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Objective: Hyperhomocysteinemia (HHcy), as an important risk factor for Alzheimer’s disease (AD), would aggravate cognitive
dysfunction. This study aimed to investigate whether and to what degree the homocysteine (Hcy) levels in blood and cerebrospinal
fluid (CSF) were elevated in AD patients compared with healthy controls and to explore the factors related to the elevated Hey levels
in AD patients.

Methods: PubMed and Embase databases were searched to identify eligible studies, and study quality was evaluated using the
Newcastle-Ottawa Quality Assessment Scale. Ratio of mean (RoM) Hcy concentrations was used as a measure of fold-change
between AD patients and healthy control subjects.

Results: We identified 35 eligible studies, consisting a total of 2172 patients with AD and 2289 healthy controls. The pooled results
showed that patients with AD had a significantly higher blood level of Hey (RoM, 1.32; 95% CI, 1.25-1.40; p<0.001) than controls did,
with large heterogeneity across studies (I’=81.4%, p<0.001). Hey level in CSF did not differ significantly between patients with AD than
controls (RoM, 1.12; 95% CI, 0.90-1.39, p=0.293; 12=69.4%, p=0.02). A random effects meta-regression analysis revealed that there was
an inverse correlation between the blood levels of Hey and folate (p=0.006). There was no link found between the blood levels of vitamin
B, or the Mini-Mental Status Examination scores reflecting the degree of cognitive impairment, and blood levels of Hcy.
Conclusion: Regardless of dementia severity, there is an approximate one-third increase in blood Hey in AD patients, which is
robustly associated with a decreased level of blood folate in AD, but not with that of blood vitamin B, nor the degree of dementia.
Future investigation on the cause-and-effect link between Hcy and folate is warranted to clarify this issue.
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Introduction
Alzheimer’s disease (AD) is the most common form of dementia, and may account for 60-80% of all dementia types.' At
present, it is believed that the two most prominent pathological characteristics in AD pathogenesis are beta-amyloid
deposition and neurofibrillary tangle formation.” It is a progressive neurodegenerative disease, with typical symptoms of
progressive memory loss, and cognitive dysfunction,®* exerting a heavy economic burden on society and families.” AD
is closely positively associated with a variety of risk factors such as ageing, ApoE4 genotype, hyperglycemia, and so on.°
With the development of AD-relevant research, much effort has been made to identify effective biomarkers of AD.’
A growing number of studies have shown that elevated level of blood homocysteine (Hcy) is an important and
independent risk factor and biomarker independent of B vitamins for AD.*’

In many studies, the blood Hcy level has been found to be higher in AD patients than in control subjects.'®"
However, several studies have found null association between the blood Hey level and AD.'*'? Furthermore, although
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most studies found increases in the blood Hcy concentrations in AD patients, the extent to which elevated Hcy levels are
in AD patients is less certain. Our previous meta-analytic study found that a 5 pmol/L increment of Hcy level increased
the incident risk of AD by 15% in prospective cohort studies,'* suggesting that an increased level of blood Hey appears
to play a causal role in the development of AD. Since hyperhomocysteinemia (HHcy) is an independent risk factor
for AD, what induces the elevated level of Hey? It has been widely believed that folate, vitamin B, and Hcy may impact
on AD." It is well-known that the B-vitamins, in particular folate and B, are major determinants of Hcy, and previous
studies found that low serum folate and low serum B, were also associated with AD risk.'®!” These connections are
needed to be further clarified.

Given the inconsistency in the literature regarding the Hcy level in AD and these above-mentioned questions, by use
of a widely applicable method of generating fold change of mean Hcy concentration (ie, ratio of the mean), we performed
a meta-analysis of case—control studies to investigate whether and to what extent the Hcy levels in blood and
cerebrospinal fluid (CSF) were elevated in AD patients compared with healthy controls, as well as a meta-regression
analysis to explore the potential modifiers of the association.

