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Background: Circulating methionine components have been reported to be associated with Alzheimer’s disease (AD) and mild cognitive impairment (MCI), although outcomes are not always consistent.

Materials and methods: Database searching was conducted using PubMed, Embase, Cochrane Library, and Web of Science from inception to 26 December 2021. In this study, two reviewers independently identified eligible articles and extracted the data. We used Joanna Briggs Institute (JBI) Critical Appraisal tools to assess the overall quality of the included studies. STATA software was employed to perform meta-analysis evaluating the standardized mean difference (SMD) with its 95% confidence intervals (CIs) using random-effects models. Evidence quality was assessed using the Grading of Recommendations Assessment, Development, and Evaluation (GRADE) criteria.

Results: Totally, 30 observational studies were eligible for inclusion. Compared with cognitively normal controls, patients with AD had increased homocysteine (Hcy) levels in the blood [standardized mean difference (SMD) = 0.59, 95% confidence interval [CI]: 0.36–0.82, P = 0.000], plasma (SMD = 0.39, 95% CI: 0.23–0.55, P = 0.000), and serum (SMD = 1.56, 95% CI: 0.59–2.95, P = 0.002). Patients with MCI were not significantly different from controls (SMD = 0.26, 95% CI: –0.07–0.58, P = 0.127). Patients with AD or MCI did not significantly differ from controls of blood vitamin B12 levels, AD (SMD = –0.05, 95% CI: –0.19–0.08, P = 0.440), or MCI (SMD = 0.01, 95% CI: –0.16–0.17, P = 0.94). Some cohort studies have suggested that higher Hcy, methionine, and S-adenosylmethionine levels may accelerate cognitive decline in patients with MCI or AD, and vitamin B12 deficiency is a risk factor for the disease; however, the results of other studies were inconsistent. According to the GRADE system, all these outcomes scored very low to low quality, and no high-quality evidence was found.

Conclusion: Only Hcy levels in the plasma and serum were found to be inversely related to the risk of AD. However, due to the low quality of supporting these results, high-quality studies are needed to verify these findings.

Systematic Review Registration: http://www.crd.york.ac.uk/PROSPERO/, identifier CRD42022308961.
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Introduction

Alzheimer’s disease (AD) is a chronic neurodegenerative disease that is characterized by progressive memory loss and cognitive deficits. Globally, the incidence of AD doubles every 5 years after the age of 65 years. Furthermore, the number of cases is expected to exceed 115 million by 2050, placing a huge burden on patients, caregivers, and the society (Dubois et al., 2014; Mecca and van Dyck, 2021). Mild cognitive impairment (MCI) is a prodromal form of AD that is characterized by neurocognitive dysfunction (Chandra et al., 2019). However, pathological changes associated with AD begin to occur in the brain at least 10 years before the onset of overt symptoms and clinical manifestations, making the discovery of early diagnostic methods and timely interventions important for AD management (Petersen, 2009). This has led to intensive research on the discovery and development of accurate, reliable, and cost-effective early AD biomarkers (DeMarshall et al., 2016). Compared to other substances such as cerebrospinal fluid (CSF), blood is more readily available and can be used as a biomarker for AD screening and diagnosis. At the same time, blood is reproducible, non-invasive, simple, and economical and has a high level of sensitivity and specificity for AD (James et al., 2016). It can identify patients at risk for AD, progression from MCI to AD, and clinically confirmed rapid progression of AD (Altuna-Azkargorta and Mendioroz-Iriarte, 2018). Blood biomarkers would be a good approach for potential application as a screening tool in primary care or for longitudinal assessments of repeat sampling (Ritchie et al., 2017). An increasing number of patients with AD and lack of therapeutic drugs have prompted researchers in different fields to study identifiable and predictive risk factors to prevent the occurrence and development of AD. Among the recognizable substances, circulating methionine (Met) components are the most representative. In recent years, studies have reported an association between the components of the Met cycle in the blood and AD or MCI (Troesch et al., 2016; Singh and Prakash, 2017; Sklirou and Lichter-Konecki, 2018).

