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Homocysteine and Folic Acid: Risk
Factors for Alzheimer’s Disease—An
Updated Meta-Analysis

Qianwen Wang, Jingjing Zhao, Hongtao Chang, Xu Liu and Ruixia Zhu*

Department of Neurology, The First Affiliated Hospital of China Medical University, Shenyang, China

Background: Recent studies have reported that homocysteine (Hcy) may play a vital
role in the pathogenesis of vascular dementia (VaD) and Alzheimer’s disease (AD). Our
study explored the relationship between the plasma Hcy and folate levels and the risk
of dementia.

Methods: We searched Embase, PubMed, and Web of Science for published
literature, including case-control studies and prospective cohort studies, and performed
a systematic analysis.

Results: The results of our meta-analysis, consisting of case-control studies, showed
higher levels of Hcy and lower levels of folate in dementia, AD, and VaD patients than
those in non-demented controls (for dementia: SMD = 0.812, 95% ClI [0.689, 0.936],
p = 0.000 for Hcy; SMD = —0.677, 95% CI [-0.828, —0.525], p = 0.000 for folate).
AD patients showed significantly lower plasma Hcy levels compared to VaD patients
(SMD = —0.278, 95% CI [-0.466, —0.09], p = 0.000). Subgroup analysis revealed that
ethnicity, average age, and dementia type had no significant effect on this association.
Furthermore, from the analysis of prospective cohort studies, we identified that elevated
plasma Hcy levels were associated with an increased risk of dementia, AD, and VaD
(RRgementia = 1.22, 95% CI [1.08, 1.36]; RRap = 1.07, 95% CI [1.04, 1.11]; RRvap =
1.13, 95% CI [1.04, 1.23]). In addition, every 5 wmol/L increase in the plasma Hcy level
was associated with a 9% increased risk of dementia and a 12% increased risk of AD.

Conclusion: Hcy and folic acid are potential predictors of the occurrence and
development of AD. A better understanding of their function in dementia could provide
evidence for clinicians to rationalize clinical intervention strategies.
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INTRODUCTION

Dementia is a severe threat to the health of older people and places a heavy burden on their families
and society (Brookmeyer et al., 2007). Alzheimer’s disease (AD) is the most common form of
dementia and is characterized by p-amyloid (AB)-containing plaques and neurofibrillary tangles
(NFT) (Lane et al., 2018). Vascular dementia (VaD) is the second most common form of dementia
and has similar clinical manifestations that are caused by specific ischemic lesions, such as thalamus
and white matter. There has not yet been an effective therapy for dementia, and it is urgent to
identify considerable methods to delay cognitive decline. It has been reported that subjects with

Frontiers in Aging Neuroscience | www.frontiersin.org 1

May 2021 | Volume 13 | Article 665114


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://doi.org/10.3389/fnagi.2021.665114
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2021.665114&domain=pdf&date_stamp=2021-05-26
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles
https://creativecommons.org/licenses/by/4.0/
mailto:zrx_200626313@163.com
https://doi.org/10.3389/fnagi.2021.665114
https://www.frontiersin.org/articles/10.3389/fnagi.2021.665114/full













Wang et al. Homocysteine: Risk Factor for Alzheimer’s Disease

FIGURE 2 | Forest plot of standard mean difference (SMD) and 95% confidence interval (95%Cl) in dementia and control group for plasma homocysteine.

Frontiers in Aging Neuroscience | www.frontiersin.org 6 May 2021 | Volume 13 | Article 665114