Methods

Search Strategy and Study Selection

The study protocol was registered on PROSPERO with a registration number of CRD42022331060. A systematic
literature search was carried out to collect eligible articles in the PubMed and Embase databases up to February 5, 2021.
The search strategy was as follows: (cognit*[All Field] OR dementia*[All Field] OR Alzheimer*[All Field]) AND
(plasma [All Field] OR serum [All Field] OR blood circula*[All Field] OR “cerebrospinal fluid” [All Field]) AND
(homocysteine [All Field] OR hyperhomocysteinemia [All Field]) AND (“case control” [All Field])). All retrieved
articles and their references were manually searched for available articles. The included studies met the following
criteria: (1) quantifying the Hcy level between AD and control group; (2) samples from plasma, serum or CSF; (3) with
case—control design; and (4) reporting means and SDs, or approximate value of Hcy.

Our exclusion criteria were as follows: (1) studies with non-numerical data of the Hcy level; (2) studies investigating
vascular dementia and mild cognitive impairment rather than AD; (3) case reports, reviews, comments, or only abstracts
available; (3) studies without a healthy control group. Only the article with the largest sample size was selected for
articles with overlapping data.

Data Extraction

Two reviewers (ZL and SY) independently extracted relevant data from the included study as follows: first author name,
publication year, diagnostic criteria of AD, detection method for Hcy, sample source (serum, plasma or CSF), sample
size, age (mean/SD) and female sex (%) of participants per group, mean and standard deviation (SD) of Hcy. Other
characteristics of the participants, including body mass index (BMI), Mini-Mental State Examination (MMSE), and the
levels of folate and vitamin B;,, were also extracted.

To ensure the authenticity of the data, raw data with corresponding units were obtained. When median and inter-
quartile range (IQR) or range were presented as measures, we calculated the mean and the SD using the methods
described by Luo and Wan'®'? based on sample size and median, IQR, or minimum/maximum values. We conducted
separate meta-analyses if three or more studies were present in the same group. Subsequently, data were stratified into
different groups by source (plasma and serum) for subgroup analysis.

Statistical Analysis

To estimate the extent of the change in Hcey level, we performed a random-effects meta-analysis based on ratio of mean
(RoM) Hey concentrations: (1) the blood Hey level in patients with AD vs healthy controls and (2) the CSF Hcy level in
patients with AD vs controls. RoM >1 indicates a higher Hcy concentration in patients with AD than controls, and RoM
<1 indicates higher concentration in controls. Each RoM was generated in every study, the corresponding 95%
confidence intervals (CIs) was calculated using the delta method.?® Continuous data for age, MMSE, vitamin B;, and
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folate were analyzed using standardized mean difference (SMD). Random-effects single-covariate meta-regression was
conducted to assess the effects of folate, vitamin B, and MMSE on the effect size. Folate, Vitamin B;, and MMSE were
included step by step as variables in the meta-regression analyses. In addition, studies that did not provide means or SDs
of covariates were excluded from the regression analysis. Between-study heterogeneity was assessed using the Q test and
I? statistics. The Newcastle-Ottawa Quality Assessment Scale (NOS) was used to assess the quality of the enrolled
studies. Publication bias was evaluated using the Egger’s and Begg’s tests, as well as visual inspection of the symmetry
of funnel plots. The Stata software (version 12.0) was used for all analyses.

Results

Study Selection

The initial search in both the databases yielded 218 hits, added 14 from hand-searching, with a total of 232 publications.
After removing duplicates, we screened titles and abstracts, and excluded 93 studies. After carefully reading and
reviewing full-text articles, 36 studies that did not meet the inclusion criteria were excluded. At last, we identified
a total of 35 studies, consisting 2172 AD patients and 2289 healthy controls (Figure 1). Among all the studies included,
there were 4 studies reported the Hey levels in CSF?'?* and 33 in blood™®'*'":'"-**">! (24 in plasma and 9 in serum, 2 in
both CSF and plasma), 11 studies reported MMSE levels of AD patients and controls, 19 reported the levels of vitamin
B, and 19 reported the levels of folate. Detailed information regarding the characteristics of the included studies was
shown in Table 1.

