini, F. The kynurenine pathway modulates neurodegeneration in a Drosophila model of Huntington’s disease. Curr. Biol. 2011, 21, 961–966. [Google Scholar] [CrossRef]

	



Samadi, P.; Grégoire, L.; Rassoulpour, A.; Guidetti, P.; Izzo, E.; Schwarcz, R.; Bédard, P.J. Effect of kynurenine 3-hydroxylase inhibition on the dyskinetic and antiparkinsonian responses to levodopa in Parkinsonian monkeys. Mov. Disord. 2005, 20, 792–802. [Google Scholar] [CrossRef]

	



Rejdak, K.; Bartosik-Psujek, H.; Dobosz, B.; Kocki, T.; Grieb, P.; Giovannoni, G.; Turski, W.A.; Stelmasiak, Z. Decreased level of kynurenic acid in cerebrospinal fluid of relapsing-onset multiple sclerosis patients. Neurosci. Lett. 2002, 331, 63–65. [Google Scholar] [CrossRef]

	



Rejdak, K.; Petzold, A.; Kocki, T.; Kurzepa, J.; Grieb, P.; Turski, W.A.; Stelmasiak, Z. Astrocytic activation in relation to inflammatory markers during clinical exacerbation of relapsing-remitting multiple sclerosis. J. Neural. Transm. 2007, 114, 1011–1015. [Google Scholar] [CrossRef] [PubMed]

	



Kamiński, R.M.; Zielińska, E.; Dekundy, A.; van Luijtelaar, G.; Turski, W. Deficit of endogenous kynurenic acid in the frontal cortex of rats with a genetic form of absence epilepsy. Pol. J. Pharmacol. 2003, 55, 741–746. [Google Scholar] [PubMed]

	



Żarnowska, I.; Wróbel-Dudzińska, D.; Tulidowicz-Bielak, M.; Kocki, T.; Mitosek-Szewczyk, K.; Gasior, M.; Turski, W.A. Changes in tryptophan and kynurenine pathway metabolites in the blood of children treated with ketogenic diet for refractory epilepsy. Seizure 2019, 69, 265–272. [Google Scholar] [CrossRef]

	



Butenandt, A.; Biekert, E.; Baumann, U. Ommochromes. XI. Model experiments on the constitution of ommochromes; oxidative degradation of 3-amino-4, 5-diacetylphenoxazone-2]. Arch. Biochem. Biophys. 1957, 69, 100–105. [Google Scholar] [CrossRef]

	



Fazio, F.; Zappulla, C.; Notartomaso, S.; Busceti, C.; Bessede, A.; Scarselli, P.; Vacca, C.; Gargaro, M.; Volpi, C.; Allegrucci, M.; et al. Cinnabarinic acid, an endogenous agonist of type-4 metabotropic glutamate receptor, suppresses experimental autoimmune encephalomyelitis in mice. Neuropharmacology 2014, 81, 237–243. [Google Scholar] [CrossRef]

	



PubChem National Library of Medicine. 2023. Available online: https://pubchem.ncbi.nlm.nih.gov/compound/Cinnabarinic-acid (accessed on 23 November 2023).

	



Ishiguro, I.; Nagamura, Y.; Hara, A. Studies on the formation of phenoxazine-pigment from o-aminophenol derivatives by hemoglobin. I. Conversion of 3-OH-anthranilic acid into cinnabarinic acid in the presence of Mn]. Yakugaku Zasshi 1971, 91, 760–765. [Google Scholar] [CrossRef]

	



Meng, D.; Shao, X.; Luo, S.P.; Tian, Q.P.; Liao, X.R. Pigment production by a newly isolated strain Pycnoporus sanguineus SYBC-L7 in solid-state fermentation. Front. Microbiol. 2022, 13, 1015913. [Google Scholar] [CrossRef] [PubMed]

	



Yue, S.J.; Song, C.; Li, S.; Huang, P.; Guo, S.Q.; Hu, H.B.; Wang, W.; Zhang, X.H. Synthesis of cinnabarinic acid by metabolically engineered Pseudomonas chlororaphis GP72. Biotechnol. Bioeng. 2019, 116, 3072–3083. [Google Scholar] [CrossRef] [PubMed]

	



