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It has been previously postulated that blood neurotransmitters might affect risks of neurodegenerative diseases. Here, a Mendelian Randomization (MR) study was conducted to explore whether genetically predicted concentrations of glycine, glutamate and serotonin were associated with risks of Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS). From three genome-wide association studies of European ancestry, single nucleotide polymorphisms strongly associated with glycine, glutamate and serotonin were selected as genetic instrumental variables. Corresponding summary statistics were also obtained from the latest genome-wide association meta-analyses of AD, PD and ALS. The inverse-variance weighted MR and multiple sensitivity analyses were performed to evaluate causal effects of genetically predicted levels of neurotransmitters on risks of neurodegenerative diseases. The statistical significance threshold was set at P < 0.0056 using the Bonferroni-correction, while 0.0056 < P < 0.05 was considered suggestive evidence for a causal association. There was a causal association of elevated blood glutamate levels with higher AD risks. The odds ratio (OR) of AD was 1.311 [95% confidence interval (CI), 1.087–1.580; P = 0.004] per one standard deviation increase in genetically predicted glutamate concentrations. There was suggestive evidence in support of a protective effect of blood serotonin on AD (OR = 0.607; 95% CI, 0.396–0.932; P = 0.022). Genetically predicted glycine levels were not associated with the risk of AD (OR = 1.145; 95% CI, 0.939–1.396; P = 0.180). Besides, MR analyses indicated no causal roles of three blood neurotransmitters in PD or ALS. In conclusion, the MR study provided evidence supporting the association of elevated blood glutamate levels with higher AD risks and the association of increased blood serotonin levels with lower AD risks. Triangulating evidence across further study designs is still warranted to elucidate the role of blood neurotransmitters in risks of neurodegenerative diseases.
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Introduction

Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS) are three major neurodegenerative disorders incurring substantial healthcare burdens worldwide. AD is the primary cause of dementia in the elderly and the most prevalent neurodegenerative disease (Scheltens et al., 2021). PD ranks second most common among neurodegenerative diseases and features movement symptoms (Balestrino and Schapira, 2020). ALS is the leading form of motor neuron disease and progressively leads to the inability to walk, speak, swallow and breathe (Brown and Al-Chalabi, 2017). There have been no disease modifying therapies with definitive efficacy for them so far (Dorst et al., 2018; Piton et al., 2018; Armstrong and Okun, 2020). Identification of biomarkers and therapeutic targets would pave the way for early diagnosis, intervention and prevention of neurodegenerative diseases.

Amino acid neurotransmitters have been postulated to play an essential part in the etiopathogenesis of neurodegenerative disorders (Muñoz et al., 2020; Fagiani et al., 2021; Limanaqi et al., 2021). Glutamate is the main excitatory messenger in the central nervous system (CNS), while glycine is an important inhibitory transmitter. Serotonin (5-Hydroxytryptamine) is one of the major monoamines implicated in such key functions as sleep, mood and appetite. Several studies have been conducted to explore serum metabolic biomarkers, especially these amino acid neurotransmitters for neurodegenerative diseases (Blasco et al., 2018; Jimenez-Jimenez et al., 2020; Pena-Bautista et al., 2020; Jia et al., 2021; Nuzzo et al., 2021; Wichit et al., 2021). But observational researches might come to inconclusive, even contradictory findings. For example, one study (Chouraki et al., 2017) explored associations of plasma metabolites with AD and incident dementia in 2,067 participants from the Framingham Offspring Cohort, and found that higher levels of glutamate were associated with greater risks of AD [hazard ratio (HR), 1.45; 95% confidence interval (CI), 1.11–1.88; P = 5.86 × 10–3]. However, circulating glutamate levels were inversely associated with AD risk (HR = 0.64; 95% CI, 0.51–0.80; P = 1.39 × 10–3) in a Chinese cohort of 1,440 dementia-free individuals with five years follow-up (Cui et al., 2020). The diagnostic utility of blood glycine and serotonin levels for AD has also been disputed (Pena-Bautista et al., 2020; Gallo et al., 2021; Nuzzo et al., 2021; Whiley et al., 2021). Likewise, it has yet to be determined whether serum neurotransmitters can serve as promising diagnostic biomarkers and potential therapeutic targets of PD (Tong et al., 2015; Jimenez-Jimenez et al., 2020; Molsberry et al., 2020; Jellen et al., 2021; Wichit et al., 2021) and ALS (Andreadou et al., 2008; Dupuis et al., 2010; Cieslarova et al., 2017; Blasco et al., 2018; Jia et al., 2021). Evidence from these observational studies was compromised due to reverse causation, restricted sample size and confounding factors.

Mendelian randomization (MR) has been emergingly utilized to provide complimentary high-quality evidence concerning potential causal relationships between human diseases and traits. Instrumental variables, as initially applied in econometrics, were introduced into the epidemiologic frameworks of causal inference (Greenland, 2000), and genetic variants, particularly single nucleotide polymorphisms (SNPs), were leveraged in the scenario of MR (Smith and Ebrahim, 2003). Genetic instrumental variables determined at gamete formation are constant in later life and the process of independent assortment of alleles renders a natural and ideal randomization as in conventional randomized control trials (Hemani et al., 2018). As a result, MR studies are powerful in circumventing reverse causations and cofounding biases. The last two decades have witnessed considerable advancement in genome-wide association studies (GWASs) of a large number of diseases and molecular traits (Loos, 2020; Jones et al., 2021). We searched up-to-date GWASs of circulating neurotransmitters and neurodegenerative diseases. Here, we employed publicly accessible data to perform a MR study to investigate causal effects of blood levels of glycine, glutamate and serotonin on risks of AD, PD and ALS.



Materials and methods

The MR study was based on summary-level data from publicly available GWASs. Ethical approval by review board and informed consent from participants had been completed in original studies.