Association of Hcy Levels with AD

Of the eligible studies, 33 had data on the Hcy levels in blood. There were 2172 patients with AD and 2289 healthy
controls. RoM was applied to estimate to which degree the blood Hcy level was elevated in AD patients relative to
healthy controls. Figure 2 shows the forest plots for RoM blood Hcy levels of AD to controls. The pooled results showed
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o :
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Figure | Study selection flowchart of the meta-analysis.
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Table | Characteristics of Studies Included in this Meta-Analysis

Ref. Source AD Control Method NOS
% Mean MMSE n % Mean MMSE n
Female | Age(y) Female | Age(y)

Anello® Plasma NR 71.0 180 | NR 69.5 181 | FPIA 7
Arslan?® Serum 16.0 71.0 25 | 200 716 25 | ELISA 7
Cascalheira®” | Serum 520 75.1 27 | 57.0 71.0 28 | FPIA 8
Cascalheira® Serum 47 4 75.6 19 50.0 70.7 36 FPIA 9
Coppede?® Plasma 70.2 79.0 94 | 56.8 71.8 74 | HPLC 9
da Silva?’ Plasma 83.0 73.8 43 | 740 739 50 | HPLC 7
D’Cunha'® Plasma 55.6 79.0 213446 | 63 | 603 77.6 29+1.5 63 | HPLC 7
de Silva® Plasma 65.2 72.0 107+3.1 |23 | 619 70.5 27+1.6 21 | FPIA 9
Elhawary®' Plasma 67.7 69.2 43 | 688 70.7 32 | FPIA 9
Fekkes®? Plasma 714 73.6 14 | 0.0 70.1 17 | HPLC 9
Folin®? Serum NR 80.3 157468 | 79 | NR 712 29+0.8 24 | HPLC 9
Gallucci** Plasma 66.4 76.9 137 | 61.9 76.8 42 | HPLC 5
Guidi*® Plasma 67.6 78.0 20+4.2 71 | 773 73.0 28+0.9 44 | Commercial kit 8
Hagnelius>® Plasma 59.5 72.7 4?2 60.3 64.1 73 FPIA 7
Hogervorst’’ | Plasma 60.0 739 15.948.1 137 | 50.0 733 285+1.7 | 277 | HPLC 9
Janel"! Plasma NR NR 84 | NR NR 36 | HPLC 5
Leblhuber®® Serum 79.0 74.8 19 | 579 70.2 19 | FPIA 5
RV Serum 50.0 NR 17.0£4.9 82 50.0 NR 28.5%1.2 82 Enzymatic cycling 9

method
Ma* Serum 458 69.6 17.7£63 | 131 | 50.8 67.0 28.6xl.1 | 134 | Enzymatic cycling | 9

method
Malaguarnera®' | Plasma 68.2 726 22 | 50.0 73.7 24 | HPLC 6
Mansoori*? Plasma 325 66.3 80 375 63.8 120 | Competitive 9

immunoassay
McCaddon* Serum 56.7 80.1 11+7.8 30 | 667 78.3 29+1.6 30 | HPLC 8
Mizrahi** Plasma 61.3 89.0 75 | 516 77.0 155 | FPIA 8
Nagga* Plasma 57.5 74.7 47 | 485 69.0 101 | FPIA 5
Nazef* Serum 56.2 72.6 15.1+6.2 4| 47.8 66.3 26.7£2.9 46 FPIA 9
Pollak®' Plasma 783 85.0 92 | 744 82.0 82 | Amino acid 9

analysis with post-

column
Postiglione'” Plasma 39.2 68.0 74 | 432 68.0 74 | HPLC 9
Ruiz*’ Plasma 68.6 78.3 51 | 66.0 60.3 53 9
Selley?* Plasma/CSF | 48.2 774 27 | 520 78.4 27+0.9 25 | Capillary column | 8