The components of the Met cycle include Met, S-adenosylmethionine (SAM), S-adenosylhomocysteine (SAH), and homocysteine (Hcy), wherein vitamin B12 is a coenzyme. DNA methylation and other epigenetic factors are important in the pathogenesis of AD. The metabolism of sulfur-containing amino acids in the transsulfuration pathway involves transfer of the sulfur atom of Met to serine to produce cysteine (Román et al., 2019). Met first reacts with ATP to form SAM, SAH, and Hcy. Remethylation defects can occur if Hcy fails to convert to the amino acid Met. This pathway requires the integrity of the gene encoding Methylenetetrahydrofolate reductase (MTHFR), which is required for the interaction between vitamin B12 and folate. Folate provides the methyl group required for the remethylation pathway to produce SAM, the main methyl donor for epigenetic processes (Román et al., 2019). MTHFR catalyzes the conversion of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate, a co-substrate of vitamin B12 for the remethylation of Hcy to Met (Román, 2015). It has been shown that elevated or decreased circulating Met components are strongly associated with the development of AD. A study by Pi et al. (2021) indicated that excessive or insufficient Met can lead to problems such as neuronal dysfunction and neurodegeneration, leading to symptoms such as AD. Elevated Hcy levels have been shown to be a risk factor for atrophy of specific brain regions and to be associated with cognitive decline (Singh and Prakash, 2017). Smith et al. (2018) and Wang et al. (2021) also concluded that AD is associated with higher Hcy levels. SAM is a direct metabolite of Met and is a methyl donor for almost all methylation reactions in vivo (Shrubsole et al., 2015), including DNA and RNA methylation (Chiang et al., 1996). Panza et al. (2009) suggested that SAM may be used as a neuroprotective dietary supplement in patients with AD. By contrast, some studies have shown the opposite. For example, Ravaglia et al. (2000a) and Miller et al. (2002) indicated that whether elevated Hcy directly influences AD pathogenesis or progression remains to be determined. Similarly, although there is a correlation between patients with AD with SAM and SAH (Kennedy et al., 2004; Li et al., 2017), the relationship between these groups needs to be evaluated in further studies (Sharma et al., 2017). Since vitamin B12 affects the Met cycle by acting as a cofactor for Met synthase (Lam et al., 2021), blood levels of vitamin B12 may also affect the levels of Met cycle components, with consequent effects on the development of AD or MCI. Some studies have found a significant association between vitamin B12 concentrations and cognitive decline (Tangney et al., 2009; Yu et al., 2016), but others have not (O’Leary et al., 2012; Zhang et al., 2017). The association between vitamin B12 and Hcy levels and cognitive decline suggests a significant role in AD/MCI. However, studies have provided conflicting and inconsistent results regarding the association between circulating blood Met components and cognitive decline, and the available evidence does not adequately indicate a link between the two factors. To the best of our knowledge, no formal meta-analysis has been conducted on the blood levels of circulating Met components in AD or MCI patients.

The aim of this systematic review and meta-analysis was to determine the relationship between circulating Met components and AD/MCI.



Materials and methods

This meta-analysis was registered in PROSPERO (CRD42022308961) and conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines (Page et al., 2021).


Search strategy

We searched for potentially eligible studies using PubMed, Embase, Cochrane Library, and Web of Science databases from inception to December 26, 2021. Searches of all English databases included the following terms: (“Alzheimer’s disease” OR “Alzheimer*” OR “cognitive impairment”) AND (“methionine” OR “Met” OR “S-adenosylmethionine” OR “S-adenosyl methionine” OR “S-adenosyl-L-methionine” OR “SAM” OR “SAMe” OR “AdoMet” OR “S-adenosyl homocysteine” OR “S-adenosyl-L-homocysteine” OR “SAH” OR “AdoHcy” OR “amino acid*” OR “methylation” OR “transmethylation” OR “methyl group” OR “methyl donor”) AND (“biomarker*” OR “RBC*” OR “serum” et al.). All search terms are listed in the Supplementary Material. Database searches were supplemented by expert contact, reference and citation checking, and gray literature.



Inclusion criteria

Studies were included if they simultaneously met the following criteria: (a) studies that provided the diagnostic criteria for AD or MCI used; (b) the study types were case–control, cohort, or cross-sectional; and (c) human studies that reported the peripheral blood levels of any of the most representative biomarkers (e.g., Hcy, Met, SAM, SAH, and the SAM/SAH ratio) of circulating Met components in patients with AD or MCI and healthy controls.



Exclusion criteria

Studies were excluded if they (a) were duplicate publications; (b) were reviews, meta-analyses, case reports, letters, non-human studies, conference abstracts, or did not present the original data; (c) were animal model studies; (d) were studies without baseline data; or (e) were missing necessary data (e.g., SAM and SAH) or healthy controls or included fewer than 10 people in the case or control groups. We also excluded (f) studies reporting on drugs or measures affecting blood Hcy, Met, SAM, and SAH levels unless they provided basal blood Hcy, Met, SAM, and SAH level data prior and after the intervention.



Data extraction

The following data have been extracted independently and cross-checked by two authors: author, year of publication, country, sample size, age, sex (% of male), matching factors, diagnosis, diagnostic method, sample source and units of measure, biomarkers, and analytical technology. The variables extracted from each are listed in Table 1. Finally, 15 eligible articles were included in the meta-analysis; 15 cross-sectional or cohort studies were included in the qualitative synthesis due to the heterogeneity or lack of necessary data. Standard error (SE) was converted into standard deviation (SD) by applying the following computational method: SD equals the SE multiplied by the square root of the sample size. If data were reported as medians and interquartile ranges (IQRs), they were transformed into means and SD using the methodology of Wan et al. (2014).