Data sources

Summary statistics of human blood neurotransmitter metabolites were obtained from GWASs of European ancestry (Supplementary Table 1). The GWAS meta-analysis of glycine had a total sample size of 80,003 participants from the Fenland, EPIC-Norfolk and INTERVAL studies (Wittemans et al., 2019). Glycine levels underwent the natural logarithm and Z-score transformation and association tests adjusted for age, sex and the first four principal components. We obtained 23 glycine-associated SNPs (P ≤ 5 × 10–8) as genetic instrumental variables for the ensuing MR analyses. Instrumental SNPs of serotonin were retrieved from a GWAS for 486 metabolite concentrations, comprising up to 6,139 adult individuals from the Cooperative Health Research in the Region of Augsburg study and the TwinsUK cohort (Shin et al., 2014). Since the lead SNP-serotonin pair, that is, the lowest association P-value (rs2742351, P = 3.23 × 10–7) failed to reach the standard genome-wide significance signal, we relaxed the threshold as prior studies did (Kwok et al., 2020; Ng and Schooling, 2020; Baumeister et al., 2021), and selected instrumental variants associated with serotonin at suggestive significance (P ≤ 5 × 10–6). Lotta et al. (2021) performed a genome-wide meta-analysis of 174 circulating metabolites including a dozen of amino acids in 30,977 individuals from the Fenland, EPIC-Norfolk and INTERVAL studies (Lindsay et al., 2019). We selected SNPs strongly associated (P ≤ 5 × 10–6) with glutamate concentrations which were mostly measured with the targeted Biocrates AbsoluteIDQ p180 platform (Biocrates, Innsbruck, Austria). For these selected SNPs as instrumental variables, the datasets of summary statistics were curated which mainly included chromosomal coordinates, effect alleles and other alleles, effect sizes, standard errors and P values (Supplementary Tables 2–4).

Summary-level data for SNP-associations with three neurodegenerative diseases were retrieved from latest GWASs of European descent. Kunkle et al. (2019) conducted a GWAS meta-analysis of 21,982 cases with AD and 41,944 healthy controls from four consortia, Alzheimer’s Disease Genetics Consortium, Cohorts for Heart and Aging Research in Genomic Epidemiology Consortium, European Alzheimer’s disease Initiative, Genetic and Environmental Risk in AD/Defining Genetics, Polygenic and Environmental Risk for Alzheimer’s disease Consortium. Nalls et al. (2019) performed a meta-analysis of 17 GWAS datasets of PD and summary statistics of 33,674 cases and 449,056 controls were available by the International Parkinson’s Diseases Genomics Consortium. Lastly, we obtained the largest GWAS of ALS incorporating 20,806 cases and 59,804 controls (Nicolas et al., 2018). Other details on cohort demographics, case definitions and consortia contributions have been described in original studies. For instrumental SNPs which were not present in the outcome datasets of AD, PD and ALS, genetic proxies in linkage disequilibrium (r2 ≥ 0.8) with them were searched and utilized if available. Effect sizes represented changes in risks of neurodegenerative diseases per additional copy of effect alleles and were harmonized in accordance with SNP-neurotransmitter association data (Supplementary Tables 2–4).



Statistical analysis

The MR analysis was performed using the R software (version 3.6.3, R Foundation for Statistical Computing, Vienna, Austria) and the TwoSampleMR (version 0.5.6) package (Hemani et al., 2018). Assuming effects of SNPk on circulating levels of glycine, glutamate and serotonin ([image: image], [image: image]) and on risks of AD, PD and ALS ([image: image], [image: image] from the GWAS additive model, estimates of causal associations of neurotransmitters with neurodegenerative diseases (SNPk→Xk→Yk) can be given by the Wald method (Walker et al., 2019), effect size
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and standard error
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The inverse variance weighted (IVW) method was primarily employed to combine multiple instrumental SNPs and generate one overall estimate (Burgess et al., 2013), effect size
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and standard error
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Notably, the IVW method would be biased when invalid instrumental variables existed. And thus, two complementary means, weighted median and MR-Egger were implemented as sensitivity analyses. The weighted median model was largely robust when more than half of instrumental SNPs were valid (Bowden et al., 2016). The MR-Egger approach was able to examine unbalanced horizontal pleiotropy through its regression intercept, meanwhile the regression slope would give a causal estimate accounting for pleiotropic effects (Burgess and Thompson, 2017). Forest plots were presented to visualize associations of neurotransmitters with neurodegenerative diseases, with odds ratio (OR) and 95% confidence interval (CI) denoted changes in risks of AD, PD or ALS per one-standard deviation (SD) increment in circulating concentrations of glycine, glutamate or serotonin. Besides, the scatter and leave-one-out plots were utilized to examine potential outliers and heterogenous effects. The Bonferroni-adjusted significance threshold was set at P < 0.05/(3*3) = 0.0056, whereas 0.0056 < P < 0.05 was suggestive of a causal effect.




Results


Associations of blood glycine levels with three neurodegenerative diseases

Overall, MR analyses suggested that genetically predicted blood concentrations of glycine were not associated with risks of three neurodegenerative diseases. The OR of AD was 1.145 (95% CI, 0.939–1.396; P = 0.180) per one SD increase in circulating glycine levels (Figure 1). There was no evidence for the causal effects of genetically predicted glycine concentrations on genetic susceptibilities to PD (OR = 0.929; 95% CI, 0.737–1.170; P = 0.531) or ALS (OR = 1.003; 95% CI, 0.945–1.066; P = 0.916). No unbalance horizontal pleiotropy was detected by the examination of MR Egger intercepts (Table 1). Although there seemed a little heterogeneity in the MR analysis of glycine on AD and PD, it was not evident by checking the scatter plots (Supplementary Figure 1) and leave-one-out forest plots (Supplementary Figure 2) and might not affect the robustness of MR results.


[image: image]

FIGURE 1
Associations of genetically predicted blood neurotransmitter levels of with risks of neurodegenerative diseases via Mendelian randomization analyses. Causal effects of circulating glycine glutamate, and serotonin concentrations on the risks of AD, PD, and ALS were estimated by the inverse-variance weighted MR, and illustrated with forest plots. Solid blocks denoted effect sizes of point estimates, and horizontal lines represented 95% confidence intervals. Given the Bonferroni-corrected threshold at 0.05/9 (0.0055) to account for multiple testing, the study showed that elevated glutamate levels were associated with higher risks of AD (P = 0.004). There was suggestive evidence supporting the protective effect of circulating serotonin on AD (P = 0.022). AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; CI; confidence interval; MR, Mendelian randomization; OR, odds ratio; PD, Parkinson’s disease.