Wang et al. Homocysteine: Risk Factor for Alzheimer’s Disease

Study %
D SMD (95% Cl) Weight
Parnetti 1992 —_— -0.80 (-1.29, -0.31) 2.00
Joosten 1997 —— -0.19 (-0.58, 0.20) 2.21
Clarke 1998 —— -0.51 (-0.75, -0.26) 247
Leblhuber 2000 —_— -0.62 (-1.27, 0.04) 1.67
Bottiglieri 2001 —_— -0.74 (-1.35, -0.13) 1.75
Selley 2002 —— 1 -2.31 (-3.02, -1.60) 1.56
Religa 2003 : —— 0.21 (-0.07, 0.49) 242
Mizrahi 2004 | = -0.18 (-0.45, 0.10) 2.42
Quadri 2004 — -0.58 (-0.94, -0.22) 2.28
Anello 2004 | == -0.24 (-0.45, -0.03) 2.53
Malaguarnera 2004(1) —— | -1.35(-1.99, -0.71) 1.69
Malaguarnera 2004(2) —Q-—l— -0.95 (-1.48, -0.41) 1.91
Ravaglia 2004 —O—: -0.99 (-1.47, -0.50) 2.02
Gallucci 2004 - -0.33 (-0.68, 0.02) 2.29
Dominguez 2005 —— | -1.47 (-2.13,-0.82) 1.67
Quadri 2005 —_—— -0.64 (-0.94, -0.35) 2.39
Lovati 2007 —— : -1.13 (-1.44, -0.81) 2.35
Kim 2007 | = -0.12 (-0.35, 0.10) 2.51
Koseoglu 2007 —_—— | -1.68 (-2.16, -1.19) 2.02
Hagnelius 2008 —t——] -0.40 (-0.78, -0.02) 2.22
Galimberti 2008 —_— ! -2.43 (-3.16, -1.71) 1.53
Karimi 2009 H—— -0.18 (-0.57, 0.21) 2.20
Villa 2009 —_— -0.51 (-1.23, 0.20) 1.55
Bi 2009 —_ -0.54 (-0.82, -0.27) 243
Linnebank 2010 1 ——— 0.21(-0.15, 0.57) 227
Morillas-Ruiz 2010 —— -0.85 (-1.26, -0.44) 2.17
Hooshmand 2010 : —_—— 0.21 (-0.28, 0.70) 2.00
Faux 2011 . -0.07 (-0.23, 0.08) 2.60
Czapski 2012 1 = 0.02 (-0.22, 0.26) 248
Yesil 2012 | —— -0.07 (-0.28, 0.14) 2.53
Piazza 2012 —— | -0.48 (-0.75, -0.20) 2.42
Kim 2013 e -0.09 (-0.36, 0.17) 2.44
]
Mansoori 2014 - -0.42 (-0.71,-0.14) 2.41
Ma 2017 —_— -0.52 (-0.80, -0.24) 2.42
Soni 2018 —_—— 0.03 (-0.62, 0.69) 1.67
Meng 2019 I -0.10 (-0.26, 0.06) 2.59
Yeneisy 2020 :—0—- -0.27 (-0.62, 0.08) 229
Parnetti_VAD 1992 —_— -0.99 (-1.55, -0.42) 1.84
Leblhuber_VAD 2000 —_— -0.64 (-1.39, 0.10) 1.50
Bottiglieri_VAD 2001 ——— -0.12 (-1.02, 0.79) 1.23
Quadri_VAD 2004 ——t -0.50 (-1.04, 0.04) 1.90
Malaguarnera_VAD 2004(1) —0—: -1.06 (-1.68, -0.44) 1.73
Malaguarnera _VAD 2004(2) —.— -0.53 (-1.04, -0.01) 1.95
Gallucci_VAD 2004 — -0.53 (-0.97, -0.09) 2.10
Dominguez_VAD 2005 —_— -1.58 (-2.31, -0.85) 1.52
Koseoglu_VAD 2007 —_— ! -2.31(-2.81,-1.81) 1.98
Villa_VAD 2009 :—0— -0.04 (-0.75, 0.68) 1.55
Mansoori_VAD 2014 -T-—| -0.36 (-0.69, -0.03) 2.32
Overall (I-squared = 85.8%, p = 0.000) <O -0.57 (-0.70, -0.43) 100.00
NOTE: Weights are from random effects analysis :
|
-3.16 0 3.16

FIGURE 3 | Forest plot of standard mean difference (SMD) and 95% confidence interval (95%Cl) in dementia and control group for folic acid.

model was used to take additional account of study variation.  Begg’s and Egger’s tests indicated publication bias (p = 0.000
Our study found that plasma Hcy levels were higher in dementia ~ and p = 0.000, respectively). Therefore, we used the trim and
patients than in controls, with an SMD of 0.812 (95% CI [0.689-  fill method to recalculate the pooled effect size, and the results
0.936], p = 0.000) (Figure 2). Our study also found that folate ~ were slightly altered but still similar to our original risk estimate
levels were lower in dementia patients than in controls, with an ~ (SMD = 0.812, 95% CI [0.689, 0.936], p = 0.000 for Hcy; SMD
SMD of —0.568 (95% CI [—0.705, —0.431], p = 0.000) (Figure 3). = —0.677, 95% CI [—0.828, —0.525], p = 0.000 for folate)
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TABLE 3 | Summary of statistic results in our meta-analysis and subgroup analysis.

