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Background

Tryptophan (TRP) is an essential amino acid that must be provided in the diet. The kynurenine pathway (KP) is the main route of TRP catabolism into nicotinamide adenosine dinucleotide (NAD+), and metabolites of this pathway may have protective or degenerative effects on the nervous system. Thus, the KP may be involved in neurodegenerative diseases.



Objectives

The purpose of this systematic review and meta-analysis is to assess the changes in KP metabolites such as TRP, kynurenine (KYN), kynurenic acid (KYNA), Anthranilic acid (AA), 3-hydroxykynurenine (3-HK), 5-Hydroxyindoleacetic acid (5-HIAA), and 3-Hydroxyanthranilic acid (3-HANA) in Alzheimer’s disease (AD), Parkinson’s disease (PD), and Huntington’s disease (HD) patients compared to the control group.



Methods

We conducted a literature search using PubMed/Medline, Scopus, Google Scholar, Web of Science, and EMBASE electronic databases to find articles published up to 2022. Studies measuring TRP, KYN, KYNA, AA, 3-HK, 5-HIAA, 3-HANA in AD, PD, or HD patients and controls were identified. Standardized mean differences (SMDs) were used to determine the differences in the levels of the KP metabolites between the two groups.



Results

A total of 30 studies compromising 689 patients and 774 controls were included in our meta-analysis. Our results showed that the blood levels of TRP was significantly lower in the AD (SMD=-0.68, 95% CI=-0.97 to -0.40, p=0.000, I2 = 41.8%, k=8, n=382), PD (SMD=-0.77, 95% CI=-1.24 to -0.30, p=0.001, I2 = 74.9%, k=4, n=352), and HD (SMD=-0.90, 95% CI=-1.71 to -0.10, p=0.028, I2 = 91.0%, k=5, n=369) patients compared to the controls. Moreover, the CSF levels of 3-HK in AD patients (p=0.020) and the blood levels of KYN in HD patients (p=0.020) were lower compared with controls.



Conclusion

Overall, the findings of this meta-analysis support the hypothesis that the alterations in the KP may be involved in the pathogenesis of AD, PD, and HD. However, additional research is needed to show whether other KP metabolites also vary in AD, PD, and HD patients. So, the metabolites of KP can be used for better diagnosing these diseases.
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Introduction

Tryptophan (TRP) is an essential amino acid. Thus, it must be obtained from the diet (1). TRP is metabolized through different pathways and generates several biologically active products, such as serotonin, melatonin, tryptamine, and nicotinamide (vitamin B6) (2, 3). The kynurenine pathway (KP) is the main route involved in TRP catabolism, which produces nicotinamide adenosine dinucleotide (NAD+) (4, 5).

Converting TRP to kynurenine (KYN), either through indoleamine 2,3-dioxygenase (IDO) or tryptophan 2,3-dioxygenase (TDO), is the first step in KP (5). The subsequent metabolites produced from this pathway include kynurenic acid (KYNA), 3-hydroxykynurenine (3-HK), and anthranilic acid (AA), which are generated by kynurenine aminotransferase (KATs), kynurenine 3-monooxygenase (KMO), and kynureninase, respectively (6). Cellular expression of the KP is completely present in monocytic lineage cells such as macrophages and microglia (7), but is partially present in astrocytes (8), neurons (9) and endothelial cells (10). Of note, the production of KYNA occurs in astrocytes; however, 3-HK, QUIN, and AA are produced in microglia (11). Furthermore, a study conducted by Sathyasaikumar et al, found KMO only in microglia and neurons but not in astrocytes using isolated mouse cells ex vivo (12). Then, 3-HK and AA are degraded to 3-hydroxyanthranilic acid (3-HANA). Kynureninase catalyzes the conversion of 3-HK to 3-HANA, and subsequently, 3-HANA is oxidized by 3-Hydroxyanthranilic acid oxygenase into quinolinic acid (QUIN), which is ultimately converted to NAD+ (4, 5). NAD+ is a cofactor for poly (ADP-ribose) polymerase (PARP), which repairs DNA damage (6). Increased activation of PARP due to high DNA damage can be caused by formation of amyloid beta which induces oxidative stress. Overactivation of PARP can also leads to depletion of NAD+ and ATP, and thereby cell necrosis resulting in cognitive impairment (13).

Different metabolites produced through KP can affect the neural system in different ways (4). For instance, if the KP shifted toward KYNA production, neuron injuries would be reduced (14). The neuroprotective effects of KYNA are due to the antagonizing effect of KYNA on N-Methyl-D-aspartate (NMDA) receptors, which are ionotropic glutamate receptors, and α7 nicotinic acetylcholine receptors (α7nAChR). KYNA is a competitive inhibitor of the former receptor while inhibiting the latter non-competitively. Moreover, KYNA acts as an antioxidant and a free radical scavenger (15). On the other hand, the formation of some metabolites such as 3-HK, 3-HANA, and QUIN leads to excitotoxic neuronal damage (4). Also, it has been stated in some studies that KP metabolites have positive and negative impacts on several neurodegenerative diseases, including Alzheimer’s disease (AD), Parkinson’s disease (PD), and Huntington’s disease (HD) (16).

AD is the most common human neurodegenerative disorder (17), yet its etiopathogenesis is not understood, as there is more than a single factor responsible for its onset (4, 17, 18). KP alterations have been identified as components in the etiology of AD and other stated neurodegenerative diseases (19–21). 3-HK and KYNA, two metabolites of TRP, have excitotoxic and neuroprotective effects on neural cells, respectively (22–24). The enzymes IDO and KMO have a pivotal role in 3-HK production by the KP, and can be induced through pro-inflammatory cytokines (25). Enhanced activity of IDO increases the KYN/TRP ratio in the cerebrospinal fluid (CSF) (22, 23, 26). A higher ratio of KYN/TRP shows the increased transformation of TRP to KYN. In this condition KMO can accelerate 3-HK production, and 3-HK will be produced faster than KYNA. So, increased levels of 3-HK can lead to increased levels of its down-stream metabolites, like QUIN which is neurotoxic (27). Therefore, this increased ratio of KYN/TRP can be related to the reduction in cognitive performance (28).

PD is another debilitating yet common neurodegenerative disorder (29, 30), while HD is an autosomal dominant neurodegenerative disease that is characterized by cognitive, psychiatric, and metabolic dysfunctions (31). Similar to AD mechanisms, high concentration of 3-HK can cause cell death by producing free radicals in PD and HD (20, 24, 26). Although PD and HD present with similar symptoms, there are differences in the underlying mechanisms between these two diseases. For example, the level of 3-HK has been increased in the putamen and substantia nigra pars compacta (SNc) in PD patients, and, conversely, increased in the striatum and cortex of patients with HD (20, 24).

Finally, it can be concluded that any up-regulation of the KP presumably brings about some degree of damage to the surrounding tissue due to excess production of reactive oxygen species (ROS) and neurotoxic metabolites. This pathway may play a vital role in the pathogenesis of various neuroinflammatory diseases, such as AD (32), PD, and HD (25, 33, 34).

In this systematic review and meta-analysis, the available data on the CSF, serum, and plasma concentrations of metabolites of the KP such as KYN, TRP, 3-HK, QUIN, and KYNA are assessed in AD, PD, and HD patients compared to a control group. Furthermore, we test the hypothesis that patients’ symptomatic state, age, and duration of illness exert an effect on KP metabolite concentrations and evaluate other potential confounders (gender, MMS score, and year of publication).



Method

This review adheres to the Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) guidelines (35). In this article, standardized mean difference (SMD) measure is employed as summary statistic in the meta-analysis when all the included papers evaluate the same metabolites, however; it is assessed in different ways. The SMD states a size for intervention effect in each study and that is relative to variability between participants in the result measurements seen in that paper (36). In the present meta-analysis, SMD has been employed for calculating differences of mean levels of TRP, KYN, KYNA, 3-HK, AA and 5HIAA between cases who had or did not have AD, PD, or HD in CSF, blood, temporal cortex or hippocampus tissue. The authors have calculated SMD and also corresponding 95% CIs of CSF, plasma/serum, and temporal cortex or hippocampus tissue levels based on the mean, SD, and sample size. The authors have also used range and median to estimate mean and SD if necessary (37). 95% CI was calculated from SD via the following formula: 95% CI = mean ± 1.96 SD. SD was obtained from 75th and 25th percentiles based on the formula as follows: SD = Norm IQR = (P75–P25) ×0.7413 (IQR: inter-quartile range; P75: 75th percentile; P25: 25th percentile). In addition, this current study has systematically reviewed QUIN levels in 5 studies. Fasting status has been stated in the studies that have reported this status.


Search strategy

The present study is a systematic review and meta-analysis to assess the concentration of KP metabolites, including KYN, TRP, 3-HK, QUIN, and KYNA, in AD, PD, and HD patients compared to a control group. This study was conducted by reviewing the original documentations published before or during 2021. We used databases including PubMed/Medline, Scopus, Google Scholar, Web of Science, and EMBASE. The keywords “kynurenine pathway” were combined with either “Parkinson Disease” or “Huntington Disease” or “Alzheimer Disease”, and the search was limited to English language documents.



Inclusion and exclusion criteria

Our criteria for inclusion of articles in this meta-analysis was reporting the concentration of KP metabolites in AD, PD, or HD patients compared to a control group. The process of choosing articles was begun with, two independent researchers assessing the articles by their titles and abstracts and removing duplicated documentations in order to determine and select the relevant topics. Following this, the full text of selected articles was independently reviewed by two authors. Studies without adequate data and non-human studies were excluded, for a grand total of 30 observational studies considered by this review.



Quality assessment

We used the Newcastle-Ottawa Quality Assessment Scale (NOS) to assess the quality of the included studies (37). This scale consists of 8 items that assess and evaluate the quality of applicable studies. The components assess selection, comparability, and outcome, based on the Ottawa checklist for cross-sectional studies. Based on the final score on the NOS checklist, studies can be classified as very good quality (9-10 score), good quality (7-8 score), satisfactory quality (5-6 score), and unsatisfactory quality (0-4 score) (see Supplementary Table 1).



Data extraction

Included studies were screened and evaluated via NOS by two independent authors, and any disagreement was resolved by the third author. The following data were extracted for final analysis: sample size, mean age of patients, blood and CSF levels of TRP, KYN, KYNA, AA, and 3-HK in AD, PD, and HD. This study was approved by the Iranian National Committee for Ethics in Biomedical Sciences (Code of Ethics: IR.SBMU.RETECH.REC.1399.993).