gas

chromatography/

mass

spectrometry
Smach?? Plasma/CSF | 44.3 732 15+7.7 70 | 367 735 30 | FPIA 9
Tannorella®® Plasma 59.2 76.9 120 | 55.7 76.3 115 | HPLC 9
Villa®® Plasma 56.3 70.8 20 | 533 74.7 18 | HPLC 9
Weiner° Plasma 62.0 76.7 178469 | 30 | 62.0 749 285+1.6 | 39 | HPLC 8
Isobe?® CSF 6l.1 67.4 18 | 40.0 67.4 I5 | HPLC 5
Popp?' CSF 74.1 73.0 213443 | 54 | 449 73.0 29.7#0.6 | 98 | HPLC 9

that the RoM of AD/controls in the blood Hcy level was 1.32 (95% CI, 1.25-1.40, p<0.001), with large heterogeneity
across studies (I’=81.4%, p<0.001), indicating that AD patients have an over 30% increased blood Hcy level.

A subgroup analysis based on blood composition (plasma/serum) was performed to investigate a source of hetero-
geneity among studies. The subgroup analysis showed that the Hcy level significantly differed between AD and controls
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Study . RoM (95% CI) % Weight
Anello (2004) —_— 1.26 (1.12, 1.42) 335
Coppedé (2012) | ——— 1.67 (1.42, 1.95) 2.98
Da (2006) —_— 128 (1.07, 1.52 281
D’ Cunha (2019) —_——— 1.35 (1.00, 1.83) 1.79
de Silva (2005) —_— 1.57 (1.19, 2.06) 1.99
Elhawary (2013) —_— 1.20 (1.02, 1.40) 2.99
Fekkes (1998) —— 1.24 (1.09, 1.40) 3.29
Gallcei (2004) —_— 1.60 (1.31, 1.95) 2.60
GUIDI (2006) — 142 (1.23, 1.63) 3.12
Hagnelius (2008) —_— 1.08 (0.83, 1.41) 2.04
Hogervorst (2002) _— 133 (1.13, 1.57) 2.94
Janel (2017) —_—— 1.38(1.21, 1.57) 325
Malaguarnera (2004) — 1.48 (1.30, 1.68) 327
Mansoori (2012) —_— 1.16 (1.03, 1.31) 333
Mizrahi (2004) - 1.15 (1.07, 1.23) 3.78
N?gga (2003) — 1.18 (0.98, 1.43) 2.68
Pollak (2002) T 1.39 (1.24, 1.55) 345
Postiglione (2001) —_— 1.29 (1.04, 1.60) 245
Ruiz (2013) — 1.31(1.20, 1.45) 3.57
Selley (2001) i 1.36 (1.26, 1.48) 3.68
Smach (2011) ' ——3 2.08 (1.81, 2.40) 3.16
Tannorella (2015) - 1.14 (1.00, 1.29) 3.30
Villa (2009) P S 1.75 (1.43, 2.15) 255
Weiner (2011) —— 1.26 (1.12, 1.41) 3.40
Arslan (2016) —e 1.28 (1.13, 1.45) 3.28
Cascalheira (2015) —r— 1.23 (1.08, 1.39) 3.26
Cascalheira (2009) —r— [ 0.85 (0.73, 0.98) 3.10
Folin (2005) | —— 1.77 (1.46, 2.14) 2.68
Leblhuber (2000) i 1.31(1.17, 1.48) 3.38
Lv (2019) i, 1.11(1.02, 1.21) 3.66
Ma (2019) —a— 1.17 (1.00, 1.36) 3.02
McCaddon (1998) —_— 1.53 (1.30, 1.80) 2.94
Nazef (2014) i P 1.10 (0.93, 1.30) 2.92
Overall (I-squared=80.9%, p=0.000) > 1.32(1.25, 1.39) 100.00
417 1 24

Figure 2 Forest plots of AD to control ratio in blood Hcy levels.

in plasma (RoM, 1.31; 95% CI, 1.22-1.40, p < 0.001; I’=84.5%, p<0.001) and in serum (RoM, 1.37; 95% CI, 1.28-1.47,
p < 0.001; I’=49.6%, p<0.05), suggesting that the effect size and heterogeneity of effects were obviously independent of
plasma and serum samples (Figure 3).