TABLE 1    Mendelian randomization analyses of circulating glycine levels on three neurodegenerative diseases.
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Associations of blood glutamate levels with three neurodegenerative diseases

Genetically predicted higher glutamate levels were associated with an increased risk of AD (OR = 1.311; 95% CI, 1.087–1.580; P = 0.004). But MR analyses did not support causal relationship between blood glutamate concentrations and risks of PD or ALS. The OR of PD was 0.843 (95% CI, 0.645–1.100; P = 0.209), and the OR of ALS was 0.996 (95% CI, 0.824–1.203; P = 0.964) per one SD increment in genetically proxied glutamate levels. Estimates of causal associations of glutamate with AD given by the weighted median and MR-Egger approaches were directionally consistent (Table 2), albeit not statistically significant. Besides, there was no evidence of evident heterogenous effects or unbalanced horizontal pleiotropy via sensitivity analyses, indicating the causal effect of glutamate on AD was generally robust.


TABLE 2    Mendelian randomization analyses of circulating glutamate levels on three neurodegenerative diseases.
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Associations of blood serotonin levels with three neurodegenerative diseases

MR analyses suggested that there was a causal association of blood serotonin with AD risk (OR = 0.607; 95% CI, 0.396–0.932; P = 0.022), indicating a potentially protective effect for serotonin on AD onset. Nevertheless, there was no evidence in support of causal effects of genetically predicted serotonin levels on the risk of PD (OR = 1.080; 95% CI, 0.595–1.963; P = 0.800), and ALS (OR = 0.838; 95% CI, 0.596–1.180; P = 0.312). The weighted median estimate supported a causal relationship between serotonin and AD (OR = 0.517; 95% CI, 0.300–0.893; P = 0.018), whereas the MR-Egger regression slope had inadequate power to detect the causal effect (OR = 1.010) as indicated by the wide CI (0.222–4.587). Since there was no evidence for significant heterogeneity or pleiotropy (Table 3), the effect size given by the IVW method was considered preferentially. Further inspecting sensitivity analysis results, scatter plots (Supplementary Figure 1) and leave-one-out analyses (Supplementary Figure 2) suggested no existence of outlying SNPs which would drive the causal effect unproportionally. On the whole, the MR analysis provided suggestive evidence for a protective effect of serotonin on AD.


TABLE 3    Mendelian randomization analyses of circulating serotonin levels on three neurodegenerative diseases.
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Discussion

The study demonstrated that genetically predicted blood glutamate and serotonin concentrations were associated with AD risks. Specifically, individuals with increased glutamate levels were more likely predisposed to AD, whereas increased serotonin levels were associated with lower risks of AD. There was no evidence supporting causal relationships between blood levels concentrations of glycine, glutamate or serotonin and onset risks of PD or ALS.

According to the MR analysis, glutamate was one risk factor for AD, which might be partly explained by its excitotoxicity to neurons. Amyloid beta plaques, tau-associated neurofibrillary tangles, microglial activation and neuroinflammation have been established as key pathological changes in AD (Li et al., 2018). Tau pathology might have an influence on glutamatergic neurons, and glutamate in turn would facilitate tau phosphorylation and neuronal damage (Leng and Edison, 2021). Release of glutaminase, the enzyme expediting the generation of glutamate from glutamine, was proposed as another possible mechanism through which activated microglia would kill neurons (Chi et al., 2018). Glutamate could be toxic to depolarized neurons or render neurons sufficiently vulnerable to phagocytosis by microglia (Brown and Vilalta, 2015). The most ideal analysis should come from data of glutamate from cerebrospinal fluid or brain tissue, whereas this study was focusing on the association of blood glutamate levels with genetic liabilities to AD. Admittedly, it remains ever more elusive how circulating glutamate in blood would exert its influence on the etiology and pathogenesis of AD. However, previous studies have proposed consistent findings or plausible explanations. Reduction of blood glutamate levels by inducing autoantibodies to glutamate (Trekova et al., 2002; Davydova et al., 2007) was reported to lower brain glutamate levels and improve memory and behavioral performance, presumptively, by decreasing neuronal damages. Likewise, brain glutamate levels could be indirectly decreased by reducing blood glutamate levels using branched chain alpha-keto acids (Polis and Samson, 2020) or glutamate-pyruvate transaminase enzymes (Boyko et al., 2012). Besides, peripheral concentrations of glutamate in the blood seemed to be more proportional or similar to tissue concentrations in the hippocampus, given that the blood-brain barrier is not as well-developed in the hippocampus that other brain regions (Miulli et al., 1993). A good correlation between glutamate levels in the blood and cerebrospinal fluid was reported similarly, and blood glutamate was proposed as a promising assay for early screening of AD (Jimenez-Jimenez et al., 1998; Chang et al., 2021; Nuzzo et al., 2021), considering that the measurement of glutamate from blood samples could be less invasive, less expensive and more practical that from cerebrospinal fluids or brain tissues. In this regard, the study provided additional evidence supporting the association of blood levels of glutamate with risks of AD, but the specific mechanism underlying the association warrants further exploration.