Statistical analysis

This meta-analysis was performed to compare the concentration of KP metabolites including KYN, TRP, 3-HK, and KYNA in AD, PD, and HD patients compared to a control group using Stata version 15 (Stata Corp, College Station, TX, USA). After data extraction, meta-analysis has been performed if there were adequate data for a metabolite. Data for QUIN did not meet the required criteria for meta-analysis, so we gather all information on Tables 1, 3 to be systematically reviewed and stated in the result section. Standardized mean difference (SMD) between patients and the control group were used as unit of analysis for the KP metabolites. We used the cut-off values set by Cohen for interpretation of small, medium, and large effect sizes (0.2, 0.5, and 0.8, respectively) (58). Analyses were done using the random effects model. Heterogeneity was assessed by I2 statistics and values greater than 50% were considered moderate to high heterogeneity. We also performed meta-regression when there were enough number of studies to examine Mini-Mental State Exam (MMSE) as a potential effect modifier. Publication bias was visually inspected though funnel plots and quantitatively investigated using Egger’s regression test.


Table 1 | Baseline characteristics of included AD studies.




Table 2 |     Baseline characteristics of included PD studies.





Publication bias

The authors assessed publication bias of the chosen papers by Egger’s funnel plot and Begg’s test (59, 60), where P< 0.05 represented a significant publication bias (Figure 4).




Figure 4 | Begg and Egger’s test for publication bias with pseudo 95% confidence limits for AD.



Authors performed a linear regression analysis for publication bias that included both intercept and slope parameters. It was calculated based on the following equation:



i = 1… r (r =the number of studies), yi = standardized estimate, xi = precision of studies, ϵi = error terms




Results


Study selection and characteristics

The current study has been run based on PRISMA checklist (61). Initially, 12172 individual studies were found through strategic search. 5830 articles were eliminated after the abstracts were screened (3237 records excluded for reasons such as: non-English articles; reviews; non-available abstracts, and 2945 removed for not being relevant to the main subject). Of the remaining 160 papers, 114 were removed because of being irrelevant to this meta-analysis. The full texts of the 46 remaining articles were fully assessed, and 16 more studies were excluded due to unclear or insufficient data (n= 9) and low quality (n=7). After full-text screening of the remaining articles, 30 articles were eligible and included in the meta-analysis (19, 21, 22, 24, 28, 31, 38–48, 50–57, 62–66) (Figure 1). The included studies comprised 101 comparisons of KP metabolites between patients and controls, 689 patients with Alzheimer’s disease, Parkinson’s disease, or Huntington’s disease, and 774 controls. The median sample size of the included studies was 36 participants (range: 22-242). The sample source for 33 comparisons was CSF, 59 blood, and nine brain tissues. The median age of the participants was 62.6 (range: 34-81). The results of each disease are reported as follows (Tables 1–3).




Figure 1 | PRISMA 2020 flow diagram for systematic reviews which included searches of databases.




Table 3 | Baseline characteristics of included HD studies.





Alzheimer’s disease

A total of 17 included articles studied AD (19, 21, 22, 28, 38–48, 50). They contained 698 participants (362 patients and 346 controls) and generally 47 comparisons of KP metabolites Three comparisons were performed in the temporal cortex or hippocampus tissue, 14 in the CSF, and 30 in the blood (serum or plasma). Table 1 indicates the characteristics of the included studies and their data on the investigated metabolites.

Blood levels of TRP were significantly lower in the patients than the healthy controls (SMD=-0.68, 95% CI=-0.97 to -0.40, p=0.000, I2 = 41.8%, k=8, n=382), which was a medium difference according to Cohen (58). Blood levels of KYN (SMD=0.62, 95% CI=-0.18 to 1.43, p=0.127, I2 = 92%, k=6, n=351), KYNA (SMD=-1.03, 95% CI=-2.19 to 0.13, p=0.083, I2 = 94.1%, k=5, n=268), AA (SMD=-0.34, 95% CI=-0.72 to 0.05, p=0.084, I2 = 35.6%, k=3, n=180), and 3-HK (SMD=-0.05, 95% CI=-0.58 to 0.49, p=0.858, I2 = 71.1%, k=3, n=199) were not significantly different between patients and controls.

CSF levels of 3-HK were lower in patients than in healthy controls (SMD=-1.28, 95% CI=-2.35 to -0.20, p=0.020, I2 = 81.7%, k=3, n=115). The 3-HK difference between patients and controls was large according to Cohen (58). No significant differences were found between patients and controls in the CSF levels of TRP (SMD= -0.34, 95% CI=-0.97 to 0.29, p=0.284, I2 = 71%, k=4, n=158), KYN (SMD=-0.62, 95% CI=-1.70 to 0.45, p=0.254, I2 = 84%, k=3, n=115), and 5HIAA (SMD=0.36, 95% CI=-0.13 to 0.84, p=0.151, I2 = 53.9%, k=4, n=171). Also, the trend of an increased KYN to TRP ratio in the blood of patients compared to controls was not significant (SMD=0.46, 95% CI= -0.01 to 0.92, p=0.053, I2 = 72.9%, k=5, n=292).

Levels of 3-HK in the temporal cortex or the hippocampus of AD patients were not significantly different from healthy controls (SMD=0.10, 95% CI=-0.39 to 0.60, p=0.681, I2 = 19.4%, k=3, n=72).

Three studies reported the level of QUIN in AD patients. First study conducted by Gulaj et al. (22), reported that a marked increase in QUIN blood level in AD patients compared to controls and inverse correlation between cognitive function tests and QUIN level (334 VS. 192, P value< 0.05). In contrast, a study conducted by Giil et al. (19), reported that blood level of QUIN was significantly lower in AD patients compared to controls (465 ± 230 VS 565 ± 370, P value< 0.05).

Six studies reported data regarding fasting status of participants and in all of them participants entered in fasting states (22, 41, 43–46).

The subgroup analysis showed significantly lower levels of TRP in serum (SMD=-0.41, 95% CI=-0.71 to -0.12, p=0.006, I2 = 0.0%, k=4, n=203), and also plasma (SMD=-0.99, 95% CI=-1.45 to -0.52, p=0.000, I2 = 53.5%, k=4, n=243) of patients compared to the controls. Thus, the difference between patients and controls in the TRP levels was small in serum and large in plasma. We did not conduct subgroup analysis for other metabolites because of the limited number of studies.

Meta-regression analysis did not show a significant association between average MMSE scores and blood levels of KYN (p=0.788). There was also no significant association between MMSE scores and the CSF levels of 5-HIAA (p=0.129).

We performed Egger’s test to assess publication bias, which was not found to be significant for TRP (p=0.499). The funnel plot is shown in the supplementary material. (Table 4, Figures 2A-C; 3, 4, Supplementary Figures 3D-F).




Figure 2 | (A) Forest plot of the levels of TRP in AD patients. In this plot, the squares are applied to show the mean effect estimate of each paper along with their 95% CI. The size of each square is considered proportional to the weight of the parameter in the meta-analysis, and is also demonstrated in a separate column. *temporal cortex or hippocampus. (B) Forest plot of the levels of KYN in AD patients. In this plot, the squares are applied to show the mean effect estimate of each paper along with their 95% CI. The size of each square is considered proportional to the weight of the parameter in the meta-analysis, and is also demonstrated in a separate column. *temporal cortex or hippocampus. (C). Forest plot of the levels of KYNA in AD patients. In this plot, the squares are applied to show the mean effect estimate of each paper along with their 95% CI. The size of each square is considered proportional to the weight of the parameter in the meta-analysis, and is also demonstrated in a separate column. *temporal cortex or hippocampus.






Figure 3 | Funnel plot for publication bias with pseudo 95% confidence limits for AD based on TRP.





Parkinson’s disease

Ten studies were included (21, 24, 40, 51, 54, 62–66) and were comprised of 37 comparisons and 539 participants (265 patients and 274 controls). We conducted nineteen comparisons in CSF and 18 in blood. Table 2 indicates the characteristics of the included studies and their data on the investigated metabolites.

Blood levels of TRP were significantly lower in patients than controls (SMD=-0.77, 95% CI=-1.24 to -0.30, p=0.001, I2 = 74.9%, k=4, n=352), which was a medium difference (58). There were no significant differences between patients and controls in the blood levels of KYN (SMD=0.28, 95% CI=-0.44 to 0.99, p=0.447, I2 = 86.2%, k=4, n=298), KYNA (SMD=-0.14, 95% CI=-1.07 to 0.80, p=0.775, I2 = 89.6%, k=4, n=264), AA (SMD=0.38, 95% CI=-0.40 to 1.16, p=0.336, I2 = 80.9%, k=3, n=228), or 3-HK (SMD=-0.01, 95% CI=-0.41 to 0.39, p=0.965, I2 = 48.1%, k=3, n=256).

There were no significant differences between patients and controls in the CSF levels of TRP (SMD=-0.05, 95% CI=-0.40 to 0.31, p=0.795, I2 = 48%, k=6, n=263), KYN (SMD=-0.19, 95% CI=-1.17 to 0.79, p=0.705, I2 = 88.6%, k=5, n=171), 5HIAA (SMD=-0.42, 95% CI=-1.23 to 0.39, p=0.311, I2 = 72.9%, k=3, n=96), or 3-HK (SMD=-0.97, 95% CI=-2.28 to 0.34, p=0.146, I2 = 92.6%, k=5, n=171). Egger’s test did not indicate publication bias for KYN (p=0.869). The funnel-plot is shown in the supplementary material. (Table 5; Figures 5A–C; Supplementary Figures 4D–I).




Figure 5 | (A) Forest plot of the levels of TRP in PD patients. In this plot, the squares are applied to show the mean effect estimate of each paper along with their 95% CI. The size of each square is considered proportional to the weight of the parameter in the meta-analysis, and is also demonstrated in a separate column. (B). Forest plot of the levels of KYN in PD patients. In this plot, the squares are applied to show the mean effect estimate of each paper along with their 95% CI. The size of each square is considered proportional to the weight of the parameter in the meta-analysis, and is also demonstrated in a separate column. *caudate nucleus or precentral gyrus. (C) Forest plot of the levels of KYNA in PD patients. In this plot, the squares are applied to show the mean effect estimate of each paper along with their 95% CI. The size of each square is considered proportional to the weight of the parameter in the meta-analysis, and is also demonstrated in a separate column. *caudate nucleus or precentral gyrus.



A study conducted by Chang et al. (51), reported significantly higher level of blood QUIN in PD patients compared to controls (0.376 ± 0.175 VS. 0.205 VS. 0.077).

Six studies reported data regarding fasting status of participants and in all of them participants entered in fasting states (40, 46, 54, 63–66).