To assess whether the CSF Hcy level significantly differed between patients with AD and healthy controls, 4 studies
consisting of 150 patients and 149 controls, were included. The pooled result showed that the pooled RoM of AD to
controls in the CSF Hcy level was 1.12 (95% CI, 0.90-1.39, p=0.293), with considerable heterogeneity among studies
(I*=69.4%, p = 0.02, Figure 4).

Meta-Regression Analyses

To further explore sources of heterogeneity, a stepwise univariate meta-regression was performed to examine the effects
of several key study population characteristics (folate, vitamin B;,, MMSE) on the effect size. The results of meta-
regression analyses revealed that the blood folate level was inversely associated with the blood Hcey level (95% CI,
—0.9163 to —0.1810, p=0.006, Figure 5). No statistical significant associations were observed among MMSE and vitamin
B, (95% CI, —0.3709 to 0.2831, p=0.084; 95% CI, —0.8756 to 0.5044, p=0.578; Figure 6 and Figure 7, respectively). For
age, no significance was found (data not shown).

Study Quality, Publication Bias and Sensitivity Analysis
We used the NOS scale to evaluate the study quality, with high-quality scores ranging from 5 to 9 (Table 1). We used the
Begg’s and Egger’s tests to assess publication bias. In the comparison of blood Hcey levels between patients with AD and
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plasma ' RoM (95% CI) %Weight
Anello (2004) — 1.26 (1.12,1.42) 335 ¢
Coppedé (2012) | 1.67(1.42,1.95) 2.08
Da (2006) —_— 1.28(1.07,1.52) 2.81
D’ Cunha (2019) —— 1.35(1.00, 1.83) 1.79
de Silva (2005) —_—— 1.57(1.19, 2.06) 1.99
Ethawary (2013) — 1.20(1.02, 1.40) 2.99
Fekkes (1998) — 1.24 (1.09, 1.40) 3.29
Gallucci (2004) g 1.60 (1.31,1.95) 2.60
GUIDI (2006) —_— 1.42(1.23,1.63) 3.12
Hagnelius (2008) —_— 1.08 (0.83, 1.41) 2.04
Hogervorst (2002) —_— 1.33(1.13,1.57) 2.94
Janel (2017) —_— 1.38(1.21,1.57) 325
Malaguarnera (2004) —— 1.48 (130, 1.68) 3.27
Mansoori (2012) —_— 1.16(1.03,1.31) 3.33
Mizrahi (2004) - 1.15(1.07,1.23) 3.78
N2gga (2003) —_—— 1.18(0.98, 1.43) 2.68
Pollak (2002) —_— 1.39(1.24,1.55) 3.45
Postiglione (2001) —_— 1.20 (1.04, 1.60) 245
Ruiz (2013) —— 1.31(1.20, 1.45) 3.57
Selley (2001) —— 1.36(1.26, 1.48) 3.68
Smach (2011) : —a> 2.08 (1.81,2.40) 3.16
Tannorella (2015) I 1.14(1.00, 1.29) 330
Villa (2009) p— 1.75(1.43,2.15) 255
Weiner (2011) —— 1.26 (1.12,1.41) 3.40
Subtotal (I-squared=77.3%, p=0.000) < 1.35(1.27,1.43) 71.77
serum :
Arslan (2016) —— 1.28 (1.13, 1.45) 3.28
Cascalheira (2015) ——— 1.23 (1.08, 1.39) 3.26
Cascalheira (2009) —_— : 0.85 (0.73, 0.98) 3.10
Folin (2005) | —— 1.77 (1.46, 2.14) 2.68
Leblhuber (2000) —_— 1.31(1.17, 1.48) 3.38
Lv (2019) —_ 1.11 (1.02, 1.21) 3.66
Ma (2019) —_— 1.17 (1.00, 1.36) 3.02
McCaddon (1998) —_— 1.53 (1.30, 1.80) 2.94
Nazef (2014) ——— 1.10 (0.93, 1.30) 2.92
Subtotal (I-squared=85.1%, p=0.000) - 1.23 (1.10, 1.38) 28.23
I
Overall (I-squared=80.9%, p=0.000) < 1.32 (1.25, 1.39) 100.00