Subgroup SMD 95% ClI P-value Heterogeneity
Hey AD 0.689 [0.569, 0.809] 0.000 85.2%
VAD 1.228 [0.818, 1.639] 0.000 90.9%
Caucasian 0.872 [0.727,1.016] 0.000 89%
Asian 0.546 [0.368, 0.723] 0.000 69.1%
Age 60-70 0.519 [0.288, 0.75] 0.000 50.4%
Age 70-80 0.826 [0.695, 0.959] 0.000 86.7%
Age 80-90 0.961 [0.438, 1.485] 0.000 94.2%
AD vs. VAD -0.278 [-0.466, —0.09] 0.004 65.7%
Male 1.24 [0.91-1.58] 0.000 90.7%
Female 0.71 [0.53-0.88] 0.000 87.9%
Folate AD —0.503 [-0.644, —0.362] 0.000 85.5%
VAD —0.796 [-1.2, —0.393] 0.000 82.6%
Caucasian -0.676 [-0.856, —0.497] 0.000 87.8%
Asian —0.256 [-0.377, —0.314] 0.000 46.2%
Age 60-70 —0.262 [-0.486, —0.037] 0.022 85.8%
Age 70-80 —0.574 [~0.731, —0.418] 0.000 85.4%
Age 80-90 —0.69 [-1.190, —0.193] 0.000 90.5%
AD vs. VAD 0.032 [-0.132, 0.196] 0.703 20.2%
Male —0.64 [-0.97, —0.3] 0.000 84.1%
Female —0.57 [-0.74, —0.39] 0.000 85.4%

SMD, standard mean differences; 95 %Cl, confidence interval.

(Supplementary Figure 2). Sensitivity analysis revealed that the
results were identical to the primary results after removing any
one of the studies one at a time. This indicated that no single
study exerted a substantial influence on the pooled effect size (ES)
(Supplementary Figures 3, 4).

Subgroup Analysis

To further explore the effect of geographical ethnicity, average
age, gender, and dementia type on plasma Hcy and folate
levels in dementia patients and controls, subgroup analyses were
performed. The 55 studies for Hcy and 37 studies for folate levels
were divided into two subgroups based on the dementia type.
Subgroup analysis showed lower folic acid levels in AD patients,
with an SMD of —0.503 (95% CI [—0.644, —0.362], p < 0.05),
and higher Hcy levels in AD patients, with an SMD of 0.689 (95%
CI [0.569, 0.809], p < 0.05), than in the controls. This indicated
significant differences in plasma Hcy and folate levels between
AD patients and controls. Further, we also found that Hcy levels
were higher and folate levels were lower in VaD patients than
in the controls. Additionally, high Hcy and low folic acid levels
in dementia patients were found in the Caucasian and Asian
cohorts. Ethnicity also exhibited no significant effect on this
association. Further subgroup analysis based on age (age 60-70,
SMD = 0.519 [0.288, 0.75], p = 0.000; age 70-80, SMD = 0.826
[0.695, 0.959], p = 0.000; age 80-90, SMD = 0.961 [0.438, 1.485],
p = 0.000) showed higher levels of Hcy in dementia patients
than in healthy controls. In both male and female subgroups,
higher Hcy and lower folic acid levels were observed in dementia
patients than in controls. Plasma folate levels were significantly
lower in dementia patients with a mean age of 70-80 and 80-90
years than in controls. However, dementia patients with an

average age of 60-70 years had marginally lower folic acid levels
(SMD = —0.262, [—0.486, —0.037], p = 0.022). The above results
are shown in Supplementary Figures 5-12, Table 3.