Gómez-Piñeiro, R.J.; Dali, M.; Mansuy, D.; Boucher, J.L. Unstability of cinnabarinic acid, an endogenous metabolite of tryptophan, under situations mimicking physiological conditions. Biochimie 2022, 199, 150–157. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.J.; Jiang, G.F.; Wang, W. Metabolite Changes in Orange Dead Leaf Butterfly Kallima inachus during Ontogeny and Diapause. Metabolites 2022, 12, 804. [Google Scholar] [CrossRef] [PubMed]

	



Dias, D.A.; Urban, S. HPLC and NMR studies of phenoxazone alkaloids from Pycnoporus cinnabarinus. Nat. Prod. Commun. 2009, 4, 489–498. [Google Scholar] [CrossRef] [PubMed]

	



Eggert, C. Laccase-catalyzed formation of cinnabarinic acid is responsible for antibacterial activity of Pycnoporus cinnabarinus. Microbiol. Res. 1997, 152, 315–318. [Google Scholar] [CrossRef]

	



Lin, W.; Jia, G.; Sun, H.; Sun, T.; Hou, D. Genome sequence of the fungus Pycnoporus sanguineus, which produces cinnabarinic acid and pH- and thermo- stable laccases. Gene 2020, 742, 144586. [Google Scholar] [CrossRef]

	



Temp, U.; Zierold, U.; Eggert, C. Cloning and characterization of a second laccase gene from the lignin-degrading basidiomycete Pycnoporus cinnabarinus. Gene 1999, 236, 169–177. [Google Scholar] [CrossRef]

	



Göçenoğlu Sarıkaya, A.; Osman, B.; Kara, A.; Pazarlioglu, N.; Beşirli, N. Adsorption of cinnabarinic acid from culture fluid with magnetic microbeads. Biomed. Chromatogr. 2016, 30, 88–96. [Google Scholar] [CrossRef]

	



Temp, U.; Eggert, C. Novel interaction between laccase and cellobiose dehydrogenase during pigment synthesis in the white rot fungus Pycnoporus cinnabarinus. Appl. Environ. Microbiol. 1999, 65, 389–395. [Google Scholar] [CrossRef]

	



Christen, S.; Southwell-Keely, P.T.; Stocker, R. Oxidation of 3-hydroxyanthranilic acid to the phenoxazinone cinnabarinic acid by peroxyl radicals and by compound I of peroxidases or catalase. Biochemistry 1992, 31, 8090–8097. [Google Scholar] [CrossRef]

	



Manthey, M.K.; Pyne, S.G.; Truscott, R.J. Mechanism of reaction of 3-hydroxyanthranilic acid with molecular oxygen. Biochim. Biophys. Acta 1990, 1034, 207–212. [Google Scholar] [CrossRef] [PubMed]

	



Toussaint, O.; Lerch, K. Catalytic oxidation of 2-aminophenols and ortho hydroxylation of aromatic amines by tyrosinase. Biochemistry 1987, 26, 8567–8571. [Google Scholar] [CrossRef]

	



Iwahashi, H.; Ishii, T.; Sugata, R.; Kido, R. Superoxide dismutase enhances the formation of hydroxyl radicals in the reaction of 3-hydroxyanthranilic acid with molecular oxygen. Biochem. J. 1988, 251, 893–899. [Google Scholar] [CrossRef] [PubMed]

	



Iwahashi, H.J. 3-Hydroxyanthranilic acid-derived compounds formed through electrochemical oxidation. Chromatogr. B Biomed. Sci. Appl. 1999, 736, 237–245. [Google Scholar] [CrossRef]

	



Ogawa, H.; Nagamura, Y.; Ishiguro, I. Cinnabarinic acid formation in Malpighian tubules of the silkworm, Bombyx mori. Participation of catalase in cinnabarinic acid formation in the presence of manganese ion. Hoppe. Seylers. Z. Physiol. Chem. 1983, 364, 1059–1066. [Google Scholar] [CrossRef] [PubMed]

	



Rao, P.V.; Vaidyanathan, C.S. Enzymic conversion of 3-hydroxyanthranilic acid to cinnabarinic acid by the leaves of Tecoma stans. Arch. Biochem. Biophys. 1966, 115, 27–34. [Google Scholar] [CrossRef]

	



Turska, M.; Pelak, J.; Turski, M.P.; Kocki, T.; Dukowski, P.; Plech, T.; Turski, W. Fate and distribution of kynurenic acid administered as beverage. Pharmacol. Rep. 2018, 70, 1089–1096. [Google Scholar] [CrossRef]