Promising diagnostic utility of serotonin, together with other monoamines and their derivatives, for the early diagnosis of AD has also aroused great interest (Gallo et al., 2021). In a study based on the European-wide AddNeuroMed/Dementia Case Register biobank repositories (n = 354), a decreasing trend in serum concentrations of serotonin was reported in line with clinical classification, namely the elderly control, mild cognitive impairment and AD (Whiley et al., 2021). But in a Spanish cohort (n = 50) there was no statistical difference (P = 0.372) in plasma serotonin levels between mild cognitive impairment–AD and controls (Pena-Bautista et al., 2020). Researchers have tried to employ in vitro and in vivo models to elucidate the role of serotonin in AD as well. One surface plasmon resonance study demonstrated that serotonin could facilitate monomeric Aβ binding to serum albumin, which was hypothesized to be a promising way to prevent the onset and progression of AD (Litus et al., 2021). Morgese et al. (2021) reported that serotonin levels were decreased in Aβ-injected rats which was established as a rat model mimicking the early phase of AD. In another recent experiment (Sivasaravanaparan et al., 2022), nevertheless, chronic treatment with paroxetine—a selective serotonin reuptake inhibitor, failed to mitigate Aβ pathology and microgliosis in APPSWE/PS1ΔE9 mice. In addition, the serotonin transporter (SLC6A4) which regulates the serotonin concentrations and serves as the target of selective serotonin reuptake inhibitors, might be associated with AD risks (Polito et al., 2011; Yamazaki et al., 2016). For example, in a meta-analysis (Yamazaki et al., 2016) the L/L genotype in the serotonin transporter length polymorphic region significantly reduced the risk of AD in Europeans and the L alleles were previously reported to associate with lower SLC6A4 expressions in peripheral leukocytes (Hu et al., 2006). Presumably, there might be protective effects of decreased expressions of the serotonin transporter and increased concentrations of serotonin in lowering AD risks. Consistently, our MR analysis indicated a protective effect of serotonin, that is, elevated blood serotonin levels were associated with lower AD risks. Serotonergic deficits in extensive brain regions were proposed to explain the irritability and agitation in AD patients (Chakraborty et al., 2019). It is true that the serotonergic system alteration has been tied to behavioral, cognitive, and psychiatric presentations. The complex changes in serotonin, serotonin transporters and serotonin receptors underlying the onset and progression of AD, however, warrant further clarification. Notably, we did not explore the possible effect of AD on serotonin using a reverse MR yet, while several studies also reported that amyloid-β accumulations were associated with altering serotonin levels (Wang et al., 2018; Tin et al., 2019). Overall, the clinical and translational exploration of the potential role of serotonin in AD still has a long way to go.

In the MR study, there was no evidence for the effects of blood glycine levels on genetic liabilities to AD, and whether there existed causal relationships between three blood neurotransmitters and genetic susceptibilities to PD and ALS was unclear. Prior studies explored the association of glycine with ALS, and glycine appeared to be a potential diagnostic biomarker (Jia et al., 2021) or an indicator of progression (Blasco et al., 2018). Serotonin seemed to manifest certain utility in the predictive and therapeutic aspects of ALS (Sandyk, 2006; Dupuis et al., 2010). Glutamate excitotoxicity as one major breakthrough in neurobiology, has also been linked with the pathogenesis of ALS (Holecek and Rokyta, 2018). In comparison with healthy individuals (n = 20), increased plasma glutamate concentrations measured by high-pressure liquid chromatography were identified in ALS patients (n = 65), which also correlated with longer duration (Andreadou et al., 2008). The N-methyl-D-aspartate receptor, one of three major types of ionotropic glutamate receptors, requires the primary agonist, glutamate and the co-agonist, glycine or D- enantiomer of serine to be activated, and its modulation is thought to be critical in mediating synaptic plasticity, promoting neuronal survival and preventing neurodegeneration (Kalia et al., 2008; Piubelli et al., 2021). However, findings from our MR analysis failed to confirm the association of glutamate with ALS. In this regard, alterations in other components involved in glutamate receptor signaling rather than glutamate itself might play an essential part in ALS. To validate the role of neurotransmitters in neurodegenerative diseases in vivo and unveil the specific mechanism, nonetheless, more basic researches have yet to do.

Several limitations should be acknowledged in the study. Firstly, GWAS datasets utilized in the MR analyses were sourced from cohorts of European descent. Hence, great cautions should be exercised when generalizing the findings to other populations. Secondly, neurotransmitters might play an essential part in neurodegeneration, and circulating levels of neurotransmitters in cerebrospinal fluid would be more closely related to risks of neurodegenerative diseases than those in blood. Nevertheless, large-scale proteomic or metabolomic association statistics of neurotransmitters in the cerebrospinal fluid, let alone in brain tissues, were hitherto unavailable. Lastly, although other key neurotransmitters like acetylcholine, gamma-aminobutyric acid and dopamine have been implicated in neurodegenerative diseases, we could not perform MR analyses to explore their causal effects in the present study. Once corresponding genome-wide association data are available, the MR framework can be exploited to comprehensively investigate the causal roles of blood, cerebrospinal, and intracellular neurotransmitters from region specific brain tissues, further benefiting the establishment of promising diagnostic biomarkers and interventional targets for neurodegenerative disease.

In conclusion, the MR study provided evidence supporting the association of elevated blood glutamate levels with higher AD risks and the association of increased blood serotonin levels with lower AD risks. Triangulating evidence across further study designs is still warranted to validate the detrimental role of glutamate and the protective role of serotonin in genetic susceptibilities to AD.



Data availability statement

The original contributions presented in this study are included in the article/Supplementary material, further inquiries can be directed to the corresponding authors.



Author contributions

RL, BL, and HX contributed to conceptualization of the work. RL, MD, and WG performed the main analysis. RL, MD, and YL drafted and reviewed the main manuscript. BL and HX contributed to the project supervision. All authors contributed to the article and approved the final version of the manuscript.



Funding

This work was supported by the Science and Technology Innovation 2030 Major Project of China (No. 2021ZD0200536).



Acknowledgments

The authors acknowledge these consortia and groups for sharing genome-wide association data of glycine, glutamate, serotonin, AD, PD and ALS. The authors also extend sincere thanks to all patients and participants in these studies.



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.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2022.938408/full#supplementary-material



References

Andreadou, E., Kapaki, E., Kokotis, P., Paraskevas, G. P., Katsaros, N., Libitaki, G., et al. (2008). Plasma glutamate and glycine levels in patients with amyotrophic lateral sclerosis. In Vivo 22, 137–141.

