

[image: image1]
Metabolomics in Primary Open Angle Glaucoma: A Systematic Review and Meta-Analysis












	 
	SYSTEMATIC REVIEW
published: 12 May 2022
doi: 10.3389/fnins.2022.835736





[image: image]

Metabolomics in Primary Open Angle Glaucoma: A Systematic Review and Meta-Analysis

Yizhen Tang1,2, Simran Shah2, Kin-Sang Cho2, Xinghuai Sun3 and Dong Feng Chen2*

1Beijing Ophthalmology and Visual Sciences Key Laboratory, Beijing Tongren Eye Center, Beijing Tongren Hospital, Capital Medical University, Beijing, China

2Department of Ophthalmology, Schepens Eye Research Institute of Massachusetts Eye and Ear, Harvard Medical School, Boston, MA, United States

3Department of Ophthalmology, Eye Institute, Eye & ENT Hospital, Fudan University, Shanghai, China

Edited by:
Sabrina Reinehr, Ruhr University Bochum, Germany

Reviewed by:
Yonju Ha, University of Texas Medical Branch at Galveston, United States
Chiara Bianca Maria Platania, University of Catania, Italy

*Correspondence: Dong Feng Chen, dongfeng_chen@meei.harvard.edu

Specialty section: This article was submitted to Neurodegeneration, a section of the journal Frontiers in Neuroscience

Received: 14 December 2021
Accepted: 15 March 2022
Published: 12 May 2022

Citation: Tang Y, Shah S, Cho K-S, Sun X and Chen DF (2022) Metabolomics in Primary Open Angle Glaucoma: A Systematic Review and Meta-Analysis. Front. Neurosci. 16:835736. doi: 10.3389/fnins.2022.835736

Glaucoma is a leading cause of blindness worldwide. It is suggested that primary open angle glaucoma (POAG), the most common form of glaucoma, may be associated with significant metabolic alternations, but the systemic literature review and meta-analysis in the area have been missing. Altered metabolomic profiles in the aqueous humor and plasma may serve as possible biomarkers for early detection or treatment targets. In this article, we performed a systematic meta-analysis of the current literature surrounding the metabolomics of patients with POAG and metabolites associated with the disease. Results suggest several metabolites found to be specifically altered in patients with POAG, suggesting broad generalizability and pathways for future research.
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INTRODUCTION

Glaucoma is the leading cause of irreversible blindness characterized by progressive damage of retinal ganglion cells (RGCs) and the optic nerve. It affects nearly 80 million people worldwide, and this number is expected to reach 111.8 million by 2040 (Tham et al., 2014). As the most common type of glaucoma, primary open angle glaucoma (POAG) is a multifactorial neurodegenerative disease, which has been linked to vascular, genetic, anatomical, and immune factors (Zhang et al., 2020). Despite its high prevalence and increasing public health burden, the diagnosis and therapy of POAG present critical unmet medical needs. Patients with POAG are conventionally diagnosed based on clinical and ancillary examinations only if symptoms appear. Elevated intraocular pressure (IOP) is a major and only modifiable risk factor of POAG, although it is neither necessary nor sufficient to cause glaucoma. Current treatment targets solely at lowering IOP. Identification of biomarkers to allow early diagnosis and prompt treatment thus are crucial in preventing permanent and irreversible visual loss of POAG (Heijl et al., 2002; Weinreb et al., 2014).