Huntington’s disease

A total of nine studies (31, 47, 48, 51–53, 55–57), comprising 17 comparisons and 603 participants (261 patients and 342 controls), were included. Eleven comparisons were measured in blood, and six comparisons were made according to the metabolites measured in the frontal cortex. Table 3 shows the characteristics of the included studies and their data on the investigated metabolites.

Blood levels of TRP (SMD=-0.90, 95% CI=-1.71 to -0.10, p=0.028, I2 = 91.0%, k=5, n=369) and KYN (SMD=-0.37, 95% CI=-0.68 to -0.06, p=0.020, I2 = 28.5%, k=3, n=336) were significantly lower in patients than controls. The differences the in levels of TRP and KYN between patients and controls were respectively large and small (58). Blood levels of 3-HANA were not significantly different between patients and controls (SMD=0.32, 95% CI=-0.75 to 0.12, p=0.152, I2 = 76.2%, k=3, n=336).

Levels of KYNA (SMD=-0.08, 95% CI=-0.88 to 1.05, p=0.865, I2 = 78.9%, k=3, n=122) and 3-HK (SMD=0.47, 95% CI=-0.41 to 1.35, p=0.361, I2 = 76.2%, k=3, n=131) in the frontal cortex were not significantly different between patients and controls. No sign of publication bias for TRP was indicated by Egger’s test (p=0.229). The funnel-plot is shown in the supplementary material. (Table 6; Figure 6A; Supplementary Figures 5B–G).




Figure 6 | Forest plot of the levels of TRP in HD patients. In this plot, the squares are applied to show the mean effect estimate of each paper along with their 95% CI. The size of each square is considered proportional to the weight of the parameter in the meta-analysis, and is also demonstrated in a separate column. *frontal cortex.



One study conducted by Chang et al. (51), reported that blood level of QUIN was significantly lower in HD patients compared to controls (0.205 ± 0.077 VS 0.280 ± 0.135). Second study conducted by Guidetti et al. (56), reported that in postmortem samples of low-grade HD, QUIN level was significantly higher compared to controls. In contrast in advanced grade of HD, no such changes were observed and QUIN levels were either unchanged or reduced.

Two studies reported data regarding fasting status of participants and in all of them participants entered in fasting states (53, 54).




Discussion


Kynurenine pathway

kynurenine pathway is one of the major route for tryptophan catabolism. In brain, tryptophan is converted to N-Formyl-L-kynurenine (NFKYN) through the action of indole amin-2, 3-dioxygenase (IDO). Thereafter, NFKYN is converted to kynurenine by kynurenine formamidase or kynurenine formylase. HYN is further catabolized to kynurenic acid (KYNA), 3-Hydroxy –L-kynurenine (3-HK), and anthranilic acid (AA). 3-HK is converted to 3-hydroxyanthranilic acid (3-HANA) the precursor of QUIN, a neurotoxic metabolite of kynurenine pathway (67). Kynurenine aminotransferases (KATs) catabolize the formation of KYNA. At high concentrations, KYNA is a competitive antagonist of N-Methyl-D-Aspartate (NMDA) receptors, while in low concentrations, is a non-competitive antagonist of nicotinic acetylcholine receptors. Therefore, KYNA is considered as a potential antioxidant (4).

More than 90% of peripheral tryptophan is converted to KYN. Kynurenine/tryptophan (K/T) ratio could be used as a marker to reflect the risk of CNS disease. In fact, in CNS disease more peripheral tryptophan is converted to kynurenine which is a precursor for production of neurotoxic metabolites such as QUIN. Moreover, increased ratio of K/T is indicative of inflammation and mental disorder in AD disease (68). These data are consistent with our results, showing significant reduction of tryptophan blood level in AD, PD, and HD diseases.

KP metabolites have various neuronal effects, they could be either neuroprotective or neurotoxic. For instance, 3-HK, 3-HAA, and 5-HAA are reported to induce neuronal death neuron cultures of rat models. These substances induce generation of ROS and subsequently lead to neurodegeneration (69, 70). QUIN another neurotoxic metabolite selectively activates NMDA receptors inducing excitation which ultimately leads to neuronal lesion in the brain of rat models (71). In contrast to neurotoxic effect of QUIN, KYNA acts as antagonists for NMDA receptors and therefore blocks neurotoxic effects of QUIN (72). Higher levels of neurotoxic metabolites together with lower levels of KYNA contributes to the progression of neurodegenerative diseases.



Alzheimer’s disease

Our main results revealed that blood levels of (TRP) were significantly lower in AD patients compared to healthy controls (HCs) (SMD=-0.68, 95% CI=-0.97 to -0.40, p=0.000, I2 = 41.8%, k=8, n=382) (Table 4). In line with our results, a recent meta-analysis has assessed there to be lower levels of TRP in serum of 738 AD patients compared to 665 HCs (73). Another study on patients suffering AD reported decreased serum levels of TRP and KYN (74), and a study on 34 patients with Alzheimer-type dementia and 18 controls showed lower TRP plasma concentrations among demented individuals (75). Subjective cognitive impairment (SCI) is known to be the preclinical manifestation of AD, preceding the development of objective cognitive impairment (76–78). In opposition to our findings, a study comparing KP metabolites in patients with AD, HCs with subjective cognitive impairment (SCI), and major depression, showed that TRP serum levels were not significantly lower in AD subjects when compared SCI controls (79). However, subgroup analysis of published literature included in the present study showed significantly lower levels of TRP in serum of AD patients compared to a control population (SMD=-0.41, 95% CI=-0.71 to -0.12, p=0.006, I2 = 0.0%, k=4, n=203) (Table 4). This indicates that TRP could be used a biomarker to distinguish AD in its early stages. Additionally, lower TRP levels were found in other neurodegenerative diseases including multiple sclerosis and HD as well suggesting it as a screening marker for this disease (23, 80, 81).


Table 4 | Statistical analysis of reviewed studies for AD.



According to present findings, blood levels of KYN, KYNA, AA, and 3-HK levels were not significantly different between AD patients and healthy controls (Table 4). In a study, high-performance liquid chromatography revealed non-significantly increased levels of KYN, 3-HK and AA levels, as well (75). Likewise, our meta-regression analysis did not show a significant association between MMSE scores and blood levels of KYN. In contrast to our findings, one article reported that lower plasma levels of KYNA correlated to cognitive impairment, and therefore KYNA was suggested as a novel promising neuroprotective therapy (75). In another study, 3-HK serum levels were higher in AD when compared to patients with SCI or major depression (79). Receiver-operating characteristic (ROC) analysis of the AD group compared with the major depression and SCI groups together, indicated that with approximately 70% sensitivity and 80% specificity, 3-HK serum concentration could be a promising biomarker for AD diagnosis (79). Chatterjee and colleagues investigated the role of KP in patients suffering from preclinical AD, as defined by high neocortical amyloid-β load (NAL). Dividing patients in two groups of NAL+ and NAL-, KYN and AA serum concentrations both individually and together were proven to be significant predictors for NAL+ becoming clinical AD in women compared to men (82), though our meta-regression did not show a significant correlation. In contrast to our findings, authors also reported elevated serum levels of 3-HK in NAL+ women, and, additionally, in a cohort study measuring subjects each five years for cognitive decline and dementia, Chouraki et al. revealed higher AA concentrations in healthy individuals who later developed dementia in the follow-ups (83). These disparities highlight the necessity to further investigate KP metabolites while considering the different stages of the disease, such as SCI, mild cognitive impairment (MCI), AD, and patients with normal cognition. Sorgdrager and colleagues stated that, in using an age-by-disease interaction analysis, ageing and AD both altered KP metabolites in the same way (21).Therefore, age normalization should be considered for all investigations, and, according to Chatterjee et al., sex also plays a significant role (82). Thus, we suggest conducting more experimentally controlled investigations in order to compare metabolite and inflammation-related marker levels of AD patients and HCs simultaneously in different body fluids, including urine, plasma, serum, and CSF. Moreover, Jacobs et al. reported that decreased KYN in AD patients was inversely associated with CSF phosphorylated-tau (84). Additionally, the correlation between KP metabolites and plasma amyloid β was reported to be dependent on NAL load status (85). Thus, assessing KP metabolites and measuring biomarker evidence of neurodegeneration, including amyloid-β, total-tau, or phosphorylated-tau, could clarify the correlation between KP activation and AD biomarkers (86) (Figure 7).




Figure 7 | An overview of the Kynurenine pathway (KP). The metabolites highlighted in red (3,HK; 3,HANA; and QUIN) are neurotoxic and KYNA which is highlighted in green is neuroprotective. L,TRP L,Tryptophan; L,KYN L,kynurenine; KYNA Kynurenic acid; 3,HK 3,Hydroxykynurenine; 3,HANA 3,Hydroxyanthranilic acid; QUIN Quinolinic acid; AA Anthranilic acid; IDO indoleamine 2;3,dioxygenase; TDO tryptophan 2;3,dioxygenase; KATs kynurenine aminotransferases; KMO.



Our study demonstrated that CSF concentrations were different from blood levels. CSF levels of 3-HK in AD patients were lower than in HCs. Previous studies demonstrated no changes in 3-HK concentrations in AD patients when compared to controls, either centrally or peripherally (21, 42, 73, 75). Notably, a recent meta-analysis involving 738 patients and 665 HCs confirmed the notion (87). Another study reported that increased total- and phosphorylated-tau in AD patients is correlated with higher levels of 3-HK (84). Since total- and phosphorylated-tau are associated with a poor prognosis of AD (88), lower levels of 3-HK in our study could represent better prognosis of our targeted population.

No significant differences were found in CSF concentrations of TRP, KYN, and 5-HIAA. In addition, there was no association between MMSE scores and the CSF levels of 5-HIAA in meta-regression analysis. Consistently with our results, Soininen et al. claimed similar CSF levels of 5-HIAA among Alzheimer-type senile dementia patients and a control group (89). Although characterized by significantly lower mean concentrations of 5-HIAA, a previous study revealed that changes in 5-HIAA CSF concentrations were nonspecific secondary to the cerebral degradation in AD (90). Morimoto et al. found a decrease in CSF levels of 5-HIAA in patients living with dementia with Lewy bodies (DLB) after the onset of clinical manifestations (91). AD and DLB are both neurodegenerative diseases but neuropathologically different. DLB is characterized by aggregation of α-synuclein neurons compared to amyloid-β plaques and tau neurofibrillary tangles found in AD pathogenesis (92, 93). The same study found that in AD patients, 5-HIAA levels become significantly lower (91). Authors suggested that the combination of 5-HIAA and total- and phosphorylated-tau in the CSF of patients could differentiate among DLB, DLB with AD, and AD. Thus, although 5-HIAA did not solely show diagnostic validity, its combination with brain degeneration-specific biomarkers could provide high diagnostic accuracy.