TABLE 1    Characteristics of the included studies.
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Quality evaluation

Joanna Briggs Institute (JBI) Critical Appraisal tools1 were used to assess the study quality and the risk of bias in eligible studies (Moola et al., 2019). Each tool composed of 8 to 11 domains; “yes,”, “no,” “unclear,” and “not applicable” were used to answer, respectively, depending on the study design (detailed description see Supplementary File 1). According to the guidelines (Munn et al., 2020), thresholds are best decided by the two systematic reviewers. The risk of bias of the studies was categorized as low risk of bias (70% or more ‘‘yes’’ responses), moderate risk of bias (50--69% ‘‘yes’’ responses), and high risk of bias (up to 49% ‘‘yes’’ responses). Overall, we considered the methodological quality of studies incorporated into our meta-analysis. The GRADE methodology was used to evaluate the quality of the body of retrieved evidence (GRADEpro).2 The GRADE system assesses evidence quality with four levels: high, moderate, low, or very low. The initial grading would be decreased if there were study limitations, inconsistencies, imprecision, indirectness, or publication bias (Atkins et al., 2004).



Statistical analysis

Meta-analyses were performed using STATA (version 16.0, StataCorp, College Station, TX, United States) with random-effects models. First, a Q-test was used to verify whether there was heterogeneity among the included models. The degree of heterogeneity was assessed using the I2 statistic, with I2 values of 25, 50, and 75% being considered to indicate low, moderate, and high heterogeneity, respectively. If I2 > 50%, heterogeneity was considered larger, and the random-effects model was used for analysis; otherwise, the fixed effects model was used. The count data were represented by standardized mean differences (SMDs) and 95% CI. Sensitivity analyses were conducted by successively removing one study at a time to confirm whether any single study affected the meta-analysis results (leave-one-out analysis). Subgroup analyses were performed based on the sample source, and each subgroup included at least three studies. Publication bias was assessed by visual inspection of funnel plots to aid judgement.




Results


Literature search

We retrieved 4,271 studies based on the retrieval strategy (PubMed = 849, Embase = 921, Web of Science = 2,287, The Cochrane Library = 214). Ultimately, we included 10 case–control studies, 10 cohort studies, and 10 cross-sectional studies, that is, 30 studies in total (Clarke et al., 1998; McCaddon et al., 1998, 2001; Lehmann et al., 1999; Budge et al., 2000; Miller et al., 2002; Seshadri et al., 2002; Stewart et al., 2002; Selley, 2004; Annerbo et al., 2005, 2006, 2009; Frick et al., 2006; Blasko et al., 2008; Linnebank et al., 2010; Faux et al., 2011; Piazza et al., 2012; Cankurtaran et al., 2013; Veryard et al., 2013; Cervellati et al., 2014; Devčić et al., 2014; Tannorella et al., 2015; Bednarska-Makaruk et al., 2016; Grossi et al., 2016; Raszewski et al., 2016; Corso et al., 2017; Dayon et al., 2017; Hooshmand et al., 2019; de Leeuw et al., 2020a,b; Figure 1).
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FIGURE 1
Flowchart for searching and selection of the included studies.




Study characteristics

Most articles were published between 2000 and 2020, two studies were published in 1998, and only one study was published in 1999. A total of 23 studies were conducted in Europe (Clarke et al., 1998; McCaddon et al., 1998, 2001; Lehmann et al., 1999; Budge et al., 2000; Annerbo et al., 2005, 2006, 2009; Frick et al., 2006; Linnebank et al., 2010; Piazza et al., 2012; Veryard et al., 2013; Cervellati et al., 2014; Devčić et al., 2014; Tannorella et al., 2015; Bednarska-Makaruk et al., 2016; Grossi et al., 2016; Raszewski et al., 2016; Corso et al., 2017; Dayon et al., 2017; Hooshmand et al., 2019; de Leeuw et al., 2020a,b), two studies in North America (Miller et al., 2002; Seshadri et al., 2002), three studies in Oceania (Selley, 2004; Blasko et al., 2008; Faux et al., 2011), one study in Africa (Stewart et al., 2002), and one study in Asia (Cankurtaran et al., 2013).

Homocysteine levels in patients with AD were studied in all 15 articles (Clarke et al., 1998; Lehmann et al., 1999; Miller et al., 2002; Selley, 2004; Linnebank et al., 2010; Faux et al., 2011; Piazza et al., 2012; Cankurtaran et al., 2013; Veryard et al., 2013; Cervellati et al., 2014; Tannorella et al., 2015; Bednarska-Makaruk et al., 2016; Grossi et al., 2016; Raszewski et al., 2016; Dayon et al., 2017) that were included in the quantitative analysis, and a total of 4,788 people participated (1,618 cases and 3,170 controls). Overall, three of these articles (Faux et al., 2011; Piazza et al., 2012; Cervellati et al., 2014) researched serum/plasma levels of Hcy in patients with MCI, including 1,179 people (217 cases and 908 controls); 11 articles (Clarke et al., 1998; Lehmann et al., 1999; Miller et al., 2002; Linnebank et al., 2010; Piazza et al., 2012; Cankurtaran et al., 2013; Tannorella et al., 2015; Bednarska-Makaruk et al., 2016; Grossi et al., 2016; Raszewski et al., 2016; Dayon et al., 2017) reported the serum/plasma levels of vitamin B12 in patients with AD, including 4,367 people (1,348 cases and 3,019 control); two articles (Faux et al., 2011; Piazza et al., 2012) reported serum or plasma levels of vitamin B12 with MCI, including 1,208 people (168 cases and 860 controls).