To date, analysis of transcriptomics, proteomics, and metabolomics have been attempted to uncover the complicated pathogenesis of POAG (Bhattacharya et al., 2013; Takamoto and Araie, 2014; Funke et al., 2016; Shiga et al., 2018). Metabolomics started to develop during the recent decade, providing not only novel biomarkers for diseases but also new insights into the pathophysiology by revealing final downstream products of the whole body system (Schrimpe-Rutledge et al., 2016). It has been utilized to study various eye diseases, including glaucoma, age-related macular degeneration, and diabetic retinopathy (Barbosa-Breda et al., 2018). Previous studies revealed that metabolites of gut microbiota play an important role across the great distance of the human body in mediating neuroinflammation and influencing the perpetuation and progression of neurodegenerative diseases of the central nervous system or the retina (Sharon et al., 2016). It is acknowledged that neuroinflammation driven by both innate and adaptive immunity contributes to the progression of glaucomatous neuron loss; thus, the regulation of which may present a therapeutic target (Chen et al., 2018; Jiang et al., 2020; Tang J. et al., 2020; Tang Y. et al., 2020). The microbial metabolites influence immune homeostasis, including immune cell subsets and their functions (Rooks and Garrett, 2016). For instance, short-chain fatty acids (SCFAs) have been shown to contribute to the counts and functionalities of CD4+ regulatory T cells and microglia (Luu et al., 2019), which deeply participate in the pathophysiology of glaucoma (Chen et al., 2018). In such an aspect, metabolites might be critical and promising for the diagnosis and potential treatment of glaucoma.

Currently, correlative studies between specific metabolites and the development of POAG are only beginning to be exploited, including targeted and semi-targeted approaches (Edwards et al., 2014; Burgess et al., 2015; Leruez et al., 2018; Buisset et al., 2019; Yizhen et al., 2019; Kouassi Nzoughet et al., 2020; Myer et al., 2020; Pan et al., 2020). Both approaches yield abundant information on the changes of metabolites and suggest discriminant metabolites involved in steroid biosynthesis, mitochondrial oxidation of energetic substrates, senescence, and polyamine function in the plasma of patients with POAG (Burgess et al., 2015; Leruez et al., 2018; Kouassi Nzoughet et al., 2020). Studies performed till now have created a copious amount of information on the metabolites in aqueous humor and plasma of patients with glaucoma. However, current outcomes are not consistently validated by large sample size and analysis techniques. The present meta-analysis is set up to summarize the metabolomic profiles of POAG to gain further insights into the pathogenesis of the disease.



METHODS


Search Strategy

A systematic search of the database includes PubMed, Embase, and Web of Science, which were performed to identify metabolomic studies on glaucoma dated up to August 2021. The following terms “glaucoma” and “metabolomics” OR “metabolomic” were used to search for studies in the selected database. The relevant reviews and additional reference lists were also scanned for potential literature. Two independent reviewers conducted a preliminary review of the abstract and results and analyzed the full text to select studies that meet our predefined criteria. The disagreements between the two reviewers were resolved through careful discussion, involving the third reviewer, if necessary, until a consensus was reached.



Inclusion and Exclusion Criteria

Inclusion criteria included studies focusing on POAG, and the analysis of the metabolites of the aqueous humor or blood plasma using nuclear magnetic resonance or liquid or gas chromatography-mass spectrometry.

The excluded studies are those focused on the mouse or other animal models, or an alternative form of glaucoma, other ocular diseases, or the metabolites of a body fluid other than blood plasma and aqueous humor.



Quality Assessment

The Newcastle–Ottawa scale (NOS) was used for quality assessment. The NOS contains eight items (nine scores in total), which fit into three categories: selection (four scores), comparability (two scores), and exposure of a case–control study or outcome of a cohort study (three scores). A score of ≥6 indicates good quality.



Pathway Analysis Process

All metabolites and differentially expressed metabolites (DEMs) were summarized as pooled DEMs for aqueous humor and plasma, respectively. Pathways enrichment analysis of pooled DEMs was conducted using MetaboAnalyst v4.0 and Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Chong et al., 2018).



Data Extraction Process

The patient data were extracted from the selected studies via a standard form: first author, year of publication, country, age of the patient, sex of the patient, sample size, sample material, quality control, and metabolomic analyzing platform. The second reviewer double-checked all data. The included studies reported the outcomes with various forms. To get the same form of the outcomes, the fold change (FC) and standard error (SE) were calculated as follows:

(1) If the median and interquartile range (IQR) are available in the included studies, we estimated mean = median and estimated standard deviation (SD) = IQR/1.35, and then the SE of the log FC was calculated as follows (Lajeunessei, 2011):
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Where FC = m1/m2, m1 and m2 are the mean values, s1 and s2 are the SDs, and n1 and n2 are the sample sizes.