The KYN to TRP (K:T) ratio in serum and CSF is considered as an indicator of augmented INF- γ-associated TRP metabolism (94). Augmented serum K:T ratios have been mentioned previously in clinical AD and in individuals with MCI representing IDO activity as the first enzyme converting TRP to KYN in KP (95, 96). Chatterjee et al. showed considerably increased levels of serum K:T ratios suggesting TRP degradation via KP, preceding cognitive impairment (82). A study on 58 participants with normal cognition, 396 MCI, and 112 AD subjects concluded that in addition to the inflammatory cascade triggered by increased KYN levels, the higher the K:T ratios, the lower the memory scores and functional independencies (97). However, our findings showed that although a higher K: T ratio was found in the CSF of AD patients compared to controls, it was not significant. Further evaluation is essential to clarify the relevance of the K/T ratio in AD patients, investigate its generalizability, and determine the effect of IDO inhibition in disease progress.

Jacobs and colleagues highlighted a disease-independent relation between KYN, 3-HK, AA, K/T and 3-HK/KYN in both plasma and CSF samples from AD patients and matched-controls, proving that plasma levels could promisingly imply CSF concentrations and prevent unnecessary lumbar punctures (84). The results of our study did not follow the same correlation between CSF and plasma concentrations. Since the contradicting correlations have an impact on the use and regulation of invasive interventions, this discrepancy is of high importance to be assessed by further restricted studies.



Parkinson’s disease

Impaired KP metabolism have been previously demonstrated in the brain of PD patients (98). It has been reported that Parkinson disease is characterized by chronic microglia activation. Microglia activation induces release of neurotoxic factors such as ROS, inflammatory cytokines including INF-γ which are potent inducers of KP. Activated KP in microglia upregulates production of neurotoxic KP metabolites such as 3-HK and QUIN (72). Moreover, increased KYNA/TRP ratio in CSF and serum together with increased level of 3-HK induces oxidative damage in dopamine neurons in the substantia nigra pars compacta (SNpc). These data suggest that reduced levels of KYNA are ineffective to block NMDA receptors and compensate neurotoxicity caused by 3-HK (99). Finally, excessive production of neurotoxic KP substances causes neuronal death and contributes to the progression of Parkinson disease. Similar to AD, our main result showed that blood levels of TRP were significantly decreased in PD patients compared to controls (SMD=-0.77, 95% CI=-1.24 to -0.30, p=0.001, I2 = 74.9%, k=4, n=352) (Table 5). KAT 1 to 4 are enzymes responsible for converting KYN to KYNA (100). An animal study reported that KAT 1 expression is reduced in the SNpc of MPTP-treated mice which subsequently leads to reduced level of KYNA in brain (101). Plasma samples of PD patients revealed considerably lower KAT 1 and KAT 2 activity (24) which could result in decreased KYNA concentrations. Overall, there were no significant differences between patients and controls in the blood levels of KYN, KYNA, AA, and 3-HK. This difference could be due to a small number of patients, or the effect of age, gender or other characteristics that could manipulate KP activation. In addition, plasma 3-HK was found to be strictly associated with both symptom severity and disease duration in PD patients (102). This highlights the effect of PD onset and disease stage on concentrations of KP compounds, though individual differences in activation of KP must be considered. In contrast to our findings, it has been claimed that PD patients show elevated serum levels of the KYN : TRP ratio, as well as elevated serum levels of AA, KYNA, and KYN, all compared to controls (103). In other study on PD rats and humans, plasma and CSF concentrations of TRP, KYN, and 3-HK were increased and induced oxidative stress (104–106). Nonetheless, we found no significant differences between patients and controls in the CSF levels of TRP, KYN, 5HIAA, and 3-HK. Lower levels of TRP found in PD patients indicates that KP intervention could relieve PD symptoms through neuroprotection (98). Accordingly, biomarker studies are necessary for early diagnosis of PD and they could provide pharmacological therapeutic opportunities.


Table 5 | Statistical analysis of reviewed studies for PD.





Huntington’s disease

Huntington disease is an autosomal dominant inherited disease caused by CAG tract expansion within exon 1 of the Huntington gene (HTT). Production of the number of CAG repeats beyond the threshold causes translated HTT proteins prone to dysfunction and neurotoxic aggregations (107). It has been demonstrated that abundant production of inflammatory cytokines such as interleukin 2 (IL-2) correlate with disease severity and increase of (K/T) ratio (52). Microglia play central role in CNS immune responses and their activation is associated with disease progression. The activation of neuroinflammatory response and microglia could further increase the activity of IDO and KP downstream (4). A recent study conducted on 40 premanifest HD patients, 40 manifest HD patients, and 20 HCs, denied the alteration of KP during HD pathogenesis (108). In contrast, we found that blood levels of TRP and KYN were significantly lower in HD patients than controls (SMD=-0.90, 95% CI=-1.71 to -0.10, p=0.028, I2 = 91.0%, k=5, n=369) (Table 6). Blood levels of 3- HANA were not significantly different between patients and controls. Previous studies demonstrated higher plasma KYN : TRP and lower KYNA : KYN ratios compared with controls (23). According to our findings, levels of KYNA and 3-HK in the frontal cortex were not significantly different between patients and controls. However, a postmortem brain study showed significantly higher 3-HK levels in the frontal and temporal cortex in HD brain samples in comparison with HCs (109). Inconsistencies around the association of KP and HD pathogenesis illuminates the necessity to further investigate possible associated variables such as age, age-onset of HD, related medical treatments, pattern of disease progression, and HD manifestations.


Table 6 | Statistical analysis of reviewed studies for HD.



Overall, the current study reports the changes in levels of KP metabolites among patients living with PD, AD, and HD. There are various reports considering this relation but due to limitations and insufficient controlled studies (e.g., for age, disease manifestations and progression), it is not yet possible to reach a definitive conclusion.




Limitations

We acknowledge that the current systematic review and meta-analysis has limitations. Most included studies did not describe the stage of AD, HD, or PD; therefore, we were not able to examine the stage-associated alterations. Several studies did not precisely determine therapies which could affect KP activation. Importantly, the lack of postmortem studies and small sample sizes involving CSF studies limit the ability to draw general conclusions on KP metabolite concentrations in the brains affected by the three considered diseases. Moreover, the effects of age, disease duration, and inflammatory conditions such as viral, fungal, parasite or bacterial infections leading to sepsis status of the body, inflammatory systemic diseases including rheumatoid arthritis, autoimmune encephalitis, stress and other psychiatric conditions, and pregnancy (110–113) were not considered by the included studies. Variability in plasma levels of tryptophan metabolites could result from the time of the day or fasting status of participants. However, just some studies reported the fasting status of participants available data reported that participants entered study in fasting state. For better elaboration it is required to have fasting status of all entered participants and compare the effect of different fasting status on different KP metabolites.



Conclusion

Finally, as shown in the results, the blood level of TRP was lower in the AD, PD, and HD patients in comparison to the healthy controls. Also, the levels of 3-HK in the CSF of AD patients and KYN levels in the blood of HD patients were lower than the respective controls. These outcomes suggest that the KP may be altered during the neurodegenerative processes taking place in AD, PD, and HD patients, and the concentrations of resulting metabolites can be affected. Furthermore, it is proposed that the levels of these metabolites depend on the stage of the neurodegenerative disease, and it has been suggested that more studies assessing the KP at different stages of AD, PD, and HD should be designed.

In conclusion, although some alterations have been observed, this meta-analysis indicate that the measure of KP metabolism does not find a precise utilization in the definition of neurodegenerative disorders pathogenesis. However, more studies are required to conclusively establish alteration of KP metabolites in neurodegenerative diseases. Understanding the exact role of KP in these neurodegenerative diseases could identify strategies for preventing the neurodegeneration or slowing down its progress, as well as conducting pre-symptomatic diagnosis of AD, PD, and HD.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Author contributions

MF, KV, and SY contributed to the conception and design of the study. MR and FSa contributed to the supervision of the manuscript. AT and RH organized the database. AK and AM edited the paper scientifically. MF and SY analyzed the data. All authors wrote the first draft of the manuscript, wrote sections of the manuscript, contributed to manuscript revision, read, and approved the submitted version.



Funding

This study is related to the project NO. (1399/61325) from Student Research Committee, Shahid Beheshti University of Medical Sciences, Tehran, Iran. We also appreciate the “Student Research Committee” and “Research & Technology Chancellor” in Shahid Beheshti University of Medical Sciences as well as the Jack Brown and Family Alzheimer’s Disease Research Foundation for their financial support of this study.



Conflict of interest

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



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.997240/full#supplementary-material



References

1. Chen, Y, and Guillemin, GJ. Kynurenine pathway metabolites in humans: disease and healthy states. Int J Tryptophan Res (2009) 2:IJTR. S2097. doi: 10.4137/IJTR.S2097

2. Marx, W, McGuinness, AJ, Rocks, T, Ruusunen, A, Cleminson, J, Walker, AJ, et al. The kynurenine pathway in major depressive disorder, bipolar disorder, and schizophrenia: A meta-analysis of 101 studies. Mol Psychiatry (2021) 26(8):4158–78. doi: 10.1038/s41380-020-00951-9

3. Friedman, M. Analysis, nutrition, and health benefits of tryptophan. Int J Tryptophan Res (2018) 11:1178646918802282. doi: 10.1177/1178646918802282

4. Maddison, DC, and Giorgini, F. The kynurenine pathway and neurodegenerative diseas. In: Seminars in cell & developmental biology. Elsevier (2015).