T
417 1 24

Figure 3 Subgroup meta-analysis of AD to control in blood Hcy levels.

controls, there was no evidence of publication bias (Begg’s test: p=0.15, Egger’s test: p=0.07), which was also confirmed
by the symmetry of the funnel plot (Figure 8). In the comparison of CSF Hcy level between patients with AD and
controls, we also did not find potential publication bias (Begg’s test: p=0.73, Egger’s test: p=0.91, as well as the
symmetry of the funnel plot, see Figure 9). The sensitivity analysis demonstrated that the summarized estimate was not
substantially altered by removal of a single study.

Discussion

Summary of Evidence

In this meta-analysis, we brought together available the Hcy level data from 35 case—control studies comprising 2172 AD
patients and 2289 healthy controls. Our pooled results revealed that AD patients had a 32% increase in the blood Hcy
level. Furthermore, the meta-regression study has unexpectedly confirmed that blood Hcy level is inversely associated to
the blood folate concentration, implying that the lower the blood folate concentration is, the higher the blood Hcy level
is. Given that HHcy is an independent risk factor of AD, a drop in level of folate, but not vitamin B,, could play
a crucial role in causing the elevated Hcy level in AD patients, albeit the cause-outcome association is needed to be
further investigated. The level of Hecy in CSF, however, was not significantly altered.
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Study %

D RoM (95% Cl) Weight

Smach (2011) : 0.87 (0.67, 1.13) 23.74
Isobe (2009) —%—0— 1.30 (1.07, 1.59) 28.12
Popp (2009) _ 1.00 (0.81, 1.22) 27.74
Selley (2002) : 1.46 (1.06, 2.00) 20.40
Overall (I-squared = 69.4%, p = 0.020) < : 1.12(0.90, 1.39) 100.00
NOTE: Weights are from random effects analysis :
T ! T
499 1 2

Figure 4 Forest plot of AD to control ratio in CSF Hcy levels.

Homocysteine

25 -2 -
Folate

Figure 5 Meta-regression scatter plot of blood Hcy and folate levels. Random effect meta-regression plot of the impact of blood folate standardized on blood Hcy levels.
The size of each circle is inversely proportional to the variance of the estimates (p = 0.006).

Exploration of Heterogeneity and Publication Bias

According to the NOS scores, the included studies had low risk of bias. In the current meta-analysis, there was high
between-study heterogeneity for all the comparisons, indicating that quantification method of Hcy appeared to contribute
to most of the observed heterogeneity. The meta-regression analyses demonstrated that this heterogeneity might, at least
in part, be explained by the decreased folate level in blood, although neither the blood vitamin B, level nor MMSE score
was significantly associated with the blood Hcy level. Sensitivity analyses showed that exclusion of any single study did

not substantially alter the primary estimate, which further confirmed the consistency in the direction and magnitude of the
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1
|

Homocysteine

Vit B12

Figure 6 Meta-regression scatter plot of blood Hcy against blood vitamin B, levels. Random effect meta-regression plot of the impact of blood vitamin B, standardized on
blood Hcy levels. The size of each circle is inversely proportional to the variance of the estimates (p = 0.084).
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Figure 7 Meta-regression scatter plot of blood Hcy against MMSE score. Random effect meta-regression plot of the impact of MMSE standardized on blood Hcy levels. The
size of each circle is inversely proportional to the variance of the estimates (p = 0.131).
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Figure 8 Funnel plot of the blood Hcy levels for assessing the publication bias.
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Figure 9 Funnel plot of the CSF Hcy levels for assessing the publication bias.

current findings. There was no obvious evidence of publication bias in all the analyses according to the Egger’s and
Begg’s tests, as well as the symmetry of funnel plots.