(2) If mean and SD are available in the included studies, then the SE of the log FC was directly calculated as the above formula.

(3) If FC and p-value or adjust p-value are available in the included studies, then the adjust p-value (q-value) was transferred to p as:
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Where i is the rank and N is the total detected metabolites.

Then the SE of the log FC was calculated as follows:
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Where z-score was calculated from p/2 value (one side).

Finally, the log(FC), SE, n1, and n2 were used to perform the meta-analysis.



Statistical Analysis

The statistical analysis was performed using Review Manager 5.3. The weighted mean difference (WMD) and 95% confidence interval (CI) were calculated from selected outcomes. A value of p < 0.05 was considered statistically significant. Statistical heterogeneity was tested using the chi-squared and I2 tests. A random-effect meta-regression model was used due to the divergence of the patient population and the metabolite detection methods.




RESULTS


Literature Selection

We performed a systemic search of databases and literature in PubMed, Embase, and Web of Science using the words “glaucoma” and “metabolomics” or “metabolomic” (Figure 1). Among the 180 reports reviewed independently and in duplicate by two investigators, 82 duplicated databases were excluded. In the remaining 98 studies retrieved, we removed 80 studies that were noted to be literature reviews/comments, analysis in animal models, or unrelated reports. Following the full-text article reviewed thereafter, 7 studies without accessible text were further excluded. After the final addition of 7 references identified through hand searching of citations of all reports, 18 studies met the inclusion criteria in this analysis (Figure 1). The characteristics of the included studies are summarized in Table 1. Among these studies, 7 were analyzed in aqueous humor, 7 were analyzed in plasma, and 4 were analyzed in both. The number of participants in these studies ranged from 12 to 506. Finally, 15 studies have extractable quantitative data for meta-analysis.
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FIGURE 1. Flow diagram of literature search and study selection in patients with POAG and controls.



TABLE 1. Basic information of the studies included in this review and meta-analysis.
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Common Metabolites and Associated Pathways Identified in Patients With Primary Open Angle Glaucoma

Data from the 18 case–control studies identified 133 metabolites in aqueous humor and 101 in plasma that were uniquely changed in patients with POAG compared to control subjects. The metabolites that were shown to be significantly altered/differentially expressed (DEMs) in either the aqueous humor or plasma of patients with POAG are summarized in Supplementary Tables 1, 2, respectively.

We next performed pathway enrichment analysis based on the metabolites pooled from all 18 studies that were found in the aqueous humor and plasma (Figure 2). The top six significantly enriched pathways detected in the aqueous humor of patients with POAG included aminoacyl-tRNA biosynthesis, D-glutamine and D-glutamate metabolism, galactose metabolism, arginine biosynthesis, glycine metabolism, and arginine metabolism (p < 0.01). The analysis identified four significantly enriched pathways in the plasma of patients with POAG vs. control subjects, including arginine and proline metabolism, glyoxylate and dicarboxylate metabolism, and beta-alanine metabolism (p < 0.05). Thus, arginine metabolism, which is both enriched in aqueous humor and plasma, is the most striking pathway altered in patients with POAG based on previous studies.
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FIGURE 2. KEGG pathway enrichment analysis of the pooled metabolites. Dot plots of differentially expressed metabolites in the aqueous humor (A) and plasma (B) of patients with POAG and controls ranked by p-value. The bubble size indicates the enriched factor in each pathway and the color bar shows the p-value.