5. Bartoli, F, Misiak, B, Callovini, T, Cavaleri, D, Cioni, RM, Crocamo, C, et al. The kynurenine pathway in bipolar disorder: A meta-analysis on the peripheral blood levels of tryptophan and related metabolites. Mol Psychiatry (2021) 26(7):3419–29. doi: 10.1038/s41380-020-00913-1

6. Davies, NW, Guillemin, G, and Brew, BJ. Tryptophan, neurodegeneration and HIV-associated neurocognitive disorder. Int J Tryptophan Res (2010) 3:IJTR. S4321. doi: 10.4137/IJTR.S4321

7. Guillemin, GJ, Smith, DG, Smythe, GA, Armati, PJ, and Brew, BJ. Expression of the kynurenine pathway enzymes in human microglia and macrophages. Adv Exp Med Biol (2003) 527:105–12. doi: 10.1007/978-1-4615-0135-0_12

8. Guillemin, GJ, Kerr, SJ, Smythe, GA, Smith, DG, Kapoor, V, Armati, PJ, et al. Kynurenine pathway metabolism in human astrocytes: A paradox for neuronal protection. J Neurochem (2001) 78(4):842–53. doi: 10.1046/j.1471-4159.2001.00498.x

9. Guillemin, GJ, Cullen, KM, Lim, CK, Smythe, GA, Garner, B, Kapoor, V, et al. Characterization of the kynurenine pathway in human neurons. J Neurosci (2007) 27(47):12884–92. doi: 10.1523/JNEUROSCI.4101-07.2007

10. Owe-Young, R, Webster, NL, Mukhtar, M, Pomerantz, RJ, Smythe, G, Walker, D, et al. Kynurenine pathway metabolism in human blood–brain–barrier cells: Implications for immune tolerance and neurotoxicity. J Neurochem (2008) 105(4):1346–57. doi: 10.1111/j.1471-4159.2008.05241.x

11. Ogyu, K, Kubo, K, Noda, Y, Iwata, Y, Tsugawa, S, Omura, Y, et al. Kynurenine pathway in depression: A systematic review and meta-analysis. Neurosci Biobehav Rev (2018) 90:16–25. doi: 10.1016/j.neubiorev.2018.03.023

12. Sathyasaikumar, KV, Pérez de la Cruz, V, Pineda, B, Vázquez Cervantes, GI, Ramírez Ortega, D, Donley, DW, et al. Cellular localization of kynurenine 3-monooxygenase in the brain: Challenging the dogma. Antioxidants (Basel) (2022) 11(2):315. doi: 10.3390/antiox11020315

13. Strosznajder, JB, Czapski, GA, Adamczyk, A, and Strosznajder, RP. Poly (ADP-ribose) polymerase-1 in amyloid beta toxicity and Alzheimer’s disease. Mol Neurobiol (2012) 46(1):78–84. doi: 10.1007/s12035-012-8258-9

14. Moroni, F. Tryptophan metabolism and brain function: Focus on kynurenine and other indole metabolites. Eur J Pharmacol (1999) 375(1-3):87–100. doi: 10.1016/S0014-2999(99)00196-X

15. Plitman, E, Iwata, Y, Caravaggio, F, Nakajima, S, Chung, JK, Gerretsen, P, et al. Kynurenic acid in Schizophrenia: A systematic review and meta-analysis. Schizophr Bull (2017) 43(4):764–77. doi: 10.1093/schbul/sbw221

16. Szalárdy, L, Klivenyi, P, Zadori, D, Fulop, F, Toldi, J, and Vecsei, L. Mitochondrial disturbances, tryptophan metabolites and neurodegeneration: medicinal chemistry aspects. Curr Med Chem (2012) 19(13):1899–920. doi: 10.2174/092986712800167365

17. Schwarz, MJ, Guillemin, GJ, Teipel, SJ, Buerger, K, and Hampel, H. Increased 3-hydroxykynurenine serum concentrations differentiate alzheimer’s disease patients from controls. Eur Arch Psychiatry Clin Neurosci (2013) 263(4):345–52. doi: 10.1007/s00406-012-0384-x

18. Guillemin, GJ, Smythe, GA, Veas, LA, Takikawa, O, and Brew, BJ. Aβ1-42 induces production of quinolinic acid by human macrophages and microglia. Neuroreport (2003) 14(18):2311–5. doi: 10.1097/00001756-200312190-00005

19. Giil, LM, Midttun, Ø, Refsum, H, Ulvik, A, Advani, R, Smith, AD, et al. Kynurenine pathway metabolites in alzheimer’s disease. J Alzheimer’s Dis (2017) 60(2):495–504. doi: 10.3233/JAD-170485

20. Pearson, S, Meldrum, A, and Reynolds, G. An investigation of the activities of 3-hydroxykynureninase and kynurenine aminotransferase in the brain in huntington’s disease. J Neural Transmission/Gen. Section JNT (1995) 102(1):67–73. doi: 10.1007/BF01276566

21. Sorgdrager, FJ, Vermeiren, Y, Van Faassen, M, van der Ley, C, Nollen, EAA, Kema, IP, et al. Age-and disease-specific changes of the kynurenine pathway in Parkinson’s and Alzheimer’s disease. J Neurochem (2019) 151(5):656–68. doi: 10.1111/jnc.14843

22. Gulaj, E, Pawlak, K, Bien, B, and Pawlak, D. Kynurenine and its metabolites in Alzheimer’s disease patients. Adv Med Sci (2010) 55(2):204–11. doi: 10.2478/v10039-010-0023-6

23. Stoy, N, Mackay, GM, Forrest, CM, Christofides, J, Egerton, M, Stone, TW, et al. Tryptophan metabolism and oxidative stress in patients with Huntington’s disease. J Neurochem (2005) 93(3):611–23. doi: 10.1111/j.1471-4159.2005.03070.x

24. Behl, T, Kaur, I, Sehgal, A, Singh, S, Bhatia, S, Al-Harrasi, A, et al. The Footprint of Kynurenine Pathway in Neurodegeneration: Janus-Faced Role in Parkinson's Disorder and Therapeutic Implications. Int J Mol Sci (2021) 22(13):6737. doi: 10.3390/ijms22136737

25. Solvang, SH, Nordrehaug, JE, Aarsland, D, Lange, J, Ueland, PM, McCann, A, et al. Kynurenines, neuropsychiatric symptoms, and cognitive prognosis in patients with mild dementia. Int J Tryptophan Res (2019) 12:117. doi: 10.1177/1178646919877883

26. Bai, J-h, Zheng, Y-l, and Yu, Y-p. Urinary kynurenine as a biomarker for parkinson’s disease. Neurol. Sci (2021) 42(2):697–703. doi: 10.1007/s10072-020-04589-x

27. Wu, Y, Mai, N, Weng, X, Liang, J, and Ning, Y. Kynurenine pathway changes in late-life depression with memory deficit. Psychiatry Res (2018) 269:45–9. doi: 10.1016/j.psychres.2018.08.041

28. Widner, B, Leblhuber, F, Walli, J, Tilz, GP, Demel, U, and Fuchs, D. Tryptophan degradation and immune activation in alzheimer’s disease. J Neural Transm (2000) 107(3):343–53. doi: 10.1007/s007020050029

29. Luan, H, Liu, LF, Meng, N, Tang, Z, Chua, KK, Chen, LL, et al. LC–MS-based urinary metabolite signatures in idiopathic parkinson’s disease. J Proteome Res (2015) 14(1):467–78. doi: 10.1021/pr500807t

30. Meloni, M, Puligheddu, M, Carta, M, Cannas, A, Figorilli, M, and Defazio, G. Efficacy and safety of 5-hydroxytryptophan on depression and apathy in parkinson’s disease: A preliminary finding. Eur J Neurol (2020) 27(5):779–86. doi: 10.1111/ene.14179

31. Rosas, HD, Doros, G, Bhasin, S, Thomas, B, Gevorkian, S, Malarick, K, et al. A systems-level “misunderstanding”: The plasma metabolome in huntington’s disease. Ann Clin Trans Neurol (2015) 2(7):756–68. doi: 10.1002/acn3.214

32. Bonda, DJ, Mailankot, M, Stone, JG, Garrett, MR, Staniszewska, M, Castellani, RJ, et al. Indoleamine 2, 3-dioxygenase and 3-hydroxykynurenine modifications are found in the neuropathology of alzheimer’s disease. Redox Rep (2010) 15(4):161–8. doi: 10.1179/174329210X12650506623645

33. Sathyasaikumar, KV, Breda, C, Schwarcz, R, and Giorgini, F. Assessing and modulating kynurenine pathway dynamics in huntington’s disease: Focus on kynurenine 3-monooxygenase. In: Huntington’s disease. Springer (2018). p. 397–413.

34. Heilman, PL, Wang, EW, Lewis, MM, Krzyzanowski, S, Capan, CD, Burmeister, AR, et al. Tryptophan metabolites are associated with symptoms and nigral pathology in parkinson’s disease. Mov. Disord (2020) 35(11):2028–37. doi: 10.1002/mds.28202

35. Liberati, A, Altman, DG, Tetzlaff, J, Mulrow, C, Gøtzsche, PC, Ioannidis, JP, et al. The PRISMA statement for reporting systematic reviews and meta-analyses of studies that evaluate health care interventions: explanation and elaboration. Ann Internal Med (2009) 151(4):W–65-W-94. doi: 10.7326/0003-4819-151-4-200908180-00136

36. Zhang, X, Bao, G, Liu, D, Yang, Y, Li, X, Cai, G, Liu, Y, et al. The association between folate and alzheimer’s disease: A systematic review and meta-analysis. Front Neurosci (2021) p:385. doi: 10.3389/fnins.2021.661198

37. Wells, GA, et al. The Newcastle-Ottawa scale (NOS) for assessing the quality of nonrandomised studies in meta-analyses. Oxford (2000). doi: 10.3390/biom10040571

38. González-Sánchez, M, Jiménez, J, Narváez, A, Antequera, D, Llamas-Velasco, S, Martín, AH, et al. Kynurenic acid levels are increased in the CSF of alzheimer’s disease patients. Biomolecules (2020) 10(4):571. doi: 10.3390/biom10040571

39. Kaddurah-Daouk, R, Zhu, H, Sharma, S, Bogdanov, M, Rozen, SG, Matson, W, et al. Alterations in metabolic pathways and networks in alzheimer’s disease. Trans Psychiatry (2013) 3(4):e244–4. doi: 10.1038/tp.2013.18

40. Oxenkrug, G, van der Hart, M, Roeser, J, and Summergrad, P. Peripheral tryptophan-kynurenine metabolism associated with metabolic syndrome is different in parkinson’s and alzheimer’s diseases.  Endocrinol Diabetes Metab J (2017) 1(4). Available at: http://researchopenworld.com/wp-content/uploads/2017/11/EDMJ-2017-113-Gregory-F-Oxenkrug-USA.pdf.