Comparison of Hcy and Folic Acid Levels in AD and
VaD Patients

A significant reduction in the plasma Hcy level was observed
in AD patients compared to VaD patients (SMD = —0.278,
95% CI [—0.466, —0.09], p = 0.000) (Figure 4). Additionally,
there were no significant differences in folate levels between
AD and VaD patients (SMD = 0.032, 95% CI [—0.132, 0.196],
p=0.703).

Hcy Level and Risk of Dementia

In total, 13 prospective studies on Hcy levels and risk of
dementia were included in our study. A summary of these
studies is shown in Supplementary Table 1. The pooled overall
RR was 1.22, 95% CI (1.08, 1.36), which suggests that an
elevated Hcy level may be correlated with a significantly increased
risk of all-cause dementia. High serum Hcy levels were also
associated with an increased risk of AD and VaD occurrence
(RR 1.07, 95% CI [1.04, 1.11]; RR 1.13, 95% CI [1.04, 1.23])
(Figure 5). Five studies were included in our meta-analysis to
explore the association between folic acid level and the risk
of AD. We found that a low folic acid level was associated
with an increased risk of AD (RR 1.731, 95% CI [1.122, 2.34])
(Figure 6).

Begg’s and Egger’s tests indicated no publication bias. For
further linear dose-response analysis, eight studies about Hcy
with more than two categories were included, with a total
of 15,134 participants and 1,627 all-cause dementia cases.
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Study %
ID SMD (95% Cl) Weight
Leblhuber 2000 — -0.05(-0.77,0.67)  3.89
Pollak 2000 '5—-0-— -0.01 (-0.30, 0.29) 7.44
Bottiglieri 2001 +- : -0.61 (-1.41, 0.20) 3.43
Nilsson 2002 —:-0—— -0.20 (-0.53, 0.13) 7.11
Nagga 2003 —E—*—-—' -0.13 (-0.52, 0.25) 6.61
Gallucci 2004 —_— -0.28 (-0.64, 0.07) 6.89
Quadri 2004 #: -0.29 (-0.81, 0.22) 5.40
Malaguarnera 2004(1) < : -0.66 (-1.26, -0.05) 4.67
Malaguarnera 2004(2) -+- : -0.36 (-0.87, 0.15) 5.45
Dominguez 2005 : ¢ -0.20 (-0.78, 0.38) 4.88
Folin 2005 +- : -0.45 (-1.04, 0.14) 4.80
Guidi 2005 : +- 0.62 (0.11, 1.13) 5.46
Guidi 2006 :# -0.27 (-0.71, 0.17) 6.09
Koseoglu 2007 —_— : -1.19(-1.59,-0.80)  6.50
Davis 2007 . : -0.49 (-1.26, 0.29) 3.57
Villa 2009 . ¢ 0.36 (-0.35, 1.07) 3.96
Mansoori 2012 —:—0-— -0.06 (-0.42, 0.29) 6.89
Cervellati 2013 —_— E -0.68 (-1.03, -0.34) 6.95
Overall (I-squared = 65.7%, p = 0.000) @ -0.28 (-0.47, -0.09) 100.00
[
NOTE: Weights are from random effects analysis E
-1 .[59 0 1.159
FIGURE 4 | Forest plot of standard mean difference (SMD) and 95% confidence interval (95%Cl) in AD and VaD for plasma homocysteine.

There was no significance for non-linear dose-response analysis
(p-non-linear = 0.801). The summary RR of dementia was
1.09 (95% CI [1.057-1.131]) per 5 pmol/L of increased Hcy
(Figure 7). In other words, it was estimated that every 5
pumol/L increase in the plasma Hcy level was associated with
a 9% increase in the risk of dementia. The summary RR
of AD per 5 pmol/L increment in Hcy was 1.12 (95% CI
[1.067-1.178]). However, the summary RR was 1.046 (95% CI
[0.951-1.14]) for every 5-unit increase with no significance
for VaD. In addition, the results of the sensitivity analysis
were not substantially different. This indicates that our results
are reliable.