Armstrong, M. J., and Okun, M. S. (2020). Diagnosis and treatment of parkinson disease: A review. JAMA 323, 548–560. doi: 10.1001/jama.2019.22360

Balestrino, R., and Schapira, A. H. V. (2020). Parkinson disease. Eur. J. Neurol. 27, 27–42. doi: 10.1111/ene.14108

Baumeister, S. E., Nolde, M., Holtfreter, B., Baurecht, H., Glaser, S., Kocher, T., et al. (2021). Periodontitis and pulmonary function: A mendelian randomization study. Clin. Oral Investig. 25, 5109–5112. doi: 10.1007/s00784-021-04000-9

Blasco, H., Patin, F., Descat, A., Garçon, G., Corcia, P., Gelé, P., et al. (2018). A pharmaco-metabolomics approach in a clinical trial of ALS: Identification of predictive markers of progression. PLoS One 13:e0198116. doi: 10.1371/journal.pone.0198116

Bowden, J., Davey Smith, G., Haycock, P. C., and Burgess, S. (2016). Consistent estimation in mendelian randomization with some invalid instruments using a weighted median estimator. Genet. Epidemiol. 40, 304–314. doi: 10.1002/gepi.21965

Boyko, M., Stepensky, D., Gruenbaum, B. F., Gruenbaum, S. E., Melamed, I., Ohayon, S., et al. (2012). Pharmacokinetics of glutamate-oxaloacetate transaminase and glutamate-pyruvate transaminase and their blood glutamate-lowering activity in naive rats. Neurochem. Res. 37, 2198–2205. doi: 10.1007/s11064-012-0843-9

Brown, G. C., and Vilalta, A. (2015). How microglia kill neurons. Brain Res. 1628, 288–297. doi: 10.1016/j.brainres.2015.08.031

Brown, R. H., and Al-Chalabi, A. (2017). Amyotrophic Lateral Sclerosis. N. Engl. J. Med. 377, 162–172. doi: 10.1056/NEJMra1603471

Burgess, S., Butterworth, A., and Thompson, S. G. (2013). Mendelian randomization analysis with multiple genetic variants using summarized data. Genet Epidemiol. 37, 658–665. doi: 10.1002/gepi.21758

Burgess, S., and Thompson, S. G. (2017). Interpreting findings from Mendelian randomization using the MR-Egger method. Eur. J. Epidemiol. 32, 377–389. doi: 10.1007/s10654-017-0255-x

Chakraborty, S., Lennon, J. C., Malkaram, S. A., Zeng, Y., Fisher, D. W., and Dong, H. (2019). Serotonergic system, cognition, and BPSD in Alzheimer’s disease. Neurosci. Lett. 704, 36–44. doi: 10.1016/j.neulet.2019.03.050

Chang, C. H., Lin, C. H., Liu, C. Y., Huang, C. S., Chen, S. J., Lin, W. C., et al. (2021). Plasma d-glutamate levels for detecting mild cognitive impairment and Alzheimer’s disease: Machine learning approaches. J. Psychopharmacol. 35, 265–272. doi: 10.1177/0269881120972331

Chi, H., Chang, H. Y., and Sang, T. K. (2018). Neuronal cell death mechanisms in major neurodegenerative diseases. Int. J. Mol. Sci. 19:3082. doi: 10.3390/ijms19103082

Chouraki, V., Preis, S. R., Yang, Q., Beiser, A., Li, S., Larson, M. G., et al. (2017). Association of amine biomarkers with incident dementia and Alzheimer’s disease in the Framingham Study. Alzheimers Dement 13, 1327–1336. doi: 10.1016/j.jalz.2017.04.009

Cieslarova, Z., Lopes, F. S., do Lago, C. L., França, M. C. Jr., and Colnaghi Simionato, A. V. (2017). Capillary electrophoresis tandem mass spectrometry determination of glutamic acid and homocysteine’s metabolites: Potential biomarkers of amyotrophic lateral sclerosis. Talanta 170, 63–68. doi: 10.1016/j.talanta.2017.03.103

Cui, M., Jiang, Y., Zhao, Q., Zhu, Z., Liang, X., Zhang, K., et al. (2020). Metabolomics and incident dementia in older Chinese adults: The Shanghai Aging Study. Alzheimers Dement 16, 779–788. doi: 10.1002/alz.12074

Davydova, T. V., Voskresenskaya, N. I., Fomina, V. G., Vetrile, L. A., and Doronina, O. A. (2007). Induction of autoantibodies to glutamate in patients with Alzheimer’s disease. Bull. Exp. Biol. Med. 143, 182–183. doi: 10.1007/s10517-007-0044-8

Dorst, J., Ludolph, A. C., and Huebers, A. (2018). Disease-modifying and symptomatic treatment of amyotrophic lateral sclerosis. Ther. Adv. Neurol. Disord. 11:1756285617734734. doi: 10.1177/1756285617734734

Dupuis, L., Spreux-Varoquaux, O., Bensimon, G., Jullien, P., Lacomblez, L., Salachas, F., et al. (2010). Platelet serotonin level predicts survival in amyotrophic lateral sclerosis. PLoS One 5:e13346. doi: 10.1371/journal.pone.0013346

Fagiani, F., Lanni, C., Racchi, M., and Govoni, S. (2021). (Dys)regulation of Synaptic activity and neurotransmitter release by β-amyloid: A look beyond Alzheimer’s disease pathogenesis. Front. Mol. Neurosci. 14:635880. doi: 10.3389/fnmol.2021.635880

Gallo, A., Pillet, L. E., and Verpillot, R. (2021). New frontiers in Alzheimer’s disease diagnostic: Monoamines and their derivatives in biological fluids. Exp. Gerontol. 152:111452. doi: 10.1016/j.exger.2021.111452

Greenland, S. (2000). An introduction to instrumental variables for epidemiologists. Int. J. Epidemiol. 29, 722–729. doi: 10.1093/ije/29.4.722

Hemani, G., Zheng, J., Elsworth, B., Wade, K. H., Haberland, V., Baird, D., et al. (2018). The MR-Base platform supports systematic causal inference across the human phenome. Elife 7:e34408. doi: 10.7554/eLife.34408

Holecek, V., and Rokyta, R. (2018). Possible etiology and treatment of amyotrophic lateral sclerosis. Neuro Endocrinol. Lett. 38, 528–531.