A total of 15 articles (McCaddon et al., 1998, 2001; Budge et al., 2000; Seshadri et al., 2002; Stewart et al., 2002; Annerbo et al., 2005, 2006, 2009; Frick et al., 2006; Blasko et al., 2008; Devčić et al., 2014; Corso et al., 2017; Hooshmand et al., 2019; de Leeuw et al., 2020a,b) were included in the qualitative studies due to a lack of necessary data; 14 articles (Budge et al., 2000; McCaddon et al., 2001; Seshadri et al., 2002; Stewart et al., 2002; Annerbo et al., 2005; Annerbo et al., 2006; Frick et al., 2006; Blasko et al., 2008; Annerbo et al., 2009; Veryard et al., 2013; Devčić et al., 2014; Hooshmand et al., 2019; de Leeuw et al., 2020a,b) reported on Hcy levels in the patients’ blood, 10 articles (Budge et al., 2000; McCaddon et al., 2001; Seshadri et al., 2002; Annerbo et al., 2005, 2006; Frick et al., 2006; Blasko et al., 2008; Hooshmand et al., 2019; de Leeuw et al., 2020a,b) reported on blood levels of vitamin B12, two studies (Corso et al., 2017; Hooshmand et al., 2019) reported on levels of Met, one article (de Leeuw et al., 2020b) reported on SAM levels, and one article reported on SAH levels in the blood.



Results of quality and risk of bias

The bias risk assessment showed that among the included articles, 28 respected all the JBI criteria for a good-quality study (low risk), and two articles showed moderate risk (Supplementary File 2).



Results of the meta-analysis: Homocysteine levels


Alzheimer’s disease vs. controls

The meta-analysis of 15 studies (4,788 participants) assessing Hcy levels in blood showed moderate increases in Hcy levels in patients with AD compared to controls (SMD = 0.59, 95% confidence interval [CI]: 0.36–0.82, P = 0.000); the difference was statistically significant. Significant heterogeneity was observed among the studies (X2 = 120.73, I2 = 88.8%, P = 0.000) (Figure 2). According to the GRADE system, the overall level of evidence with respect to Hcy on AD and controls was “very low” (Table 2).
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FIGURE 2
Forest plot of 15 studies comparing blood Hcy levels between AD and control. SMD, standardized mean difference; CI, confidence interval; Hcy, homocysteine; AD, Alzheimer’s disease; Control, cognitive normal.



TABLE 2    GRADE quality of evidence assessment of outcome indicators for the included studies.
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Subgroup analysis on homocysteine levels: Categorized by sample source

The subgroup analysis revealed that Hcy levels were higher in the diseased group than in the control group, regardless of whether the sample source was the serum or the plasma (plasma: SMD = 0.39, 95% CI: 0.23–0.55, P = 0.000; serum: SMD = 1.56, 95% CI: 0.59-2.95, P = 0.002). Heterogeneity tests on plasma (X2 = 34.34, I2 = 70.9%, P = 0.000) and serum (X2 = 84.00, I2 = 96.4%, P = 0.000) yielded highly significant results (Figure 3).
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FIGURE 3
Forest plot of 15 studies comparing blood Hcy levels between AD and control: sub-grouped by sample source. SMD, standardized mean difference; CI, confidence interval; Hcy, homocysteine; AD, Alzheimer’s disease; Control, cognitive normal.




Sensitivity analyses

Sensitivity analyses suggested that three articles (McCaddon et al., 1998; Lehmann et al., 1999; Selley, 2004) could influence the statistically significant difference in the blood levels of Hcy. When we removed Selley (2004) article, the heterogeneity (X2 = 96.40, I2 = 86.5%, P = 0.000), and combined effect size decreased slightly (SMD = 0.49, 95% CI: 0.28–0.70, P = 0.000); however, the difference remained statistically significant (Figure 4). When we excluded the article of McCaddon et al. (1998) article, which yielded non-significant results (X2 = 10.91, I2 = 0, P = 0.537) (Figure 5). Finally, when we removed the aforementioned two articles, with Lehmann et al. (1999), article heterogeneity was completely absent (X2 = 4.99, I2 = 0, P = 0.932), and the combined effect size (SMD = 0.31, 95% CI: 0.24–0.39, P = 0.000) (Figure 6) was statistically significant. The two researchers came to the conclusion that the aforementioned three articles add heterogeneity in terms of methodology and participants.
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FIGURE 4
Sensitivity meta-analysis of 14 studies comparing blood Hcy levels between AD and control by removing the article of Selley (2004). SMD, standardized mean difference; CI, confidence interval; Hcy, homocysteine; AD, Alzheimer’s disease; Control, cognitive normal.
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FIGURE 5
Sensitivity meta-analysis of 13 studies comparing blood Hcy levels between AD and control by removing the article of Selley (2004) and McCaddon et al. (1998). SMD, standardized mean difference; CI, confidence interval; Hcy, homocysteine; AD, Alzheimer’s disease; Control, cognitive normal.
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FIGURE 6
Sensitivity meta-analysis of 12 studies comparing blood Hcy levels between AD and control by removing the article of Selley (2004), McCaddon et al. (1998) and Lehmann et al. (1999). SMD, standardized mean difference; CI, confidence interval; Hcy, homocysteine; AD, Alzheimer’s disease; Control, cognitive normal.