DISCUSSION

Our meta-analysis included 81 articles, and 15 of these were
prospective cohort studies. Drawing on this, we systematically
analyzed the association between the Hcy and folate levels and

the risk of dementia. The results of the meta-analysis not only
confirmed that dementia patients had higher Hcy and lower folic
acid levels than the controls but also suggested that subjects with
high Hcy levels and low folic acid levels might be susceptible
to AD. We found a linear trend that for every 5 pmol/L
increase in Hcy levels, the risk of dementia and AD increased
by 9 and 12%, respectively. To our knowledge, the present
meta-analysis is the largest and most comprehensive evaluation
of the correlation between Hcy and folate levels and the risk
of dementia.

A recent meta-analysis of retrospective studies by Shen et al.
demonstrated that AD was significantly associated with high
Hcy levels and low serum folate levels. They also suggested
that high Hcy and low folate levels may be associated with an
increased risk of occurrence of AD (Shen and Ji, 2015). Another
meta-analysis by Zhang et al. indicated that all the subtypes of
the trial of org 10,172 in acute stroke treatment (TOAST) of
ischemic stroke in Chinese patients showed significantly higher
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Study

Seshadri 2002
Kivipelto 2009
Chen 2020
Kim 2008
Haan 2007
Zylberstein 2011
Nurk 2005
Ford 2012
Hendrie 2013
Miwa 2016
Ravaglia 2005

Overall (I-squared = 63.6%, p = 0.002)

NOTE: Weights are from random effects analysis

ES (95% ClI)

1.40 (1.10, 1.90)
1.04 (1.01, 1.07)
2.28 (1.51, 3.43)
1.57 (0.69, 3.54)
239 (1.1, 5.36)
1.67 (1.10, 2.57)
234 (1.39, 3.91)
1.48 (1.10, 2.00)
1.41(0.73,2.71)
1.08 (1.01, 1.16)
2.18 (1.37, 3.48)

1.22 (1.08, 1.36)

%

Weight

9.28
37.27
2.02
0.94
0.43
3.32
1.20
7.73
191
34.21
1.69

100.00

T
-5.36

Study

Seshadri 2002
Kivipelto 2009
Chen 2020

Kim 2008
Luchsinger 2004
Zylberstein 2011
Miwa 2016
Hooshmand 2010
Ravaglia 2005

Overall (I-squared = 49.1%, p = 0.047)

5.36

.

"""’"(“‘#"’"

ES (95% CI)

1.80 (1.30, 2.50)
1.06 (1.02, 1.10)
1.96 (1.19, 3.24)
1.03 (0.77, 1.38)
1.40 (0.80, 2.40)
2.43(1.25,4.71)
1.08 (0.96, 1.18)
1.19(1.01, 1.39)
2.08 (1.15, 3.79)

1.07 (1.04, 1.11)

%

Weight

0.37

83.08

0.13

0.21

0.04

10.99

3.68

0.08

100.00

Chon 2020

Zywerston 2011

Mona 2016

Overall (t-squared = 31.8%, p = 0.231)

4.7

ES (95% CI)

281(1.14,551)

0.70(028,1.72)

114 (1.04,129)

113(1.04, 1.28)

9791

551

FIGURE 5 | Forest plot of relative risk (RR) and 95% confidence interval (95%Cl) in dementia (all-caused dementia, AD, and VaD) and control group for homocysteine.
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Study %

([} ES (85% Cl) Weight
1
1
!

Nurk 2005 ~— 1.19(1.11,3.36) 2031
|
|

Kim 2008 - g 2.70(1.22, 5.08) 6.55
1
:

Wang 2001 —_— 1.70 (0.80, 3.20) 28.05
1
|

Maxwell 2002 — 2.17 (0.85, 5.53) 8.78
|
1
1
)

Ravaglia 2005 —_—— 1.98 (1.15, 3.40) 20.31
1
1

Overall (I-squared = 0.0%, p = 0.765) @ 1.73(1.12, 2.34) 100.00
1
1
1
1
1
1
!
L

T T
-5.08 0 5.08
FIGURE 6 | Forest plot of relative risk (RR) and 95% confidence interval (95%Cl) in AD and control group for folic acid.

Relative Risk

Hey,umol/L

FIGURE 7 | Dose-response analysis of homocysteine and risk of AD. The solid
line represents the best fitting cubic spline model.