Hu, X. Z., Lipsky, R. H., Zhu, G., Akhtar, L. A., Taubman, J., Greenberg, B. D., et al. (2006). Serotonin transporter promoter gain-of-function genotypes are linked to obsessive-compulsive disorder. Am. J. Hum. Genet. 78, 815–826. doi: 10.1086/503850

Jellen, L. C., Lewis, M. M., Du, G., Wang, X., Galvis, M. L. E., Krzyzanowski, S., et al. (2021). Low plasma serotonin linked to higher nigral iron in Parkinson’s disease. Sci. Rep. 11:24384. doi: 10.1038/s41598-021-03700-2

Jia, R., Chen, Q., Zhou, Q., Zhang, R., Jin, J., Hu, F., et al. (2021). Characteristics of serum metabolites in sporadic amyotrophic lateral sclerosis patients based on gas chromatography-mass spectrometry. Sci. Rep. 11:20786. doi: 10.1038/s41598-021-00312-8

Jimenez-Jimenez, F. J., Alonso-Navarro, H., Garcia-Martin, E., and Agundez, J. A. G. (2020). Cerebrospinal and blood levels of amino acids as potential biomarkers for Parkinson’s disease: Review and meta-analysis. Eur. J. Neurol. 27, 2336–2347. doi: 10.1111/ene.14470

Jimenez-Jimenez, F. J., Molina, J. A., Gomez, P., Vargas, C., de Bustos, F., Benito-Leon, J., et al. (1998). Neurotransmitter amino acids in cerebrospinal fluid of patients with Alzheimer’s disease. J Neural Transm (Vienna) 105, 269–277. doi: 10.1007/s007020050056

Jones, K. M., Cook-Deegan, R., Rotimi, C. N., Callier, S. L., Bentley, A. R., Stevens, H., et al. (2021). Complicated legacies: The human genome at 20. Science 371, 564–569. doi: 10.1126/science.abg5266

Kalia, L. V., Kalia, S. K., and Salter, M. W. (2008). NMDA receptors in clinical neurology: Excitatory times ahead. Lancet Neurol. 7, 742–755. doi: 10.1016/S1474-4422(08)70165-0

Kunkle, B. W., Grenier-Boley, B., Sims, R., Bis, J. C., Damotte, V., Naj, A. C., et al. (2019). Genetic meta-analysis of diagnosed Alzheimer’s disease identifies new risk loci and implicates Abeta, tau, immunity and lipid processing. Nat. Genet. 51, 414–430. doi: 10.1038/s41588-019-0358-2

Kwok, M. K., Kawachi, I., Rehkopf, D., and Schooling, C. M. (2020). The role of cortisol in ischemic heart disease, ischemic stroke, type 2 diabetes, and cardiovascular disease risk factors: A bi-directional Mendelian randomization study. BMC Med. 18:363. doi: 10.1186/s12916-020-01831-3

Leng, F., and Edison, P. (2021). Neuroinflammation and microglial activation in Alzheimer disease: Where do we go from here? Nat. Rev. Neurol. 17, 157–172. doi: 10.1038/s41582-020-00435-y

Li, H., Liu, C. C., Zheng, H., and Huang, T. Y. (2018). Amyloid, tau, pathogen infection and antimicrobial protection in Alzheimer’s disease -conformist, nonconformist, and realistic prospects for AD pathogenesis. Transl. Neurodegener. 7:34. doi: 10.1186/s40035-018-0139-3

Limanaqi, F., Busceti, C. L., Celli, R., Biagioni, F., and Fornai, F. (2021). Autophagy as a gateway for the effects of methamphetamine: From neurotransmitter release and synaptic plasticity to psychiatric and neurodegenerative disorders. Prog. Neurobiol. 204:102112. doi: 10.1016/j.pneurobio.2021.102112

Lindsay, T., Westgate, K., Wijndaele, K., Hollidge, S., Kerrison, N., Forouhi, N., et al. (2019). Descriptive epidemiology of physical activity energy expenditure in UK adults (The Fenland study). Int. J. Behav. Nutr. Phys. Act. 16:126. doi: 10.1186/s12966-019-0882-6

Litus, E. A., Kazakov, A. S., Deryusheva, E. I., Nemashkalova, E. L., Shevelyova, M. P., Nazipova, A. A., et al. (2021). Serotonin promotes serum albumin interaction with the monomeric amyloid beta peptide. Int. J. Mol. Sci. 22:5896. doi: 10.3390/ijms22115896

Loos, R. J. F. (2020). 15 years of genome-wide association studies and no signs of slowing down. Nat. Commun. 11:5900. doi: 10.1038/s41467-020-19653-5

Lotta, L. A., Pietzner, M., Stewart, I. D., Wittemans, L. B. L., Li, C., Bonelli, R., et al. (2021). A cross-platform approach identifies genetic regulators of human metabolism and health. Nat. Genet. 53, 54–64. doi: 10.1038/s41588-020-00751-5

Miulli, D. E., Norwell, D. Y., and Schwartz, F. N. (1993). Plasma concentrations of glutamate and its metabolites in patients with Alzheimer’s disease. J. Am. Osteopath. Assoc. 93, 670–676.

Molsberry, S., Bjornevik, K., Hughes, K. C., Zhang, Z. J., Jeanfavre, S., Clish, C., et al. (2020). Plasma metabolomic markers of insulin resistance and diabetes and rate of incident Parkinson’s disease. J. Parkinsons Dis. 10, 1011–1021. doi: 10.3233/JPD-191896

Morgese, M. G., Bove, M., Di Cesare Mannelli, L., Schiavone, S., Colia, A. L., Dimonte, S., et al. (2021). Precision medicine in Alzheimer’s disease: Investigating comorbid common biological substrates in the rat model of amyloid beta-induced toxicity. Front. Pharmacol. 12:799561. doi: 10.3389/fphar.2021.799561

Muñoz, A., Lopez-Lopez, A., Labandeira, C. M., and Labandeira-Garcia, J. L. (2020). Interactions between the serotonergic and other neurotransmitter systems in the basal ganglia: Role in Parkinson’s disease and adverse effects of L-DOPA. Front. Neuroanat. 14:26. doi: 10.3389/fnana.2020.00026

Nalls, M. A., Blauwendraat, C., Vallerga, C. L., Heilbron, K., Bandres-Ciga, S., Chang, D., et al. (2019). Identification of novel risk loci, causal insights, and heritable risk for Parkinson’s disease: A meta-analysis of genome-wide association studies. Lancet Neurol. 18, 1091–1102. doi: 10.1016/S1474-4422(19)30320-5