Publication bias

The funnel plot test results showed that two articles fall outside the dashed line, and one article intersects with the dashed line; heterogeneity in the other articles appeared roughly symmetric. This finding suggested that there was no significant publication bias (Supplementary Figure 1).



Mild cognitive impairment vs. controls

Forest plots showed no significant difference between blood Hcy levels in patients with MCI and those in controls (SMD = 0.26, 95% CI: –0.07–0.58, P = 0.127), but there was significant heterogeneity (X2 = 7.26, I2 = 72.5%, P = 0.026) (Figure 7). However, since we included only three articles, bias might have occurred. GRADE results display that the level of evidence with respect to the level of Hcy on MCI and controls was “low” (Table 2).
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FIGURE 7
Forest plot of three studies comparing blood Hcy levels between MCI and control. SMD, standardized mean difference; CI, confidence interval; Hcy, homocysteine; MCI, mild cognitive impairment; Control, cognitive normal.





Results of the meta-analysis: Vitamin B12 levels


Alzheimer’s disease vs. controls

An analysis of the 11 included articles found that there was no statistically significant difference in vitamin B12 levels in the blood between patients with AD and controls (SMD = –0.05, 95% CI: –0.19–0.08, P = 0.440); there was, however, significant heterogeneity (X2 = 30.73, I2 = 67.5%, P = 0.001) (Figure 8). The quality of evidence using GRADE’s summary of vitamin B12 levels between AD vs. controls was judged to be low (Table 2).
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FIGURE 8
Forest plot of 11 studies comparing blood vitamin B12 levels between AD and control. SMD, standardized mean difference; CI, confidence interval; AD, Alzheimer’s disease; Control, cognitive normal.




Subgroup analysis of vitamin B12: Categorized by sample source

The subgroup analysis based on sample source of plasma showed no significant difference in vitamin B12 levels between AD patients and controls (SMD = 0.12, 95% CI: –0.02–0.26, P = 0.086), but the results in the serum showed differences (SMD = –0.19, 95% CI: –0.33–0.05, P = 0.006). There was, however, significant heterogeneity (Figure 9).
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FIGURE 9
Forest plot of 11 studies comparing blood vitamin B12 levels between AD and control: sub-grouped by sample source. SMD, standardized mean difference; CI, confidence interval; AD, Alzheimer’s disease; Control, cognitive normal.




Sensitivity analyses

In the plasma subgroup, we removed the study by Faux et al. (2011), which led to a significant decrease in heterogeneity (X2 = 0.39, I2 = 0%, P = 0.823). The combined effect sizes showed higher vitamin B12 levels in the control group than in the AD group, with statistically significant differences (SMD = 0.20, 95% CI: 0.06–0.34, P = 0.005) (Figure 10).
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FIGURE 10
Sensitivity meta-analysis of 10 studies comparing blood vitamin B12 levels between AD and control by removing the article of Faux et al. (2011). SMD, standardized mean difference; CI, confidence interval; AD, Alzheimer’s disease; Control, cognitive normal.


In the serum subgroup, when we removed Linnebank et al. (2010) article the heterogeneity test results changed to 5% (X2 = 5.28, I2 = 5.4%, P = 0.39); the difference was statistically significant (SMD = –0.24, 95% CI: –0.36—0.13, P = 0.000) (Figure 11). When we removed Raszewski et al. (2016); Linnebank et al. (2010) and Faux et al. (2011) articles simultaneously, the results of the meta-analysis did not significantly change (Figure 12).
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FIGURE 11
Sensitivity meta-analysis of 9 studies comparing blood vitamin B12 levels between AD and control by removing the article of Faux et al. (2011) and Linnebank et al. (2010). SMD, standardized mean difference; CI, confidence interval; AD, Alzheimer’s disease; Control, cognitive normal.
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FIGURE 12
Sensitivity meta-analysis of 8 studies comparing blood vitamin B12 levels between AD and control by removing the article of Faux et al. (2011), Linnebank et al. (2010) and Raszewski et al. (2016). SMD, standardized mean difference; CI, confidence interval; AD, Alzheimer’s disease; Control, cognitive normal.