Comparisons with Other Studies

A recent meta-analysis of case—control studies has reported that there were higher level of Hcy and lower levels of folate
in AD than in non-demented controls.”? Another meta-analysis also indicated that AD was significantly correlated with
a high Hey level and a low folate level.>* However, in the above-mentioned studies the meta-regression meta-analysis
failed to be performed, nor were the related factors closely associated with the increased Hey level explored. In our meta-
analysis, although also recognizing that AD patients had a significantly higher blood level, which was consistent with the
previous meta-analysis results, we found that AD patients had an around 30% higher blood Hcy level. Furthermore, in
the meta-regression analysis, the potential cause of why the blood Hcy level is increased in AD patients is in that the
blood level of folate in AD was substantially lowered. Whereas, the aspect was not addressed in the previous meta-
analyses.

Implication
For the past decade years, there has been controversial discussion regarding whether elevated tHcy is an independent risk

factor for Alzheimer’s dementia. Early studies revealed that the elevated Hcy level and the low folate level were

D,>*% and plasma total Hey was strongly influenced by

57,58

considered as potential risk factors for the development of A
B-group vitamins.’® Moreover, external supplementation of folate, as well as increased fruit and vegetable
consumption,® has been shown to reduce the total Hcy concentration. In a linear regression with a multi-vitamin
model, higher folate concentrations were correlated with better cognitive performances through MMSE score.®® These
studies suggested that a folate level was closely associated with better cognitive function. Most prospective studies>>¢!
have found that after adjusting for B vitamin status, raised tHcy remains associated with cognitive impairment, indicating
that HHcy is a risk factor independent of the B vitamins for cognitive impairment. Our previous meta-analysis of
prospective cohort studies'® found that an increase in blood Hey was positively linearly associated with increased relative
risk of AD, implying that blood Hcy is an independent risk factor for AD risk.

The cause of why the blood Hcy level in AD patients is increased has been obscure. Above all, the question whether
cognitive impairment directly triggers the increase in Hcy is worthy to be explored. It was reported that the plasma tHcy
level in AD patients did not increase with time after disease onset, whereas the plasma tHcy concentration correlated with
the severity of the disease.®? Although dementia may precede HHcy at later stages (due to feeding difficulties or
micronutrient malabsorption), tHcy levels did not increase during 3 years as dementia worsened. The stability of tHcy

levels over time and lack of relationship with duration of symptoms appeared to argue against the notion of being
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a consequence of disease.”> A cross-sectional study on the association between some biomarkers in the elderly showed
that plasma Hcy correlated with age, serum creatinine, plasma AB40, and was inversely correlated with serum vitamin
B> and folate, indicating that homocysteine seems to be closely related to aging rather than specifically to AD.%* It is
a pity that the current study could not provide any evidence of direct effect of AD patients on the blood Hcey level.