	



Turska, M.; Rutyna, R.; Paluszkiewicz, M.; Terlecka, P.; Dobrowolski, A.; Pelak, J.; Turski, M.P.; Muszyńska, B.; Dabrowski, W.; Kocki, T.; et al. Presence of kynurenic acid in alcoholic beverages—Is this good news, or bad news? Med. Hypotheses 2019, 122, 200–205. [Google Scholar] [CrossRef]

	



Turski, M.P.; Turska, M.; Zgrajka, W.; Bartnik, M.; Kocki, T.; Turski, W.A. Distribution, synthesis, and absorption of kynurenic acid in plants. Planta Med. 2011, 77, 858–864. [Google Scholar] [CrossRef]

	



Turski, M.P.; Turska, M.; Zgrajka, W.; Kuc, D.; Turski, W.A. Presence of kynurenic acid in food and honeybee products. Amino Acids 2009, 36, 75–80. [Google Scholar] [CrossRef]

	



Turski, M.P.; Kamiński, P.; Zgrajka, W.; Turska, M.; Turski, W.A. Potato- an important source of nutritional kynurenic acid. Plant Foods Hum. Nutr. 2012, 67, 17–23. [Google Scholar] [CrossRef]

	



Fazio, F.; Lionetto, L.; Molinaro, G.; Bertrand, H.O.; Acher, F.; Ngomba, R.T.; Notartomaso, S.; Curini, M.; Rosati, O.; Scarselli, P.; et al. Cinnabarinic acid, an endogenous metabolite of the kynurenine pathway, activates type 4 metabotropic glutamate receptors. Mol. Pharmacol. 2012, 81, 643–656. [Google Scholar] [CrossRef]

	



Nicoletti, F.; Bockaert, J.; Collingridge, G.L.; Conn, P.J.; Ferraguti, F.; Schoepp, D.D.; Wroblewski, J.T.; Pin, J.P. Metabotropic glutamate receptors: From the workbench to the bedside. Neuropharmacology 2011, 60, 1017–1041. [Google Scholar] [CrossRef]

	



Pasceri, R.; Siegel, D.; Ross, D.; Moody, C.J. Aminophenoxazinones as inhibitors of indoleamine 2,3-dioxygenase (IDO). Synthesis of exfoliazone and chandrananimycin A. J. Med. Chem. 2013, 56, 3310–3317. [Google Scholar] [CrossRef]

	



Carr, G.; Tay, W.; Bottriell, H.; Andersen, S.K.; Mauk, A.G.; Andersen, R.J. Plectosphaeroic acids A, B, and C, indoleamine 2,3-dioxygenase inhibitors produced in culture by a marine isolate of the fungus Plectosphaerella cucumerina. Org. Lett. 2009, 11, 2996–2999. [Google Scholar] [CrossRef]

	



Lowe, M.M.; Mold, J.E.; Kanwar, B.; Huang, Y.; Louie, A.; Pollastri, M.P.; Wang, C.; Patel, G.; Franks, D.G.; Schlezinger, J.; et al. Identification of cinnabarinic acid as a novel endogenous aryl hydrocarbon receptor ligand that drives IL-22 production. PLoS ONE 2014, 9, e87877. [Google Scholar] [CrossRef] [PubMed]

	



Yamamoto, J.; Ihara, K.; Nakayama, H.; Hikino, S.; Satoh, K.; Kubo, N.; Iida, T.; Fujii, Y.; Hara, T. Characteristic expression of aryl hydrocarbon receptor repressor gene in human tissues: Organ-specific distribution and variable induction patterns in mononuclear cells. Life Sci. 2004, 74, 1039–1049. [Google Scholar] [CrossRef]

	



Wang, G.Z.; Zhang, L.; Zhao, X.C.; Gao, S.H.; Qu, L.W.; Yu, H.; Fang, W.F.; Zhou, Y.C.; Liang, F.; Zhang, C.; et al. The Aryl hydrocarbon receptor mediates tobacco-induced PD-L1 expression and is associated with response to immunotherapy. Nat. Commun. 2019, 10, 1125. [Google Scholar] [CrossRef]

	