Ng, J. C. M., and Schooling, C. M. (2020). Effect of glucagon on ischemic heart disease and its risk factors: A mendelian randomization study. J. Clin. Endocrinol. Metab. 105:dgaa259. doi: 10.1210/clinem/dgaa259

Nicolas, A., Kenna, K. P., Renton, A. E., Ticozzi, N., Faghri, F., Chia, R., et al. (2018). Genome-wide Analyses Identify KIF5A as a Novel ALS Gene. Neuron 97:e1266. doi: 10.1016/j.neuron.2018.02.027

Nuzzo, T., Mancini, A., Miroballo, M., Casamassa, A., Di Maio, A., Donati, G., et al. (2021). High performance liquid chromatography determination of L-glutamate, L-glutamine and glycine content in brain, cerebrospinal fluid and blood serum of patients affected by Alzheimer’s disease. Amino Acids 53, 435–449. doi: 10.1007/s00726-021-02943-7

Pena-Bautista, C., Flor, L., Lopez-Nogueroles, M., Garcia, L., Ferrer, I., Baquero, M., et al. (2020). Plasma alterations in cholinergic and serotonergic systems in early Alzheimer Disease: Diagnosis utility. Clin. Chim. Acta 500, 233–240. doi: 10.1016/j.cca.2019.10.023

Piton, M., Hirtz, C., Desmetz, C., Milhau, J., Lajoix, A. D., Bennys, K., et al. (2018). Alzheimer’s Disease: Advances in drug development. J. Alzheimers Dis. 65, 3–13. doi: 10.3233/JAD-180145

Piubelli, L., Murtas, G., Rabattoni, V., and Pollegioni, L. (2021). The role of d-amino acids in Alzheimer’s disease. J. Alzheimers Dis. 80, 475–492. doi: 10.3233/JAD-201217

Polis, B., and Samson, A. O. (2020). Role of the metabolism of branched-chain amino acids in the development of Alzheimer’s disease and other metabolic disorders. Neural Regen. Res. 15, 1460–1470. doi: 10.4103/1673-5374.274328

Polito, L., Prato, F., Rodilossi, S., Ateri, E., Galimberti, D., Scarpini, E., et al. (2011). A novel study and meta-analysis of the genetic variation of the serotonin transporter promoter in the italian population do not support a large effect on Alzheimer’s disease risk. Int. J. Alzheimers Dis. 2011:312341. doi: 10.4061/2011/312341

Sandyk, R. (2006). Serotonergic mechanisms in amyotrophic lateral sclerosis. Int. J. Neurosci. 116, 775–826. doi: 10.1080/00207450600754087

Scheltens, P., De Strooper, B., Kivipelto, M., Holstege, H., Chetelat, G., Teunissen, C. E., et al. (2021). Alzheimer’s disease. Lancet 397, 1577–1590. doi: 10.1016/S0140-6736(20)32205-4

Shin, S. Y., Fauman, E. B., Petersen, A. K., Krumsiek, J., Santos, R., Huang, J., et al. (2014). An atlas of genetic influences on human blood metabolites. Nat Genet 46, 543–550. doi: 10.1038/ng.2982

Sivasaravanaparan, M., Olesen, L. O., Severino, M., von Linstow, C. U., Lambertsen, K. L., Gramsbergen, J. B., et al. (2022). Efficacy of chronic paroxetine treatment in mitigating amyloid pathology and microgliosis in APPSWE/PS1DeltaE9 Transgenic mice. J. Alzheimers Dis. 86, 1–15. doi: 10.3233/JAD-220019

Smith, G. D., and Ebrahim, S. (2003). ‘Mendelian randomization’: Can genetic epidemiology contribute to understanding environmental determinants of disease? Int. J. Epidemiol. 32, 1–22. doi: 10.1093/ije/dyg070

Tin, G., Mohamed, T., Shakeri, A., Pham, A. T., and Rao, P. P. N. (2019). Interactions of selective serotonin reuptake inhibitors with beta-amyloid. ACS Chem. Neurosci. 10, 226–234. doi: 10.1021/acschemneuro.8b00160

Tong, Q., Xu, Q., Xia, Q., Yuan, Y., Zhang, L., Sun, H., et al. (2015). Correlations between plasma levels of amino acids and nonmotor symptoms in Parkinson’s disease. J. Neural Transm. (Vienna) 122, 411–417. doi: 10.1007/s00702-014-1280-5

Trekova, N. A., Mikovskaya, O. I., Basharova, L. A., Vetrile, L. A., and Evseev, V. A. (2002). Immunomodulation of inherent behavior in C57Bl/6 and BALB/c mice with antibodies to glutamate. Bull. Exp. Biol. Med. 133, 118–121. doi: 10.1023/a:1015522116423

Walker, V. M., Davies, N. M., Hemani, G., Zheng, J., Haycock, P. C., Gaunt, T. R., et al. (2019). Using the MR-Base platform to investigate risk factors and drug targets for thousands of phenotypes. Wellcome Open Res. 4:113. doi: 10.12688/wellcomeopenres.15334.2

Wang, S., Yabuki, Y., Matsuo, K., Xu, J., Izumi, H., Sakimura, K., et al. (2018). T-type calcium channel enhancer SAK3 promotes dopamine and serotonin releases in the hippocampus in naive and amyloid precursor protein knock-in mice. PLoS One 13:e0206986. doi: 10.1371/journal.pone.0206986

Whiley, L., Chappell, K. E., D’Hondt, E., Lewis, M. R., Jimenez, B., Snowden, S. G., et al. (2021). 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. Alzheimers Res. Ther. 13:20. doi: 10.1186/s13195-020-00741-z

Wichit, P., Thanprasertsuk, S., Phokaewvarangkul, O., Bhidayasiri, R., and Bongsebandhu-Phubhakdi, S. (2021). Monoamine levels and parkinson’s disease progression: Evidence from a high-performance liquid chromatography study. Front. Neurosci. 15:605887. doi: 10.3389/fnins.2021.605887

Wittemans, L. B. L., Lotta, L. A., Oliver-Williams, C., Stewart, I. D., Surendran, P., Karthikeyan, S., et al. (2019). Assessing the causal association of glycine with risk of cardio-metabolic diseases. Nat. Commun. 10:1060. doi: 10.1038/s41467-019-08936-1