Secondly, the questions whether raised tHcy in AD is attributed to other causes, such as B vitamin inadequacy, should
also be discussed in detail. Since cognitive impairment would yield changes in diet and lifestyle, this is crucial to exclude
the reverse causality, which in turn raise tHcy. Low folate levels were reported to be associated with atrophy of the brain,
in particular, with the cortex.®® It has been reported that low dietary folate can promote hippocampal neurodegeneration
in amyloid precursor protein mutant transgenic mice.®® It seems that folate deficiency may enhance the methylation of
genes and therefore the potential acceleration of processes associated with aging.®’ It has been believed that B-group
vitamins, in particular, vitamin B, and folate, can lower the blood Hcy level, then are recommended to be applied to the
treatment of HHcy. A study found that 484 of 858 patients with HHcy (56.41%) reached normal serum Hcey levels with
post-treatment of folic acid (5 mg/d) for 3 months, and up to 43.59% of the patients still failed to reach the normal range,
suggesting that the efficiency of folic acid treatment of HHcy is low, and there are complicated underlying mechanisms
by which the blood Hcy level in AD patients is increased.®® Clinical trials regarding lowering Hey levels via B vitamin
supplementation have been lacking and inability to properly test the hypothesis that lowering Hcy can slow and/or
prevent cognitive decline.®” The current meta-analytic result supports that in AD the elevated Hcy level is robustly
associated with the decreased level of folate, but not that of vitamin B12.

What can be said is that many different biological mechanisms are known that could link raised blood Hcy to AD
pathology. Li et al’® reported that in 3xTg mice the high levels of Hey induced by diet promoted tau phosphorylation at
T231/S235 sites, and there were no differences in total tau protein levels with or without high Hcy. It was shown that in
cultured neurons using a tetracycline-off system, Hcy (10-1000 umol/L) activated tau phosphokinases (glycogen
synthase kinase 3 and cyclin-dependent kinase 5), and inhibited protein phosphatase 2A (a main tau phosphatase),
leading to increases in phosphorylated tau levels, as well as rises of tau aggregates and truncated tau species.”'’* Diet-
induced elevation of Hcy levels results in an exacerbation of all 3 major pathological features of the AD phenotype:
memory deficits, and AB and tau neuropathology.” It was shown that raised plasma tHcy and raised CSF S-adenosyl-
homocysteine were associated with increased levels of CSF P-tau.”® Furthermore, normalization of HHcy improved

1'74

cognitive deficits and ameliorated brain amyloidosis of a transgenic mouse AD model.”™ Therefore, hyperhomocystei-

nemia might increase the risk of Alzheimer-type dementia by aggravating AD-like lesions.

Strengths and Limitations

There were some strengths of this meta-analysis that should be noted. First, one of the major strengths of the current
study is that the performance of the Hcy level in discriminating AD from controls did not depend on the great variability
between laboratories and tests. RoM (ratio of mean Hcy concentration), as a new measure for continuous outcomes,
provided valuable information for the change degree of the Hey levels in AD to controls. We used RoM as a measure of
fold-change between comparison to reduce the variability in chemokine levels. Second, this meta-analysis was unlimited
with respect to region and year of publication, recruiting a sufficiently large number of eligible studies, providing
comprehensive data on the association between Hcy and AD. Third, we performed detailed subgroup and sensitivity
analyses, and a complete quality assessment, which provided reliable and precise estimates. Lastly, studies on the
association with Hcy level and other factors were examined.

However, some limitations of our meta-analysis should be addressed. The number of cases included in the study was
limited, in particular, for CSF samples. There was substantial heterogeneity among the included studies. Despite having
run exhaustive literature searches, we might have potential to miss some eligible studies. Studies were restricted to
English language, which is a potential source of reporting bias. Although publication bias was denied by the Egger’s and
Begger’s tests, the possibility of undetected bias could not be excluded owing to the limitations of case—control design.
We did not consider the degree of dementia, which is a non-ignorable factor leading to the elevated Hey level. Significant
heterogeneity might be influenced by many factors, among which the participants’ characteristics, disease duration, and
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disease severity might be important. Hence, these limitations must be considered when interpreting the results of this
meta-analysis.

Conclusions

Regardless of dementia degree, there is an approximately one-third elevation in the blood Hcy level in AD patients,
which is closely associated with a decreased level of blood folic acid in AD. Future research into the cause-and-effect
link between folate and Hcy is urgently needed; more case—control studies, with large numbers of participants, are also
needed to offer a more exact assessment of the association of the CSF Hcy level with AD.
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