41. Hartai, Z, Juhász, A, Rimanóczy, A, Janáky, T, Donkó, T, Dux, L, et al. Decreased serum and red blood cell kynurenic acid levels in alzheimer’s disease. Neurochem. Int (2007) 50(2):308–13. doi: 10.1016/j.neuint.2006.08.012

42. Baran, H, Jellinger, K, and Deecke, L. Kynurenine metabolism in alzheimer’s disease. J Neural Transm (1999) 106(2):165–81. doi: 10.1007/s007020050149

43. Bonaccorso, S, Lin, A, Song, C, Verkerk, R, Kenis, G, Bosmans, E, et al. Serotonin-immune interactions in elderly volunteers and in patients with alzheimer’s disease (DAT): Lower plasma tryptophan availability to the brain in the elderly and increased serum interleukin-6 in DAT. Aging Clin Exp Res (1998) 10(4):316–23. doi: 10.1007/BF03339794

44. Fekkes, D, van der Cammen, TJ, van Loon, CP, Verschoor, C, van Harskamp, F, de Koning, I, et al. Abnormal amino acid metabolism in patients with early stage Alzheimer dementia. J Neural Transm (1998) 105(2):287–94. doi: 10.1007/s007020050058

45. Tohgi, H, Abe, T, and Takahashi, S. Indoleamine concentrations in cerebrospinal fluid from patients with Alzheimer type and binswanger type dementias before and after administration of citalopram, a synthetic serotonin uptake inhibitor. J Neural transmission-Parkinson’s Dis dement. section (1995) 9(2):121–31. doi: 10.1007/BF02259654

46. Tohgi, H, Abe, T, Takahashi, S, Kimura, M, Takahashi, J, and Kikuchi, T. Concentrations of serotonin and its related substances in the cerebrospinal fluid in patients with Alzheimer type dementia. Neurosci Lett (1992) 141(1):9–12. doi: 10.1016/0304-3940(92)90322-X

47. Beal, MF, Matson, WR, Storey, E, Milbury, P, Ryan, EA, Ogawa, T, et al. Kynurenic acid concentrations are reduced in huntington’s disease cerebral cortex. J neurol. Sci (1992) 108(1):80–7. doi: 10.1016/0022-510X(92)90191-M

48. Pearson, S, and Reynolds, G. Increased brain concentrations of a neurotoxin, 3-hydroxykynurenine, in huntington’s disease. Neurosci Lett (1992) 144(1-2):199–201. doi: 10.1016/0304-3940(92)90749-W

49. Baker, GB, and Reynolds, GP. Biogenic amines and their metabolites in alzheimer’s disease: Noradrenaline, 5-hydroxytryptamine and 5-hydroxyindole-3-acetic acid depleted in hippocampus but not in substantia innominata. Neurosci Lett (1989) 100(1-3):335–9. doi: 10.1016/0304-3940(89)90709-X

50. Kay, AD, Milstien, S, Kaufman, S, Creasey, H, Haxby, JV, Cutler, NR, et al. Cerebrospinal fluid biopterin is decreased in alzheimer’s disease. Arch Neurol (1986) 43(10):996–9. doi: 10.1001/archneur.1986.00520100018008

51. Chang, KH, Cheng, ML, Tang, HY, Huang, CY, Wu, YR, and Chen, CM. Alternations of metabolic profile and kynurenine metabolism in the plasma of parkinson’s disease. Mol Neurobiol (2018) 55(8):6319–28. doi: 10.1007/s12035-017-0845-3

52. Forrest, CM, Mackay, GM, Stoy, N, Spiden, SL, Taylor, R, Stone, TW, et al. Blood levels of kynurenines, interleukin-23 and soluble human leucocyte antigen-G at different stages of huntington’s disease. J Neurochem (2010) 112(1):112–22. doi: 10.1111/j.1471-4159.2009.06442.x

53. Christofides, J, Bridel, M, Egerton, M, Mackay, GM, Forrest, CM, Stoy, N, et al. Blood 5-hydroxytryptamine, 5-hydroxyindoleacetic acid and melatonin levels in patients with either huntington’s disease or chronic brain injury. J Neurochem (2006) 97(4):1078–88. doi: 10.1111/j.1471-4159.2006.03807.x

54. García Ruiz, PJ, Mena, MA, Sanchez Bernardos, V, Díaz Neira, W, Gimenez Roldan, S, Benitez, J, et al. Cerebrospinal fluid homovanillic acid is reduced in untreated huntington’s disease. Clin Neuropharmacol. (1995) 18(1):58–63. doi: 10.1097/00002826-199502000-00007

55. Belendiuk, K, Belendiuk, GW, and Freedman, DX. Blood monoamine metabolism in huntington’s disease. Arch Gen Psychiatry (1980) 37(3):325–32. doi: 10.1001/archpsyc.1980.01780160095011

56. Guidetti, P, Luthi-Carter, RE, Augood, SJ, and Schwarcz, R. Neostriatal and cortical quinolinate levels are increased in early grade huntington’s disease. Neurobiol Dis (2004) 17(3):455–61. doi: 10.1016/j.nbd.2004.07.006

57. Jauch, D, Urbańska, EM, Guidetti, P, Bird, ED, Vonsattel, J-PG, Whetsell, WO, et al. Dysfunction of brain kynurenic acid metabolism in huntington’s disease: Focus on kynurenine aminotransferases. J neurol. Sci (1995) 130(1):39–47. doi: 10.1016/0022-510X(94)00280-2

58. Cohen, J. Statistical power analysis for the behavioral sciences. Routledge: Taylor & Francis. (2013).

59. Egger, M, Davey Smith, G, Schneider, M, and Minder, C. Bias in meta-analysis detected by a simple, graphical test. Bmj (1997) 315(7109):629–34. doi: 10.1136/bmj.315.7109.629

60. Begg, CB, and Mazumdar, M. Operating characteristics of a rank correlation test for publication bias. Biometrics (1994) p:1088–101. doi: 10.2307/2533446

61. Liberati, A, Altman, DG, Tetzlaff, J, Mulrow, C, Gøtzsche, PC, Ioannidis, JP, et al. The PRISMA statement for reporting systematic reviews and meta-analyses of studies that evaluate health care interventions: explanation and elaboration. J Clin Epidemiol (2009) 62(10):e1–e34. doi: 10.1016/j.jclinepi.2009.06.006

62. Tohgi, H, Abe, T, Takahashi, S, Takahashi, J, and Hamato, H. Concentrations of serotonin and its related substances in the cerebrospinal fluid of parkinsonian patients and their relations to the severity of symptoms. Neurosci Lett (1993) 150(1):71–4. doi: 10.1016/0304-3940(93)90111-W

63. Tohgi, H, Abe, T, Takahashi, S, Takahashi, J, and Hamato, H. Alterations in the concentration of serotonergic and dopaminergic substances in the cerebrospinal fluid of patients with parkinson’s disease, and their changes after l-dopa administration. Neurosci Lett (1993) 159(1-2):135–8. doi: 10.1016/0304-3940(93)90817-5

64. Molina, JA, Jiménez-Jiménez, FJ, Gomez, P, Vargas, C, Navarro, JA, Ortí-Pareja, M, et al. Decreased cerebrospinal fluid levels of neutral and basic amino acids in patients with parkinson’s disease. J neurol. Sci (1997) 150(2):123–7. doi: 10.1016/S0022-510X(97)00069-5

65. Iwaoka, K, Otsuka, C, Maeda, T, Yamahara, K, Kato, K, Takahashi, K, et al. Impaired metabolism of kynurenine and its metabolites in CSF of parkinson’s disease. Neurosci Lett (2020) 714:134576. doi: 10.1016/j.neulet.2019.134576

66. Molina, JA, Jiménez-Jiménez, FJ, Gomez, P, Vargas, C, Navarro, JA, Ortí-Pareja, M, et al. Changes in kynurenine pathway metabolism in Parkinson patients with l-DOPA-induced dyskinesia. J Neurochem (2017) 142(5):756–66. doi: 10.1111/jnc.14104

67. Kincses, ZT, Toldi, J, and Vécsei, L. Kynurenines, neurodegeneration and alzheimer’s disease. J Cell Mol Med (2010) 14(8):2045–54. doi: 10.1111/j.1582-4934.2010.01123.x

68. Stone, TW, and Darlington, LG. The kynurenine pathway as a therapeutic target in cognitive and neurodegenerative disorders. Br J Pharmacol (2013) 169(6):1211–27. doi: 10.1111/bph.12230

69. Smith, AJ, Smith, RA, and Stone, TW. 5-hydroxyanthranilic acid, a tryptophan metabolite, generates oxidative stress and neuronal death via p38 activation in cultured cerebellar granule neurones. Neurotoxicity Res (2009) 15(4):303–10. doi: 10.1007/s12640-009-9034-0

70. Okuda, S, Nishiyama, N, Saito, H, and Katsuki, H. 3-hydroxykynurenine, an endogenous oxidative stress generator, causes neuronal cell death with apoptotic features and region selectivity. J Neurochem (1998) 70(1):299–307. doi: 10.1046/j.1471-4159.1998.70010299.x

71. Stone, TW, and Perkins, MN. Quinolinic acid: A potent endogenous excitant at amino acid receptors in CNS. Eur J Pharmacol (1981) 72(4):411–2. doi: 10.1016/0014-2999(81)90587-2

72. Lim, CK, Fernández-Gomez, FJ, Braidy, N, Estrada, C, Costa, C, Costa, S, et al. Involvement of the kynurenine pathway in the pathogenesis of parkinson’s disease. Prog Neurobiol (2017) 155:76–95. doi: 10.1016/j.pneurobio.2015.12.009

73. Oxenkrug, G. The tryptophan catabolite or kynurenine pathway in alzheimer’s disease: A systematic review and meta-analysis. (2022). Geelong: Deakin University.