Yamazaki, K., Yoshino, Y., Mori, T., Okita, M., Yoshida, T., Mori, Y., et al. (2016). Association Study and meta-analysis of polymorphisms, methylation profiles, and peripheral mRNA expression of the serotonin transporter gene in patients with Alzheimer’s Disease. Dement. Geriatr. Cogn. Disord. 41, 334–347. doi: 10.1159/000447324



OPS/images/fnagi-14-938408-e003.jpg
By = 1\/ziB





OPS/images/fnagi-14-938408-e002.jpg
Oyw = ZkﬂXAﬁYAaiz / Zkﬂxzf’\iz





OPS/images/fnagi-14-938408-e001.jpg
se (@) = Bv,/Px,





OPS/images/fnagi-14-938408-e000.jpg
2

= Bvi/Px,





OPS/images/fnagi-14-938408-g001.jpg
Neurotransmitters Outcomes OR (95% CI) P-value
AD = 1.145 (0.939, 1.396) 0.180
Glycine PD —— 0.929 (0.737, 1.170) 0.531
ALS —— 1.003 (0.945, 1.066) 0.916
AD = 1.311 (1.087, 1.580) 0.004
Glutamate PD 0.843 (0.645, 1.100) 0.209
ALS —— 0.996 (0.824, 1.203) 0.964
AD 0.607 (0.396, 0.932) 0.022
Serotonin PD = 1.080 (0.595, 1.963) 0.800
ALS 0.838 (0.596, 1.180) 0.312

0.5

OR (95% Cl)

|
1.5





OPS/images/fnagi-14-938408-i002.jpg





OPS/xhtml/nav.xhtml




Contents





		Cover



		Genetically predicted circulating levels of glycine, glutamate, and serotonin in relation to the risks of three major neurodegenerative diseases: A Mendelian randomization analysis



		Introduction



		Materials and methods



		Data sources



		Statistical analysis







		Results



		Associations of blood glycine levels with three neurodegenerative diseases



		Associations of blood glutamate levels with three neurodegenerative diseases



		Associations of blood serotonin levels with three neurodegenerative diseases







		Discussion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References

















OPS/images/fnagi-14-938408-i003.jpg
Gy,)





OPS/images/cover.jpg
& frontiers | Frontiers in Aging Neuroscience

Genetically predicted circulating
levels of glycine, glutamate,
and serotonin in relation to the
risks of three major
neurodegenerative diseases:
A Mendelian randomization
analysis











OPS/images/fnagi-14-938408-t002.jpg
Outcomes

AD

Inverse-variance weighted
Weighted median
MR-Egger regression

PD

Inverse-variance weighted
Weighted median
MR-Egger regression

ALS

Inverse-variance weighted
Weighted median
MR-Egger regression

SNPs

20
20

21
21
21

23
23
23

OR (95% CI)

1.311 (1.087, 1.580)
1.269 (0.970, 1.660)
1.190 (0.816, 1.737)

0.843 (0.645, 1.100)
0.840 (0.575, 1.227)
0.900 (0.546, 1.485)

0.996 (0.824, 1.203)
1.027 (0.823, 1.282)
1.631 (1.161,2.291)

P-value

0.004
0.082
0.378

0.209
0.368
0.685

0.964
0.812
0.010

Cochran’s Q

10.195

15.623

30.911

P-value MR-Egger intercept

0.948
0.004
0.740
-0.003
0.098
-0.023

P-value

0.573

0.764

0.004

AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; CI, confidence interval; OR, odds ratio; MR, Mendelian randomization; PD, Parkinson’s disease; SNP, single nucleotide polymorphism.






OPS/images/fnagi-14-938408-t001.jpg
Outcomes

AD

Inverse-variance weighted
Weighted median
MR-Egger regression

PD

Inverse-variance weighted
Weighted median
MR-Egger regression

ALS

Inverse-variance weighted
Weighted median
MR-Egger regression

SNPs

19
19
19

23
23
23

23
23
23

OR (95% CI)

1.145 (0.939, 1.396)
1.138 (0.920, 1.407)
1.101 (0.683, 1.777)

0.929 (0.737, 1.170)
1.058 (0.784, 1.429)
0.940 (0.553, 1.598)

1.003 (0.945, 1.066)
1.002 (0.939, 1.070)
1.004 (0.931, 1.082)

P-value

0.180
0.235
0.697

0.531
0.713
0.822

0.916
0.945
0.921

Cochran’s Q

33.030

34.654

21.103

P-value MR-Egger intercept

0.017
0.002

0.042
-0.001

0.514
0.000

P-value

0.863

0.960

0.981

AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; CI, confidence interval; OR, odds ratio; MR, Mendelian randomization; PD, Parkinson’s disease; SNP, single nucleotide polymorphism.





OPS/images/logo.jpg
’ frontiers | Frontiers in Aging Neuroscience






OPS/images/fnagi-14-938408-t003.jpg
Outcomes

AD

Inverse-variance weighted
Weighted median
MR-Egger regression

PD

Inverse-variance weighted
Weighted median
MR-Egger regression

ALS

Inverse-variance weighted
Weighted median
MR-Egger regression

SNPs

22
22
22

23
23
23

23
23
23

OR (95% CI)

0.607 (0.396, 0.932)
0.517 (0.300, 0.893)
1.010 (0.222, 4.587)

1.080 (0.595, 1.963)
2.449 (1.194, 5.024)
1.025 (0.121, 8.689)

0.838 (0.596, 1.180)
0.899 (0.563, 1.434)
0.472 (0.102, 2.176)

P-value

0.022
0.018
0.990

0.800
0.015
0.982

0.312
0.654
0.346

Cochran’s Q

26.983

35.575

11.571

P-value MR-Egger intercept

0.171
-0.010
0.046
0.001
0.977
0.011

P-value

0.500

0.960

0.457

AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; CI, confidence interval; OR, odds ratio; MR, Mendelian randomization; PD, Parkinson’s disease; SNP, single nucleotide polymorphism.






OPS/images/cross.jpg
@ Check for updates.





OPS/images/fnagi-14-938408-i000.jpg





OPS/images/fnagi-14-938408-i001.jpg
Ox,