Stevens, E.A.; Mezrich, J.D.; Bradfield, C.A. The aryl hydrocarbon receptor: A perspective on potential roles in the immune system. Immunology 2009, 127, 299–311. [Google Scholar] [CrossRef] [PubMed]

	



Zollner, H. Effects of cinnabarinic acid on mitochondrial respiration. Biochem. Pharmacol. 1976, 25, 643–648. [Google Scholar] [CrossRef]

	



Boyland, E. The biochemistry of cancer of the bladder. Br. Med. Bull. 1958, 14, 153–158. [Google Scholar] [CrossRef]

	



Nagamura, Y.; Uesugi, K.; Naito, J.; Ishiguro, I. Cinnabarinic acid was formed in damaged mitochondria and its effect on mitochondrial respiration. Adv. Exp. Med. Biol. 1999, 467, 419–423. [Google Scholar] [CrossRef]

	



Hiramatsu, R.; Hara, T.; Akimoto, H.; Takikawa, O.; Kawabe, T.; Isobe, K.; Nagase, F. Cinnabarinic acid generated from 3-hydroxyanthranilic acid strongly induces apoptosis in thymocytes through the generation of reactive oxygen species and the induction of caspase. J. Cell Biochem. 2008, 103, 42–53. [Google Scholar] [CrossRef] [PubMed]

	



Joshi, A.D.; Hossain, E.; Elferink, C.J. Epigenetic Regulation by Agonist-Specific Aryl Hydrocarbon Receptor Recruitment of Metastasis-Associated Protein 2 Selectively Induces Stanniocalcin 2 Expression. Mol. Pharmacol. 2017, 92, 366–374. [Google Scholar] [CrossRef]

	



Patil, N.Y.; Rus, I.; Joshi, A.D. Role of ERK1/2 Signaling in Cinnabarinic Acid-Driven Stanniocalcin 2-Mediated Protection against Alcohol-Induced Apoptosis. J. Pharmacol. Exp. Ther. 2023, 387, 111–120. [Google Scholar] [CrossRef]

	



Ulivieri, M.; Wierońska, J.M.; Lionetto, L.; Martinello, K.; Cieslik, P.; Chocyk, A.; Curto, M.; Di Menna, L.; Iacovelli, L.; Traficante, A.; et al. The Trace Kynurenine, Cinnabarinic Acid, Displays Potent Antipsychotic-Like Activity in Mice and Its Levels Are Reduced in the Prefrontal Cortex of Individuals Affected by Schizophrenia. Schizophr. Bull. 2020, 46, 1471–1481. [Google Scholar] [CrossRef]

	



Shilov, Y.E.; Baymeeva, N.V.; Brusov, O.S.; Oleichik, I.V.; Sizov, S.V.; Tyurin, I.A. Cinnabarinic acid as a potential prognostic marker of schizophrenia. ZhNevrol. Psikhiatr. Im. SS Korsakova 2022, 122, 138–142. [Google Scholar] [CrossRef]

	



Launay, J.M.; Delorme, R.; Pagan, C.; Callebert, J.; Leboyer, M.; Vodovar, N. Impact of IDO activation and alterations in the kynurenine pathway on hyperserotonemia, NAD+ production, and AhR activation in autism spectrum disorder. Transl. Psychiatry 2023, 13, 380. [Google Scholar] [CrossRef] [PubMed]

	



Notartomaso, S.; Boccella, S.; Antenucci, N.; Ricciardi, F.; Fazio, F.; Liberatore, F.; Scarselli, P.; Scioli, M.; Mascio, G.; Bruno, V.; et al. Analgesic Activity of Cinnabarinic Acid in Models of Inflammatory and Neuropathic Pain. Front. Mol. Neurosci. 2022, 15, 892870. [Google Scholar] [CrossRef] [PubMed]

	



Vilar, B.; Busserolles, J.; Ling, B.; Laffray, S.; Ulmann, L.; Malhaire, F.; Chapuy, E.; Aissouni, Y.; Etienne, M.; Bourinet, E.; et al. Alleviating pain hypersensitivity through activation of type 4 metabotropic glutamate receptor. J. Neurosci. 2013, 33, 18951–18965. [Google Scholar] [CrossRef]

	