74. Whiley, L, Chappell, KE, D'Hondt, E, Lewis, MR, Jiménez, B, Snowden, SG, et al. Metabolic phenotyping reveals a reduction in the bioavailability of serotonin and kynurenine pathway metabolites in both the urine and serum of individuals living with alzheimer’s disease. Alzheimer’s Res Ther (2021) 13(1):20. doi: 10.1186/s13195-020-00741-z

75. Gulaj, E, Pawlak, K, Bien, B, and Pawlak, D. Kynurenine and its metabolites in alzheimer’s disease patients. Adv Med Sci (2010) 55(2):204–11. doi: 10.2478/v10039-010-0023-6

76. Lin, Y, Shan, PY, Jiang, WJ, Sheng, C, and Ma, L. Subjective cognitive decline: Preclinical manifestation of alzheimer’s disease. Neurol. Sci (2019) 40(1):41–9. doi: 10.1007/s10072-018-3620-y

77. Schwarz, C, Lange, C, Benson, GS, Horn, N, Wurdack, K, Lukas, M, et al. Severity of subjective cognitive complaints and worries in older adults are associated with cerebral amyloid-β load. Front Aging Neurosci (2021) 13. doi: 10.3389/fnagi.2021.675583

78. Studart, AN, and Nitrini, R. Subjective cognitive decline: The first clinical manifestation of alzheimer’s disease? Dement. Neuropsychol. (2016) 10(3):170–7. doi: 10.1590/S1980-5764-2016DN1003002

79. Schwarz, MJ, Guillemin, GJ, Teipel, SJ, Buerger, K, and Hampel, H. Increased 3-hydroxykynurenine serum concentrations differentiate alzheimer’s disease patients from controls. Eur Arch Psychiatry Clin Neurosci (2013) 263(4):345–52. doi: 10.1007/s00406-012-0384-x

80. Monaco, F, Fumero, S, Mondino, A, and Mutani, R. Plasma and cerebrospinal fluid tryptophan in multiple sclerosis and degenerative diseases. J Neurol Neurosurg Psychiatry (1979) 42(7):640–1. doi: 10.1136/jnnp.42.7.640

81. Forrest, CM, Mackay, GM, Stoy, N, Spiden, SL, Taylor, R, Stone, TW, et al. Blood levels of kynurenines, interleukin-23 and soluble human leucocyte antigen-G at different stages of huntington’s disease. J Neurochem (2010) 112(1):112–22. doi: 10.1111/j.1471-4159.2009.06442.x

82. Chatterjee, P, Goozee, K, Lim, CK, James, I, Shen, K, Jacobs, KR, et al. Alterations in serum kynurenine pathway metabolites in individuals with high neocortical amyloid-β load: A pilot study. Sci Rep (2018) 8(1):8008. doi: 10.1038/s41598-018-25968-7

83. Chouraki, V, Preis, SR, Yang, Q, Beiser, A, Li, S, Larson, MG, et al. Association of amine biomarkers with incident dementia and alzheimer’s disease in the framingham study. Alzheimer’s Dement. (2017) 13(12):1327–36. doi: 10.1016/j.jalz.2017.04.009

84. Jacobs, KR, Lim, CK, Blennow, K, Zetterberg, H, Chatterjee, P, Martins, RN, et al. Correlation between plasma and CSF concentrations of kynurenine pathway metabolites in alzheimer’s disease and relationship to amyloid-β and tau. Neurobiol Aging (2019) 80:11–20. doi: 10.1016/j.neurobiolaging.2019.03.015

85. Chatterjee, P, Zetterberg, H, Goozee, K, Lim, CK, Jacobs, KR, Ashton, NJ, et al. Plasma neurofilament light chain and amyloid-β are associated with the kynurenine pathway metabolites in preclinical alzheimer’s disease. J Neuroinflamm (2019) 16(1):186. doi: 10.1186/s12974-019-1567-4

86. d’Abramo, C, D’adamio, L, and Giliberto, L. Significance of blood and cerebrospinal fluid biomarkers for alzheimer’s disease: Sensitivity, specificity and potential for clinical use. J Person. Med (2020) 10(3):116. doi: 10.3390/jpm10030116

87. Liang, Y, Xie, S, He, Y, Xu, M, Qiao, X, Zhu, Y, et al. Kynurenine pathway metabolites as biomarkers in alzheimer’s disease. Dis Markers 2022 (2022) p:9484217. doi: 10.1155/2022/9484217

88. Wattmo, C, Blennow, K, and Hansson, O. Cerebro-spinal fluid biomarker levels: Phosphorylated tau (T) and total tau (N) as markers for rate of progression in alzheimer’s disease. BMC Neurol (2020) 20(1):10. doi: 10.1186/s12883-019-1591-0

89. Soininen, H, MacDonald, E, Rekonen, M, and Riekkinen, PJ. Homovanillic acid and 5-hydroxyindoleacetic acid levels in cerebrospinal fluid of patients with senile dementia of Alzheimer type. Acta Neurol Scand (1981) 64(2):101–7. doi: 10.1111/j.1600-0404.1981.tb04392.x

90. Blennow, K, Wallin, A, Gottfries, CG, Lekman, A, Karlsson, I, Skoog, I, et al. Significance of decreased lumbar CSF levels of HVA and 5-HIAA in alzheimer’s disease. Neurobiol Aging (1992) 13(1):107–13. doi: 10.1016/0197-4580(92)90017-R

91. Morimoto, S, Takao, M, Hatsuta, H, Nishina, Y, Komiya, T, Sengoku, R, et al. Homovanillic acid and 5-hydroxyindole acetic acid as biomarkers for dementia with lewy bodies and coincident alzheimer’s disease: An autopsy-confirmed study. PloS One (2017) 12(2):e0171524. doi: 10.1371/journal.pone.0171524

92. Schumacher, J, Gunter, JL, Przybelski, SA, Jones, DT, Graff-Radford, J, Savica, R, et al. Dementia with lewy bodies: Association of Alzheimer pathology with functional connectivity networks. Brain (2021) 144(10):3212–25. doi: 10.1093/brain/awab218

93. Capouch, SD, Farlow, MR, and Brosch, JR. A review of dementia with lewy bodies’ impact, diagnostic criteria and treatment. Neurol Ther (2018) 7(2):249–63. doi: 10.1007/s40120-018-0104-1

94. Oxenkrug, GF. Metabolic syndrome, age-associated neuroendocrine disorders, and dysregulation of tryptophan–kynurenine metabolism. Ann New York Acad Sci (2010) 1199(1):1–14. doi: 10.1111/j.1749-6632.2009.05356.x

95. Greilberger, J, Fuchs, D, Leblhuber, F, Greilberger, M, Wintersteiger, R, and Tafeit, E. Carbonyl proteins as a clinical marker in alzheimer’s disease and its relation to tryptophan degradation and immune activation. Clin Lab J For Clin Lab. And Lab. Related (2010) 56(9):441.

96. Widner, B, Leblhuber, F, and Fuchs, D. Increased neopterin production and tryptophan degradation in advanced parkinson’s disease. J Neural Transm (2002) 109(2):181–9. doi: 10.1007/s007020200014

97. Willette, AA, Pappas, C, Hoth, N, Wang, Q, Klinedinst, B, Willette, SA, et al. Inflammation, negative affect, and amyloid burden in alzheimer’s disease: Insights from the kynurenine pathway. Brain behavior Immun (2021) 95:216–25. doi: 10.1016/j.bbi.2021.03.019

98. Obál, I, Majláth, Z, Toldi, J, and Vécsei, L. Mental disturbances in parkinson’s disease and related disorders: The role of excitotoxins. J Parkinson’s Dis (2014) 4(2):139–50. doi: 10.3233/JPD-130294

99. Ogawa, T, Matson, WR, Beal, MF, Myers, RH, Bird, ED, Milbury, P, et al. Kynurenine pathway abnormalities in parkinson’s disease. Neurology (1992) 42(9):1702–2. doi: 10.1212/WNL.42.9.1702

100. Nematollahi, A, Sun, G, Jayawickrama, GS, and Church, WB. Kynurenine aminotransferase isozyme inhibitors: A review. Int J Mol Sci (2016) 17(6):946. doi: 10.3390/ijms17060946

101. Knyihár-Csillik, E, Csillik, B, Pákáski, M, Krisztin-Péva, B, Dobó, E, Okuno, E, et al. Decreased expression of kynurenine aminotransferase-I (KAT-I) in the substantia nigra of mice after 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP) treatment. Neuroscience (2004) 126(4):899–914. doi: 10.1016/j.neuroscience.2004.04.043

102. Heilman, PL, Wang, EW, Lewis, MM, Krzyzanowski, S, Capan, CD, Burmeister, AR, et al. Tryptophan metabolites are associated with symptoms and nigral pathology in parkinson’s disease. Mov. Disord (2020) 35(11):2028–37. doi: 10.1002/mds.28202

103. Wu, H-Q, Rassoulpour, A, and Schwarcz, R. Kynurenic acid leads, dopamine follows: A new case of volume transmission in the brain? J Neural Transm (2007) 114(1):33–41. doi: 10.1007/s00702-006-0562-y

104. Rassoulpour, A, Wu, HQ, Poeggeler, B, and Schwarcz, R. Systemic d-amphetamine administration causes a reduction of kynurenic acid levels in rat brain. Brain Res (1998) 802(1-2):111–8. doi: 10.1016/S0006-8993(98)00577-0

105. Lewitt, PA, Li, J, Lu, M, Beach, TG, Adler, CH, Guo, L, et al. 3-hydroxykynurenine and other parkinson’s disease biomarkers discovered by metabolomic analysis. Mov. Disord (2013) 28(12):1653–60. doi: 10.1002/mds.25555

106. Luan, H, Liu, LF, Tang, Z, Zhang, M, Chua, KK, Song, JX, et al. Comprehensive urinary metabolomic profiling and identification of potential noninvasive marker for idiopathic parkinson’s disease. Sci Rep (2015) 5(1):1–11. doi: 10.1038/srep13888

107. Ross, CA, and Tabrizi, SJ. Huntington’s disease: From molecular pathogenesis to clinical treatment. Lancet Neurol (2011) 10(1):83–98. doi: 10.1016/S1474-4422(10)70245-3

108. Rodrigues, FB, Byrne, LM, Lowe, AJ, Tortelli, R, Heins, M, Flik, G, et al. Kynurenine pathway metabolites in cerebrospinal fluid and blood as potential biomarkers in huntington’s disease. J Neurochem (2021) 158(2):539–53. doi: 10.1111/jnc.15360

109. Reynolds, G, and Pearson, S. Increased brain 3-hydroxykynurenine in huntington’s disease. Lancet (1989) 334(8669):979–80. doi: 10.1016/S0140-6736(89)90987-2

110. Mándi, Y, Stone, TW, Guillemin, GJ, Vécsei, L, and Williams, RO. Editorial: Multiple implications of the kynurenine pathway in inflammatory diseases: Diagnostic and therapeutic applications. Front Immunol (2022) 13. doi: 10.3389/fimmu.2022.860867

111. Pedraz-Petrozzi, B, Elyamany, O, Rummel, C, and Mulert, C. Effects of inflammation on the kynurenine pathway in schizophrenia — a systematic review. J Neuroinflamm (2020) 17(1):56. doi: 10.1186/s12974-020-1721-z

112. Sundaram, G, Lim, CK, Brew, BJ, and Guillemin, GJ. Kynurenine pathway modulation reverses the experimental autoimmune encephalomyelitis mouse disease progression. J Neuroinflamm (2020) 17(1):176. doi: 10.1186/s12974-020-01844-y

113. Dantzer, R. Role of the kynurenine metabolism pathway in inflammation-induced depression: Preclinical approaches. Curr topics Behav Neurosci (2017) 31:117–38. doi: 10.1007/7854_2016_6