Meta-Analysis of the Metabolites

For the meta-analysis, only metabolites reported in at least 3 publications were considered in the present study. Among them, six common metabolites (glutamine, creatine, glycine, lysine, alanine, and hydroxyproline) were noted in 6 studies that analyzed the aqueous humors of control and patients with POAG (Ghanem et al., 2012; Buisset et al., 2019; Barbosa Breda et al., 2020; Myer et al., 2020; Pulukool et al., 2021; Tang et al., 2021b). Since Myer et al. (2020) used two methods [LC–MS/MS and nuclear magnetic resonance (NMR)] to analyze the samples and generated non-consistent outcomes, we treated the outcomes from these two methods as separate datasets. Except for glutamine and hydroxyproline, all of the other four metabolites, creatine (FC = 1.15, 95% CI: 1.01–1.31, p = 0.04, I2 = 79%), glycine (FC = 1.34, 95% CI: 1.00–1.79, p = 0.05, I2 = 84%), lysine (FC = 1.43, 95% CI: 1.04–1.96, p = 0.03, I2 = 97%), and alanine (FC = 1.24, 95% CI: 1.12–1.38, p < 0.001, I2 = 33%), were shown to be significantly higher in the aqueous humors of patients with POAG than that in the control subjects (Figure 3).
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FIGURE 3. Forest plot of the metabolites in the aqueous humor of patients with POAG compared to controls using a random-effect model. Odds ratio (OR) and 95% confidence intervals (95% CI) were given. The position of the red squares and the horizontal black lines correspond to OR and 95% CI of each study, respectively. The size of the square stands for the weight of the study. The overall OR was displayed by the black diamond, the width of which shows the overall 95% CI of per metabolite. The I2 and p-value for heterogeneity were displayed and the p-value for each metabolite is shown after the test for overall effect.


Significant changes of five plasma metabolites, arginine, methionine, tyrosine, nicotinamide, and hydroxyproline, were reported in patients with POAG compared to control subjects in 5 studies (Ghanem et al., 2012; Leruez et al., 2018; Kouassi Nzoughet et al., 2019, 2020; Tang et al., 2021b). Among them, methionine (FC = 1.19, 95% CI: 1.10–1.28, p < 0.001, I2 = 0%) and hydroxyproline (FC = 1.22, 95% CI: 1.00–1.49, p = 0.05, I2 = 90%) were significantly higher in the plasma of patients with POAG (Figure 4). However, the plasma level of nicotinamide was decreased in patients with POAG in two reports (Kouassi Nzoughet et al., 2019, 2020) but was significantly increased in the other (Tang et al., 2021b). Together, most identified metabolites markers are consistently altered among studies: alanine in aqueous humor and methionine in plasma is the most stable biomarkers for POAG based on this meta-analysis.
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FIGURE 4. Forest plot of the metabolites in the plasma of patients with POAG compared to controls using a random-effect model. Odds ratio (OR) and 95% confidence intervals (95% CI) were given. The position of the red squares and the horizontal black lines correspond to OR and 95% CI of each study, respectively. The size of the square stands for the weight of the study. The overall OR was displayed by the black diamond, the width of which shows the overall 95% CI of per metabolite. The I2 and p-value for heterogeneity were displayed, and the p-value for each metabolite is shown after the test for overall effect.





DISCUSSION

This systematic review and meta-analyses report a number of metabolites in the aqueous humor and plasma identified using comprehensive high-throughput metabolomics that is prospectively associated with human patients with POAG. Six metabolites in the aqueous humors and five from the plasma were repeatedly shown up in at least three independent studies (Ghanem et al., 2012; Leruez et al., 2018; Buisset et al., 2019; Kouassi Nzoughet et al., 2019, 2020; Barbosa Breda et al., 2020; Myer et al., 2020; Pulukool et al., 2021; Tang et al., 2021b). Main dysregulated metabolites were summarized in Figure 5. These findings might point to possible metabolomic biomarkers and therapeutic targets for glaucoma.
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FIGURE 5. Summary of the dysregulated metabolites.