Zussy, C.; Gómez-Santacana, X.; Rovira, X.; De Bundel, D.; Ferrazzo, S.; Bosch, D.; Asede, D.; Malhaire, F.; Acher, F.; Giraldo, J.; et al. Dynamic modulation of inflammatory pain-related affective and sensory symptoms by optical control of amygdala metabotropic glutamate receptor 4. Mol. Psychiatry 2018, 23, 509–520. [Google Scholar] [CrossRef]

	



Hu, S.; Hu, C.; Luo, L.; Zhang, H.; Zhao, S.; Liu, Z.; Zeng, L. Pu-erh tea increases the metabolite Cinnabarinic acid to improve circadian rhythm disorder-induced obesity. Food Chem. 2022, 394, 133500. [Google Scholar] [CrossRef] [PubMed]

	



Joshi, A.D.; Thinakaran, G.; Elferink, C.J. Cinnabarinic Acid-Induced Stanniocalcin 2 Confers Cytoprotection against Alcohol-Induced Liver Injury. Pharmacol. Exp. Ther. 2022, 381, 1–11. [Google Scholar] [CrossRef]

	



Milart, P.; Paluszkiewicz, P.; Dobrowolski, P.; Tomaszewska, E.; Smolinska, K.; Debinska, I.; Gawel, K.; Walczak, K.; Bednarski, J.; Turska, M.; et al. Kynurenic acid as the neglected ingredient of commercial baby formulas. Sci. Rep. 2019, 9, 6108. [Google Scholar] [CrossRef] [PubMed]

	



Patil, N.Y.; Rus, I.; Downing, E.; Mandala, A.; Friedman, J.E.; Joshi, A.D. Cinnabarinic Acid Provides Hepatoprotection Against Nonalcoholic Fatty Liver Disease. J. Pharmacol. Exp. Ther. 2022, 383, 32–43. [Google Scholar] [CrossRef] [PubMed]

	



Majewski, M.; Kasica, N.; Jakimiuk, A.; Podlasz, P. Toxicity and cardiac effects of acute exposure to tryptophan metabolites on the kynurenine pathway in early developing zebrafish (Danio rerio) embryos. Toxicol. Appl. Pharmacol. 2018, 341, 16–29. [Google Scholar] [CrossRef] [PubMed]

	



Marszalek-Grabska, M.; Gawel, K.; Kosheva, N.; Kocki, T.; Turski, W.A. Developmental Exposure to Kynurenine Affects Zebrafish and Rat Behavior. Cells 2023, 12, 2224. [Google Scholar] [CrossRef]

	



Kocki, T.; Kocki, J.; Wielosz, M.; Turski, W.A.; Urbanska, E.M. Carbamazepine enhances brain production of kynurenic acid in vitro. Eur. J. Pharmacol. 2004, 498, 325–326. [Google Scholar] [CrossRef]

	



Kocki, T.; Wielosz, M.; Turski, W.A.; Urbanska, E.M. Enhancement of brain kynurenic acid production by anticonvulsants--novel mechanism of antiepileptic activity? Eur. J. Pharmacol. 2006, 541, 147–151. [Google Scholar] [CrossRef]

	



Maciejak, P.; Szyndler, J.; Turzyńska, D.; Sobolewska, A.; Płaźnik, A. Kynurenic acid: A new effector of valproate action? Pharmacol. Rep. 2011, 63, 1569–1573. [Google Scholar] [CrossRef] [PubMed]

	



Fukuyama, K.; Okada, M. Effects of levetiracetam on astroglial release of kynurenine-pathway metabolites. Br. J. Pharmacol. 2018, 175, 4253–4265. [Google Scholar] [CrossRef] [PubMed]

	



Fukuyama, K.; Tanahashi, S.; Hoshikawa, M.; Shinagawa, R.; Okada, M. Zonisamide regulates basal ganglia transmission via astroglial kynurenine pathway. Neuropharmacology 2014, 76 Pt A, 137–145. [Google Scholar] [CrossRef]

	



Kakoti, M.; Dullah, S.; Hazarika, D.J.; Barooah, M.; Boro, R.C. Cinnabarinic acid from Trametes coccinea fruiting bodies exhibits antibacterial activity through inhibiting the biofilm formation. Arch. Microbiol. 2022, 204, 173. [Google Scholar] [CrossRef]








[image: Cells 13 00453 g001] 





Figure 1. An overview of the synthesis of kynurenine pathway metabolites. The major metabolites are highlighted in yellow (note: cinnabarinic ac