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Fathi, Vakili, Yaghoobpoor, Tavasol, Jazi, Hajibeygi, Shool, Sodeifian, Klegeris, McElhinney, Tavirani and Sayehmiri. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-13-997240-g006.jpg
Stugy %

[ SMD(95%Cl)  Weight

Postmortem brain tissue®
M. Flint Beal(Frontal cortex (Ag)) (1992) 006(:0.44,056) 17.90
Sublotal (-squared = %.p= ) 006(:044.056) 17.90

biood
Krystyna Belendiuk (1980) 118 (-169, -067) 1781
P.J. Garcia Ruiz (1995) 001(:024.027) 19.44
J. Christofides (2006) —_— 326 (-4.46,-2.05) 11.88
‘Caroline M Forrest(mid-to-moderate disease severty (1+) (2010) 090 (-174,-0.07) 1510
Kuo-Hsuan Chang (2017) 008(043,059) 1787
Subtotal (squared = 91.0%. p = 0.000) 090 (-1.71.-0.10) 8210

Overall (-squared = 89.1%, p = 0.000) 0.71(-1.36,0.05) 100.00

NOTE: Weighs are from random effects analysis

446 446





OEBPS/Images/fimmu-13-997240-g003.jpg
Funnel plot with pseudo 95% confidence limits

Ve N
/ AN
Ve N\
Ve N\
e ~N
/ N
/ N\
Ve AN
/ ~N
/ | N\
/s a N A
/ AN
// \\
n | . N\
/
7/ | |
# e n
A
A
T T T T
-1.5 -1 -5 0
SMD
° 1 A 2
] . 20202020 e Lower CI

————— Lower CI —— Pooled






OEBPS/Images/fimmu-13-997240-g001.jpg
Records identified from
Databases:
PubMed: (n = 3632)
Other databases: (n=8540)

Records after removing
duplicates (n=6342)

Records screened (n=160)

Full-text articles assessed for
eligibility (n=46)

Articles included in Quality
assessment
(n=30)

30 articles included in systematic
review

3237 records excluded: non-English articles; reviews; non-
available abstracts

2945 records excluded: human studies; being irrelevant to

the main subject

114 records excluded: not relevant to the topic of the meta-
analysis

16 full-text articles excluded; with reasons: no eligible data
(n=9); Low quality (n=7)






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Dynamic changes in metabolites of the kynurenine pathway in Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease: A systematic Review and meta-analysis

      

        		

          Background

        



        		

          Objectives

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Method

        

          		

            Search strategy

          



          		

            Inclusion and exclusion criteria

          



          		

            Quality assessment

          



          		

            Data extraction

          



          		

            Statistical analysis

          



          		

            Publication bias

          



        



        



        		

          Results

        

          		

            Study selection and characteristics

          



          		

            Alzheimer’s disease

          



          		

            Parkinson’s disease

          



          		

            Huntington’s disease

          



        



        



        		

          Discussion

        

          		

            Kynurenine pathway

          



          		

            Alzheimer’s disease

          



          		

            Parkinson’s disease

          



          		

            Huntington’s disease

          



        



        



        		

          Limitations

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-13-997240-g004.jpg
Tests for Publication Bias

Begg's Test

adj. Kendall's Score (P-Q) = -28
Std. Dev. of Score = 16.39
Number of Studies = 13
z = -1.71
Pr > |z| = 0.088
z = 1.65 (continuity corrected)
Pr > |z| = 0.100 (continuity corrected)
Egger's test
Std_Eff Coef. Std. Err. t P>t [95% Conf. Intervall]
slope .3830129 .5472661 0.70 0.499 -.8215116 1.587537

bias -2.897657 1732292 =1 ,/67 0.123 -6.710407 .9150929






OEBPS/Images/table6.jpg
Metabolite

TRP
KYN
KYNA
3-HK
3-HANA

Materials

Blood (serum/plasma)
Blood (serum/plasma)
Frontal cortex
Frontal cortex

Blood (serum/plasma)

Number of studies

w e W oW a

SMD

-0.90
-0.37
0.08
047
-0.32

95%CI

(-1.71, -0.10)
(-0.68, -0.06)
(-0.88, 1.05)
(-0.41, 1.35)
(-0.75, 0.12)

(%)

91.0
285
78.9
76.2
57.4

P-value for heterogenicity

0.000
0.247
0.009
0.015
0.095

TRP, tryptophan; KYN, kynurenine; KYNA, kynurenic acid; AA, anthranilic acid; SHIAA, 5-hydroxyindoleacetic acid; 3-HK, 3-hydroxykynurenine; 3-HANA, 3-hydroxyanthranilic acid;

CSF, Cerebrospinal flu

MD, standardized mean difference; CI, confidence interval.





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2022.997240_cover.jpg
’ frontiers | Frontiersin Immunology

Dynamic changes in metabolites
of the kynurenine pathway in
Alzheimer’s disease, Parkinson’s
disease, and Huntington’s
disease: A systematic Review
and meta-analysis





OEBPS/Images/table2.jpg
Author,
Year

Sorgdrager,
2019 (21)

Sorgdrager,
2019 (21)

Lwaoka,
2019 (65)

Havelund,
2017 (66)

Havelund,
2017 (66)

Oxenkrug,
2017 (40)

Chang,
2017 (51)

Hartai,
2005 (24)
Ruiz, 1995
(54)
Molina,
1997 (64)
Molina,
1997 (64)

Tohgi, 1993
(63)

Tohgi, 1993
(62)

Beal, 1992
(47)

N

HC/

PD)

(35/
26)

(38/
32)

(13/
20)

(14/8)

(14/8)

(24/
18)

(82/
82)

17/
19)
15/
23)
(45/
31)

(45/
31)

(10/
16)

(16/
16)

18/
11)

Age
(mean *
SD)(HC/

PD)

71.3 (10.7)/
734 (655)

713 (10.7)/
73.4 (6.5)

69 (16.7)/69
(6.4)

55.8 (11.6)/
62.6 (6.6)

55.8 (11.6)/
62.6 (6.6)

Range: 50 to
74

62.83 (12.66)/
62.87 (12.49)

67.8 (12.4)/
69.1 (10.4)

39.0(17.8)/58
(10.0)

57.8 (15.4)/
626 (87)

57.8 (15.4)/
62.6 (12.5)

65.5 (6.2)/
62.6 (8.7)

63.9 (8.1)/
626 (8.7)

69(3)/66(4)

Male
(N.)
(HC/
PD)

18/20

18/20

9/9

8/5

8/5

12/11

50/50

8/11
-/13
18/11

18/11

8/8

Materials Metabolites

CSF

Serum

CSF

CSF

Plasma

Serum

Plasma

Plasma

CSF

CSF

Plasma

CSF

CSF

TRP, KYN, 3-
HK

TRP, KYN, 3-
HK

TRP, KYN,
KYNA,3-HK

KYN, KYNA,
AA,3-HK

KYN, KYNA,
AA, 3-HK

TRP, KYN,
KYNA, AA

TRP, KYN,
KYNA, AA, 3-
HK, QUIN

KYNA

5-HIAA

TRP

TRP

TRP, KYN,5-
HIAA,3-HK

TRP, KYN, 5-
HIAA,3-HK

Postmortem 3-HK

Fasting status

CSF samples were obtained from participants by lumbar
puncture between 09:00 and 10:00 AM after several minutes of
left-sided bedrest and before breakfast.

Plasma and cerebrospinal fluid samples were collected after
overnight fasting and 1-2 hours after intake of L-DOPA or
other anti-Parkinson medication.

Overnight fasting blood samples were collected

Lumbar CSF after overnight bed-rest and fasting.

Blood samples for metabolomics analysis were collected from
subjects who were asked to be on fasting overnight for 8 h.

Lumbar CSF after overnight bed-rest and fasting.

Lumbar CSF after overnight bed-rest and fasting,

Key findings

Tryptophan levels
lower in PD group
Kynurenine levels
higher in PD group
3-HK levels lower in
PD group
Tryptophan levels
significantly lower in
PD group
Kynurenine levels
higher in PD group
3-HK levels lower in
PD group
Tryptophan levels
higher in PD group
Kynurenine levels
significantly higher
in PD group
Kynurenic acid levels
lower in PD group
3-HK levels
significantly higher
in PD group
Kynurenine levels
higher in PD group
Kynurenic acid levels
higher in PD group
ANT levels higher in
PD group

3-HK levels lower in
PD group

Kynurenine levels
lower in PD group
Kynurenic acid levels
lower in PD group
ANT levels higher in
PD group

3-HK levels lower in
PD group
Tryptophan levels
significantly lower in
PD group
Kynurenine levels
significantly higher
in PD group
Kynurenic acid levels
significantly higher
in PD group

ANT levels
significantly higher
in PD group

Tryptophan levels
significantly lower in
PD group
Kynurenine levels
significantly lower in
PD group
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TRP, KYN, 3-
HANA
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overnight

TRP, KYN, 3- Lumbar CSF after overnight
HANA bed-rest and fasting.
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HK

TRP,
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QUIN
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3-HK

Key findings

Tryptophan levels higher in HD
group

KYN levels significantly lower in HD
group
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QUIN levels significantly lower in
HD group

Tryptophan levels lower in HD group
KYN levels lower in HD group
3-HANA levels higher in HD group
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group
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group

KYN levels significantly lower in HD
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HD group
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in HD group
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HD group
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QUIN levels significantly higher in
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No significant changes in QUIN was
observed in advanced stage

KYNA levels lower in HD group

3-HK levels significantly higher in
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KYN, TRP,

KYNA, AA, 3-
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5-HIAA

KYN, TRP,

KYNA, AA, 3-

HK

KYN, TRP, In AD patients and healthy voluntaries blood

KYNA, AA, was taken in the morning between 8.00-

QUIN 9.00 a.m.

KYN, KYNA The blood samples were taken between 9 and 11
am, separated immediately and kept at 80 -C
until measurements. None of the subjects were
on a special diet.

KYN, TRP

KYN,

KYNA,3-HK

TRP blood samples were taken at 7:45 ( + 30 min)
after an overnight fast.

TRP blood (4ml) was drawn between 11.00 and 12:00
am.

KYN, TRP,5-  Lumbar CSF was obtained between 9 and 10

HIAA,3-HK o’clock in the morning, after overnight bedrest
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KYN, TRP,5-  Lumbar CSF was obtained with the patients in
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KYN, KYNA,

3-HK

3-HK
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5-HIAA Fasted
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findings

Tryptophan
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significantly
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