This study reviewed metabolite changes detected in both the aqueous humor and plasma of patients with POAG as determined using various platforms, including nuclear magnetic resonance [NMR or liquid or gas chromatography-mass spectrometry (LC/GC-MS)]. Among these studies, some changes were found to be common in several reports and share similar or overlapping metabolic pathways. For instance, significant upregulation of the metabolites in responding to oxidative stress was reported in both studies by Buisset et al. (2019) and Takayanagi et al. (2020), in agreement with increased oxidative stress in patients with POAG. Mitochondrial energetic substrates were also noted in several of the studies, indicating dysregulated energy metabolism in patients with POAG (Leruez et al., 2018; Kouassi Nzoughet et al., 2020). However, not all changes were consistently revealed among studies, and some led to contradictory readouts. For example, aqueous humor outflow-related metabolites (Myer et al., 2020), trimethylamine and nicotinamide (Kouassi Nzoughet et al., 2020), senescence biomarkers (Leruez et al., 2018), and remodeled cell membrane components (Buisset et al., 2019) were mentioned in separate studies. Glutamine was dramatically decreased in the report by Myer et al. (2020), whereas it was increased in the study by Buisset et al. (2019) and Tang et al. (2021b). In part, reports of common metabolites were usually detected by different groups that employed similar techniques of studies (Leruez et al., 2018; Buisset et al., 2019; Kouassi Nzoughet et al., 2020), whereas opposing findings could be results of different methodologies, disparities of patient populations, or various disease stages studied (IOP variance or POAG at different disease stages) (Kotikoski et al., 2002; Ghanem et al., 2011). Therefore, both the overlapping and opposing findings may offer valuable information reflecting the true pathological processes of the disease.

Lysine is found to be increased in the aqueous humor of patients with POAG. It is an essential amino acid that helps the body produce infection-fighting antibodies, enzymes, hormones, and body tissues. If not used for protein synthesis, lysine is catabolized in mitochondria. Thus, lysine and its degradation product are the reflections of mitochondrial homeostasis. It is reported that lysine supplement boosts the immune responses (Datta et al., 2001). The studies have attested to the importance of the demethylation of lysine 9 of histone H3 (H3K9) in regulating the differentiation of T cells (Scheer and Zaph, 2017) and the proliferation of B cells (Jiang et al., 2019). A combination of L-lysine and L-arginine is one of the most effective supplements for anxiety relief (Lakhan and Vieira, 2010). Not only do lysine and arginine share some metabolism pathways but also turbulence in lysine might also affect arginine, which is found to be significantly increased in the aqueous humor of patients with POAG as described by Myer et al. (2020) and Tang et al. (2021b).

Increased concentrations of creatine in aqueous humor have been verified (Buisset et al., 2019; Myer et al., 2020). Creatine is the product of creatine kinase and ATP, providing energy for muscles including the ciliary body. Elevated creatine levels may lead to increased aqueous humor production and increased IOP. A previous study demonstrated increased concentrations of hydroxyproline, alanine, glutamine, creatine/creatinine, and fatty acids in the aqueous humor of a rat glaucoma model (Mayordomo-Febrer et al., 2015). Studies reported that creatine is neuroprotective to retinal neurons in vitro (Sia et al., 2019), and it stabilizes intracellular calcium to protect against hypertonic stress (Alfieri et al., 2006). Creatine might also regulate the immune response by reprogramming macrophage polarization through suppressing IFN-γ-STAT1 signaling (Ji et al., 2019) and T-cell activation via T-cell receptor (TCR) signaling (Kazak and Cohen, 2020). Further investigation on creatine and glaucoma neurodegeneration might be needed.

Alanine was found to be consistently increased in the aqueous humor of patients with POAG. Higher alanine concentration was also reported in the retinas of DBA/2J mice (Schuettauf et al., 2007). Alanine can be converted from pyruvate and degraded to pyruvate through transamination by alanine aminotransferase in mitochondria. Thus, an increase of alanine may result from oxidative phosphorylation (OXPHOS) deficiency or dysfunction (Smeitink et al., 2006). Accumulation of L-alanine reduces the production of pyruvate in glycolysis by inhibiting pyruvate kinase and preventing glucose consumption, which is an essential energy source of the retina. This feedback may lead to energy deficiency and further deteriorate neurodegeneration, which is also reported to be the key pathogenesis of glaucoma. Thus, targeting energy deficiency might be another therapeutic perspective for glaucoma (Williams et al., 2017; Tang et al., 2021a).