Publication bias

A funnel plot test on vitamin B12 showed that four articles were located outside the dashed line, and publication bias was indicated (Supplementary Figure 2).



Mild cognitive impairment vs. controls

Forest plots showed that there was no statistically significant difference in vitamin B12 levels between the MCI and control groups (SMD = 0.01, 95% CI: –0.16–0.17, P = 0.94), as well as no heterogeneity (X2 = 0.33, I2 = 0%, P = 0.56) (Figure 13). The level of evidence is “very low” (Table 2).
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FIGURE 13
Forest plot of 2 studies comparing blood vitamin B12 levels between MCI and control. SMD, standardized mean difference; CI, confidence interval; MCI, mild cognitive impairment: Control, cognitive normal.





Results of evidence quality

Four outcomes were evaluated by using the GRADE system. According to the evaluation results, no high-quality evidence was found, two outcomes provided low evidence, and two provided “very low.” The details are given in Table 2.



Result of the qualitative analysis


Homocysteine levels and the risk of Alzheimer’s disease or mild cognitive impairment

Totally, nine studies (Seshadri et al., 2002; Stewart et al., 2002; Annerbo et al., 2006, 2009; Frick et al., 2006; Devčić et al., 2014; Hooshmand et al., 2019; de Leeuw et al., 2020a,b) have reported an association between Hcy and AD/MCI, and high levels of Hcy have been associated with the risk of AD/MCI. Hcy levels were obviously higher in AD than in healthy individuals, and plasma Hcy levels were higher than stable levels during the clinical progression of MCI and AD. Furthermore, one study (Annerbo et al., 2005) reported that hyperhomocysteinemia is not positively associated with the development of AD but that low levels of Hcy can play a protective role in the process of MCI translation into AD. Conversely, in a report by Veryard et al. (2013), there was no marked difference in plasma Hcy levels between AD and control groups.



Vitamin B12 level with the risk of Alzheimer’s disease or mild cognitive impairment

Overall, three articles (Frick et al., 2006; Blasko et al., 2008; Annerbo et al., 2009) mentioned an association between vitamin B12 and patients’ cognitive conditions. Two of these studies suggested that low levels of vitamin B12 are associated with poor cognitive performance and an increased risk of mental disorders or AD (Frick et al., 2006; Annerbo et al., 2009). Vitamin B12 supplementation for 1 month significantly reduced Hcy levels and improved the cognitive status of patients. Blasko et al. (2008) indicated that changes in vitamin B12 levels were inversely correlated with Hcy. Different from the aforementioned studies, Stewart et al. (2002) and Annerbo et al. (2006) reported that there was no significant association between vitamin B12 and AD.



Methionine and S-adenosylmethionine levels with the risk of Alzheimer’s disease or mild cognitive impairment

In all, two studies (Corso et al., 2017; Hooshmand et al., 2019) examined the relationship between Met levels and AD, and one cohort study (Hooshmand et al., 2019) showed that elevated serum Met levels may be associated with brain atrophy and dementia risk in older adults. In the study by Corso et al. (2017), there was no specific association between Met and AD or MCI, but Met levels were found to affect the incidence of AD/MCI. In a cohort study (de Leeuw et al., 2020b), the investigators found that excessive SAM in the blood may be a risk factor for cognitive decline. Due to the limitation of the eligible literature, the qualitative analysis of Met and SAM reported here may have been biased.





Discussion

This systematic review and meta-analysis, based on the available data of case–control, cohort, and cross-sectional studies, synthesizes current evidence on the association between blood Met cycle component levels and AD/MCI. In summary, our meta-analysis demonstrated five points: (a) Individuals with AD compared with controls had significantly increased levels of Hcy. (b) For people with MCI, there was no significant difference in blood Hcy levels in the control group. (c) No differences in blood vitamin B12 levels were found between patients with AD or MCI and controls. (d) Sensitivity analyses indicated that the main outcomes of the meta-analysis were affected by some studies, but the results remained stable after exclusion of these studies. (e) The results of our subgroup analyses were consistent with the overall results. Totally, two points for qualitative analysis were concluded: (a) A majority of the included cohort studies suggested that higher Hcy, Met, and SAM levels may accelerate cognitive decline in patients with MCI or AD, and (b) vitamin B12 deficiency may be a risk factor for the disease. Two points for dietary factor were arrived: (a) Faux et al. (2011), referring to dietary control, suggested that dietary supplementation with vitamin B12 or folic acid reduces plasma Hcy, with no corresponding cognitive improvement, despite successful Hcy reduction. (b) Totally, three articles (Seshadri et al., 2002; Piazza et al., 2012; Cankurtaran et al., 2013) recorded dietary habits, alcohol intake, and diabetic diet separately but found no effects on outcomes. It is worth mentioning that only few studies contained analyses of MCI and research of diet, which may have biased the current conclusions, implying that more studies are needed to confirm this outcome.