Hcy levels compared to the controls (Zhang et al., 1998). Our
meta-analysis confirmed that higher levels of Hcy and lower
levels of folic acid were observed in patients with dementia
than in non-demented controls, which was consistent with the
previous meta-analysis results. Further, we found that plasma
Hcy levels were higher in VaD patients than in AD patients. In
our meta-analysis, we included 26 studies (Fekkes et al., 1998;

Pollak et al., 2000; Wang et al., 2001; Maxwell et al., 2002;
Malaguarnera et al., 2004; Irizarry et al., 2005; Zhang et al,
2005; Guidi et al., 2006; Davis et al., 2007; Galimberti et al.,
2008; Kim et al., 2008a; Bi et al., 2009; Hooshmand et al., 2010;
Tu et al., 2010; Ferlazzo et al., 2011; Mansoori et al., 2012,
2014; Piazza et al,, 2012; Yesil et al., 2012; Elhawary et al.,
2013; Choe et al., 2014; Doody et al., 2015; Madsen et al., 2015;
Ma et al.,, 2017; Soni et al., 2018; Meng et al., 2019; Lanyau-
Dominguez et al., 2020; Sutovsky et al, 2020) (21 for Hcy
and 13 for folate) that were not included in previous studies.
Subgroup analysis by ethnicity revealed that dementia patients in
Caucasian and Asian cohorts both had high Hcy levels and low
folic acid levels. It was also determined that ethnicity exhibited
no significant effect on this association. Further subgroup
analysis by average age showed that plasma Hcy levels were
significantly higher in dementia patients of every age group
than in healthy controls. However, no significant difference was
observed in folate levels between dementia patients with an
average age of 60-70 years and healthy controls. Recent studies
(Hainsworth et al., 2016) showed that older patients need vitamin
B supplementation to reduce cognitive impairment, which is in
accordance with our results. It seems that folate and vitamin
B exhibit a significant role in the dementia of elder people. A
previous study indicated that there is a gender difference in the
relationship between Hcy levels and the risk of AD. However,
our subgroup analysis concluded that both women and men with
dementia had higher Hcy levels and lower folate levels than the
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controls, and the gender exerted no effect on this relationship.
Sensitivity analyses suggested that the primary pooled effect
size of our analysis remained stable after the exclusion of any
single study.

Individual studies on the association between plasma Hcy
level and the risk of dementia occurrence did not reach a
consensus (Luchsinger et al., 2004; Ford and Almeida, 2012;
Miwa et al, 2016). Recently, Zhou et al. performed a meta-
analysis of prospective cohort studies and found that an increased
level of blood Hcy was associated with the risk of developing
AD but not VaD or cognitive impairment (Zhou and Chen,
2019). Our meta-analysis supplemented four studies (Nurk
et al,, 2005; Haan et al.,, 2007; Kim et al., 2008b; Chen et al,,
2020) and demonstrated a positive association between high
levels of Hcy and the risk of dementia, AD, and VaD, which
is partly different from the results of the earlier researches.
We also identified that higher Hcy levels and lower folate
levels were associated with an increased risk of developing
dementia and AD. More importantly, a linear dose-dependent
relationship between Hcy levels (per 5 pmol/L increase) and
the risk of developing AD (12% increase) was found in our
study. This finding suggests that every 5 wmol/L increment
in plasma Hcy is linearly associated with a 12% increase in
AD risk. It has been noted that an increased level of plasma
Hcy contributes to the occurrence and development of AD but
not VaD.

To date, three trials (FACIT, WAFACS, and VITACOG) have
reported the beneficial effects of Hcy-lowering interventions
(Hainsworth et al., 2016). The FACIT and WAFACS trials
indicated significant effects of B6, B12, and folate on slowing
cognitive impairment in patients with high plasma Hcy levels
(Douaud et al, 2013). Nieraad et al. suggested that the B-
vitamin intervention showed promise to become a preventive
therapeutic for AD by the evidence of immediate normalization
of Hey after B-vitamins supplement in the mouse model (Nieraad
et al., 2021). Nevertheless, vitamin B supplementation slowed
brain atrophy in AD-related regions in subjects with high
plasma Hcy levels. It should also be noted that the timing
of the Hcy-lowering intervention is critical and that vitamin
supplementation exerts a protective effect on AD after 15
months. Hcy as a key mediator in AD development, and
Hcy-lowering intervention may be an effective treatment for
cognitive impairment.