Hydroxyproline comprises roughly 4% of all the amino acids in the body. Hydroxyproline, proline, and glycine are the major components of collagen, the main building block of connective tissue such as skin, bone, and cartilage. When an injury occurs, hydroxyproline is necessary for repairing tissue damage and fighting against infectious diseases (Li and Wu, 2018). Hydroxyproline is used as a noninvasive oxidative diagnostic marker for bone turnover and liver fibrosis. The generation of hydroxyproline is enhanced in response to oxidative stress as an adaptation mechanism (Wu et al., 2019). Interestingly, hydroxyproline is increased in both the aqueous humor and plasma of patients with POAG, implicating increased oxidative stress under the pathological state of glaucoma.

The essential amino acid L-methionine is a precursor of succinyl-CoA, homocysteine cysteine, creatine, carnitine, and taurine, all critical to eye health. Methionine restriction extends lifespan across different species and exerts beneficial effects on metabolic health and inflammatory responses (Parkhitko et al., 2019). A high serum concentration of methionine is associated with coronary, cerebrovascular, and arterial occlusive diseases (Soares et al., 2017). Recent studies demonstrated that methionine regulates metabolic processes and innate immune responses (Fiil and Gyrd-Hansen, 2014; Martínez et al., 2017) and increases the production of glutathione, taurine, and other metabolites (Martínez et al., 2017). Apart from that, methionine’s derivative feeds into the polyamine, spermidine, and spermidine biosynthesis pathways. A study showed that a diet of spermidine reduced oxidative stress and ameliorates neurodegeneration in a mice glaucoma model (Noro et al., 2015).

Based on the reported changes, we performed pathway enrichment analyses using the pooled metabolites. It is interesting to note that the top five pathways found in the aqueous humor and plasma of patients with POAG overlap a great deal. This similarity maybe expected considering POAG is a chronic neurodegeneration disease that is likely to induce systematic metabolomic changes. Aminoacyl-tRNA biosynthesis (ARSs) and arginine and proline metabolisms are the most striking and common alterations in patients with POAG. ARSs are involved in a broad range of physiological processes (Martinis et al., 1999), and their alteration may lead to changes in cellular viability, activation, and recruitment of immune cells (Nie et al., 2019). Increasing evidence supports that ARSs are involved in both innate and adaptive immune responses (Nie et al., 2019). Arginine metabolism is also known to play an important role in immune regulation (Kim et al., 2018). Therefore, these two pathways may be closely related in function and involved in the pathogenesis of glaucomatous neurodegeneration. Understanding how these metabolites participate in cell signaling and interact with the body’s immune system may provide important insight into the mechanisms and therapeutic targets for glaucoma.


Limitations and Future Directions

This study underwent thorough vetting of the current literature to create a meta-analysis as holistic as possible. For the included studies, gender, platforms, and patient populations are among the top three intrinsic biases. For instance, no female subject was included in the control group of the report by Myer et al. (2020). Population bias may also exist, as some metabolites (e.g., arginine) in the meta-analysis are based on studies taken from similar regions, such as studies from the same group in France and China. While in a larger dataset study (n > 200), no differences in plasma arginine were noted between POAG and control subjects (Javadiyan et al., 2012). In addition, different criteria for control groups might also potentially affect the significance of metabolites. Some studies, albeit fit our inclusion criteria, lacked available and formatted data that could be incorporated in this meta-analysis. Incomplete raw datasets prohibit the detection of significant changes through meta-analysis. While lipids are the main component in metabolomics, inaccurate naming and labeling have made it difficult to analyze the data. In short, changes found in the aqueous humor seem to be more consistent compared to plasma metabolite data, possibly due to the high sensitivity of metabolomics, which can be affected by many factors, including diets and populations, and tissue types and sample processing (Stevens et al., 2019). A broader population and geographic locations in both healthy control subjects should also be included in the future. In the meantime, a dataset with minimized intrinsic bias and available format will provide benefits for the investigation of biomarkers and the pathology of glaucoma.
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