Methionine in the body provides methyl groups through a transmethyl action, simultaneously producing SAH, which is further transformed into Hcy. Hcy can accept the methyl group supplied by N-CH3-FH4 and regenerate Met, forming a cyclic process known as the Met cycle. AD acts as a chronic neurodegenerative disease, and it has been shown that its pathogenesis is correlated with changes in DNA or RNA methylation (Wong et al., 2013; Blanch et al., 2016; Stoccoro et al., 2017, 2018; Xu et al., 2019; Han et al., 2020). Met and folate cycles of single-carbon metabolism provide carbon units for SAM required for DNA methylation, which is an intracellular universal methylator (Coppedè, 2015). Met synthase reductase (MTRR) forms a complex with MTR to maintain its activity in an active state (Coppedè, 2015). Once generated, Met is converted to SAM, which is then imported into the mitochondria via a mitochondrial vector and used by DNA methylation reactions (DNMTs) for mtDNA methylation reactions (Kishita et al., 2015). Thus, the Met cycle, an important component of DNA/RNA methylation, influences the occurrence of AD.

Homocysteine is an amino acid containing a sulfhydryl group, and its levels are influenced by the B vitamins cobalamin, vitamin B6, and folic acid, which act as cofactors for enzymes involved in the Met metabolism (Stabler et al., 1988). The results of this review reveal that Hcy levels in the blood of patients with AD are higher than those in cognitively normal groups. Previous studies are in line with our findings, which show that elevated blood Hcy levels are an independent risk factor for the development of AD. Hcy levels were significantly higher in patients with MCI than in normal controls, and this level was negatively correlated with cognitive function in patients with MCI (Riggs et al., 1996; Ravaglia et al., 2000b; Budge et al., 2002; Duthie et al., 2002; Prins et al., 2002; Clarke et al., 2003). Lauriola et al. (2021) revealed that blood Hcy levels are significantly increased in patients with AD and MCI. In the Oxford Project to Investigate Memory and Ageing (OPIMA) population, higher serum Hcy levels were observed in patients with dementia of Alzheimer’s type and patients with histologically confirmed AD than in controls (Selhub et al., 2010). Such higher Hcy levels are also accompanied by low serum folate and vitamin B12 levels (Clarke et al., 1998). This may be related to Hcy being an intermediate product of the one-carbon metabolism and affecting cognitive function by interfering with the DNA/RNA methylation process, resulting in neurodegenerative disease. In general, Hcy seems to be a risk factor that affects AD via the DNA/RNA methylation pathway, through a series of changes in AD-related substances (Pi et al., 2020).

Vitamin B12 is an essential water-soluble micronutrient that must be taken up in sufficient quantities from one’s diet (Sahu et al., 2022). Although our results of the plasma subgroup showed no statistically significant differences in vitamin B12 levels, they are crucial for maintaining neuronal health (Green et al., 2017), and deficiencies are characterized by cognitive and psychiatric disturbances (Morris et al., 2006). Current interest in vitamin B12 as a risk factor for AD is based on its relationship as a cofactor in the Hcy metabolism (Morris et al., 2006). A cross-sectional study of 206 patients with AD recruited from six hospitals in China (Qian et al., 2022) and Jakubowski et al.’s (2021) research both indicated a possible pathogenic role of vitamin B12 in MCI. Dos Santos and Pardi (2020) also indicated in a case–control study that there is a decrease in the levels of vitamin B12 in patients with AD compared to healthy groups with biochemical evaluations. Perhaps due to the anti-oxidant property of vitamin B12 (McCaddon, 2013). An important anti-oxidant mode of action of vitamin B12 is closely linked to AD: a reduction in Hcy-induced oxidative stress (Sahu et al., 2022). Vitamin B12 is an important cofactor of MTR, which converts Hcy into Met. Vitamin B12 deficiency reduces the conversion of Hcy to Met, leading to elevated intracellular Hcy levels (Green et al., 2017). Thus, it is involved in the one-carbon metabolism, reducing the generation of carbon units necessary for DNA/RNA methylation and accelerating the occurrence and development of AD. Our meta-analysis do not show a clear association between AD/MCI and vitamin B12 levels, possibly due to large heterogeneities and publication biases, or to the large gap in publication times, but they provide a new entry point for studying the relationship between the class of B-vitamins and AD/MCI in future.

S-adenosylmethionine is synthesized from dietary L-methionine by the enzyme Met adenosyltransferase, often considered an intermediary metabolite in the folate and B12-dependent Met cycle, and plays pivotal roles in cellular biochemistry (Shea and Chan, 2008). Through a qualitative analysis, we found that high SAM levels might be risk factors for the occurrence of AD. A study on the relationship between SAM and the polyunsaturated fatty acid metabolism indicated a significant increase in the plasma concentrations of Hcy, SAM, and SAH among patients with AD compared to that among control subjects, and the SAM/SAH ratio was lower in Alzheimer’s group than in the control group (Selley, 2007). Furthermore, Shea and Chan (2008) research indicated that SAM supplementation alleviates a wide range of factors that contribute to the manifestation of neurodegeneration in AD, ranging from antecedent/early events such as increased oxidative stress and genetic predispositions to later manifestations of neurodegeneration such as loss of cognitive performance and increased aggression.