The following may be the potential Hcy-related mechanisms
leading to dementia. First, high Hcy levels can produce
superoxide anions, hydrogen peroxide, and hydroxyl anions,
which act as promoters of neurodegenerative events and cause
endothelial damage and neuronal death (Faraci and Lentz,
2004; Sharma et al.,, 2015). Moreover, hyperhomocysteinemia
is associated with increased hippocampal and cortical atrophy
through increasing hippocampal neuron vulnerability to
excitotoxic insults and amyloid-peptide toxicity. Hcy may also
have a neurotoxic effect on neurons by stimulating the activation
of N-methyl-D-aspartate glutamate receptors, resulting in cell
death. In addition, hyperhomocysteinemia also affects the
synthesis of methionine and S-adenosylmethionine, which
could inhibit the methylation reaction, neurotransmitter

metabolism, and membrane phospholipids (Lipton et al., 1997;
Sachdev et al, 2002). Finally, high Hcy levels can generate
B-amyloid peptides through hydrolysis of the amyloid precursor
protein. This can lead to the formation of amyloid plaques
in neurons (Pacheco-Quinto et al., 2006; Prince et al., 2014).
Thus, hyperhomocysteinemia might have versatile roles in
cognitive impairment, and complex mechanisms are worthy
to be explored. Furthermore, independent of high Hcy levels,
folic acid also plays an important role in cognitive function.
Folate deficiency causes oxidative stress and generates reactive
oxygen species that are responsible for neuronal deterioration
and cellular death in areas of the brain involved in AD (Robinson
et al., 2018). It has been reported that a folic-acid-deficient
diet can promote hippocampal neurodegeneration in amyloid
precursor protein mutant transgenic mice (Pacheco-Quinto
et al., 2006). Specific mechanisms of Hcy and folate related
to the occurrence and development of AD are still not
completely lighted, and more exploration is needed to find
effective therapy to delay the progression of cognitive decline
and dementia.

The strengths of the current study include comprehensive
analyses. First, our investigation included prospective studies and
retrospective case-control studies providing a comprehensive
perspective on the association between Hcy and folate levels
and dementia. Second, our current meta-analysis examined the
relationship between blood Hcy levels and the risk of cognitive
disorders including AD and VaD. Third, we performed subgroup,
sensitivity, and dose-response analyses, which provided reliable
and precise estimates. Lastly, multiple studies including several
cases and participants were included in our study. However,
some limitations of our meta-analysis should be considered.
First, the heterogeneity among studies was significant owing
to differences in geographical location, analytical methods, cut-
off values, and patient selection. Second, most studies included
in our analysis do not belong to the randomized controlled
trial (RCT) category in the strict sense. Randomized placebo-
controlled trials of Hcy-lowering treatment are needed to
determine the effect of such treatment on the progression of
dementia. In addition, although the RR with fully adjusted
models was used in our study, different adjustments for confound
risk among the different studies could potentially influence
the results. Not all the included studies took account of the
adjustment for cardiovascular risk factors, MMSE score, vitamin
B, duration of follow-up, and other factors. Lastly, only studies
with full texts and published papers were included in our
meta-analysis; therefore, publication bias may have affected
our findings.

In conclusion, our meta-analysis is the first to report that
patients with dementia, including AD and VaD, show higher
levels of Hcy and lower levels of folic acid compared to non-
demented controls. We also revealed a possible influence of
elevated plasma Hcy levels and reduced folate levels on the risk
of dementia. Moreover, every 5 pumol/L increase in the plasma
Hcy level was associated with a 12% increase in the risk of
AD. The above findings indicate that Hcy and folic acid may
contribute to the incidence of dementia. Our study provides
vital evidence for clinicians to rationalize clinical intervention
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strategies. Moreover, longitudinal studies are needed to further
elucidate the relationship between Hcy, folic acid, and dementia.
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