Methionine is an essential amino acid obtained from one’s diet. In addition to being required for protein biosynthesis, Met is metabolized to generate metabolites that play key roles in a number of cellular functions (Dash et al., 2016). Although few studies have focused on blood Met levels in humans, some associations have been shown between rat models of cognitive impairment and Met levels (Alzoubi et al., 2022; Khodir et al., 2022). Met is the sole substrate of Met adenosine transferase (MAT) for SAM synthesis, whereas SAM is a universal methyl donor for various methyl transfer reactions, including the methylation of DNA, RNA, and neurotransmitters in all organisms (Selhub et al., 2010). One study concluded that the Hcy-Met cycle is a metabolic sensor system that mediates receptor-independent metabolism-associated pathological signal identification and the regulation of methylation (Shen et al., 2020). Meanwhile, it has been shown that the onset of AD is associated with methylation, whereas, Balmik and Chinnathambi (2021) suggested that methylation was a key regulator of Tau aggregation and neuronal health in AD. This systematic review and meta-analysis focused on the components of the Met cycle that are involved in AD/MCI. However, further research is needed to determine the changes in blood levels of methylation components in patients with AD/MCI, such as SAM, SAH, or the ratio of SAM/SAH. Perhaps for some reasons, there is less research in this field, and randomized controlled experiments of humans are also rare, which will be an exploration aspect for future research.



Clinical implications

As a chronic degenerative neuropathy disease, AD has a slow and insidious onset. With the continuous increase in the degree of aging, the incidence of AD is also increasing, placing a huge burden on families and the society. This meta-analysis explored the potential relationship between AD/MCI and components of the Met cycle. This provides a new approach for diagnosis and intervention before the onset of AD.



Advantages and limitations

Our study has some potential limitations. First, all included studies were observational, and the level of evidence was somewhat inadequate; therefore, causal relationship or association could not be established. Second, there is a significant association of AD/MCI with the Hcy or vitamin B12 level; however, due to the very low GRADE level of evidence, caution is required when interpreting our results. Meanwhile, the number of cases of blood vitamin B12 and Hcy level evaluations in patients with MCI was small, and the results may be controversial. Third, SAM and SAH were not discussed further because of the small number of studies on them, which has implications for this study. Moreover, heterogeneity was found in some of these comparisons, and it is difficult to derive the underlying cause of concordance because of the presence of confounding variables. Finally, the study populations we included comprise different AD types, and we did not perform subgroup analyses due to inclusion literature restrictions but directly combined the data; such subgroup analyses could be a possible direction for future research.

Despite these limitations, this study has several strengths. First, we searched four major databases, namely, PubMed, Embase, Cochrane Library, and Web of Science, and manually retrieved the reference lists of possible articles, ensuring that the included literature was comprehensive and accurate. Second, the quality of the included studies was checked to ensure that only extensive, detailed, and high-quality literature was included. Third, this review synthesizes qualitative and quantitative data on the blood levels of circulating Met components in patients with AD/MCI, which makes our results even more convincing. Finally, we explored potential sources of heterogeneity through a sensitivity analysis and excluded articles individually, which ensures that our study results are reliable and robust.



Conclusion

This systematic review and meta-analysis confirms that circulating Met components affect patients with AD compared to cognitively normal individuals, with patients exhibiting higher blood Hcy levels. The results of a qualitative analysis also indicate that high Met and SAM levels are risk factors for AD, which supports the association between Met cycle components and AD/MCI. Further investigations of these indices as potential biomarkers for early diagnosis and interventions for AD/MCI are warranted.
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Miller et al. (2002) Case-contro California 43 37 - 780+7.0 750%+7.0 - 13/19 8/14 - yes no no LOW yes
Veryard et al. (2013) Case-control ~ United Kingdom 40 30 - 824%10 780%1.6 . 23/17 10/20 . yes no no LOW no
Selley (2004) Case-control Australia 25 25 - 756162 748447 - 12/13 12/13 - yes no no LOW yes
Piazza et al. (2012) Case-contro Italy 110 100 38 739£50 719+£54 725450 58/52 43/57 11/27 Homocysteine Vitamin By, no LOW yes
Tannorella et al. (2015)  Case-control Italy 120 115 - 769 +8.1 763483 - 49/71 51/64 - Homocysteine Vitamin By, no LOW yes
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(2019)

Blasko et al. (2008) Cohort Austria 98 389 - 758+ 0.5 - - yes no no LOW no
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Annerbo et al. (2009) Coort Stockholm 61 139 - 82.7+46 80.1+t43 - 19/64 35/95 - yes no no LOW no
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