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ARTICLE INFO ABSTRACT

Keywords: Background: Cognitive impairment, including mild cognitive impairment and its progressive deterioration to
Homocysteine dementia, results in great hazards to the patient and the surrounding society. While some of the risk factors are
Cognitive impairment unmodifiable, such as age, lower educational attainment, and genetic factors, another proposed one-homo-
Eiﬁz‘;ii cysteine, an amino acid produced in the methylation cycle of protein metabolism is modifiable by cheap and

easily accessible B-vitamins treatments in medical practice.

Objective and methods: To investigate the relationship between homocysteine and cognitive impairment, eluci-
date the underlying pathophysiological mechanisms and exploit any potential therapeutic values of homo-
cysteine-lowering treatments in prevention and/or treatment in cognitive decline, we searched on the PUBMED
databases surrounding around the physiological homocysteine metabolism, detrimental effects of abnormal
homocysteine concentrations on the brain, and review observational and interventional experiments to date
estimating the relationship between homocysteine and cognitive impairment with relatively powerful evidence.
Results: Intrinsic and environmental factors help maintain the normal homocysteine concentrations, and pa-
thological homocysteine concentrations exert adverse effects mediated by cellular and vascular pathways.
Although many observational studies have suggested a causal link between hyperhomocysteinemia and cogni-
tive impairment, the majority of randomized controlled trials failed to observe marked benefits on cognition by
homocysteine-lowering treatments using B-vitamins, partly arising from some design limitations including: not
identifying individuals at earlier stages of cognitive impairment who are most likely to benefit, overlooking any
latent safety hazards of multiple vitamin supplementation, lack of sensitive and domain-specific cognitive tests,
and interference of other underappreciated factors.

Conclusion: More studies are required to better explain the related pathophysiological mechanisms, improve
experimental methods, and investigate the preventive or/and therapeutic effects of homocysteine-lowering
strategies on cognitive impairment.

Observational studies
Randomized controlled trial

1. Introduction

Dementia is an overwhelmingly major contributor to dependence
and disability for elderly individuals worldwide [1,2]. It's been reported
that, with a dramatic increase in the average life expectancy, the pre-
valence of dementia will double every 20 years, affecting 115.4 million
people in 2050 [3] and causing an exponentially increasing financial
burden on society [4]. Fortunately, researchers have proposed several
promising options for primary and secondary prevention to diminish
these disastrous outcomes [5]. Any treatments to prevent or slow de-
mentia's progression, even to a slight degree, should thus be encouraged
to lessen the tremendous harm of this disease. Homocysteine (Hcy),
well recognized as a strong independent risk factor of dementia, has

attracted great interest in the medical field. In spite of the current
dispute over the effect on cognitive improvement of Hcy-lowering
treatment using B vitamins (folic acid/Bg, cobalamin/B;,, and pyr-
idoxine/Bg), partly arising from imperfectly designed trials and limited
knowledge of the related pathophysiological mechanism, we should
continue exploring the potential benefits of this strategy. To that end, in
this paper we survey the biochemistry of Hcy metabolism, the data from
the observational and interventional studies exploring the relationship
between Hcy and cognitive impairment, and the potential mechanisms.
We then rethink current clinical trials and put forward several sug-
gestions to improve future research methodologies.

* Corresponding author at: 348 Heping West Road, Xinhua District, Shijiazhuang, Hebei Province, China.

E-mail address: peiyuanlul7@163.com (P. Lyu).

https://doi.org/10.1016/j.jns.2019.07.015

Received 6 January 2019; Received in revised form 10 July 2019; Accepted 11 July 2019

Available online 15 July 2019
0022-510X/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/0022510X
https://www.elsevier.com/locate/jns
https://doi.org/10.1016/j.jns.2019.07.015
https://doi.org/10.1016/j.jns.2019.07.015
mailto:peiyuanlu17@163.com
https://doi.org/10.1016/j.jns.2019.07.015
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jns.2019.07.015&domain=pdf

Y. Ji, et al. Journal of the Neurological Sciences 404 (2019) 128-136

2. Hyperhomocysteinemia, a potential risk of cognitive g BE g » 8 -ié
impairment g i 5 % g 5 B S 2
The term hyperhomocysteinemia (HHcy) first appeared in medical 5 85 & 3 8 £ g % £
research in McCully's 1969 study, which indicated that the metabolic £ g2 = §° g » § L & et
effects of increased concentrations of Hcy, or its derivative, could in- & é ; § % 8Eg-s ;g ﬁ E
duce arterial damage in children with homocystinuria arising from g sy = 5 é i £ k| 2 s s
defects in the cbIC gene [6]. Subsequent clinical research showed that & ﬁg & § % é g ? s g :;éo & ®
HHcy not only contributes to an increased risk of atherosclerotic se- ? T Eﬁ | E. 5 E % ‘3 = fg E
quelae, including cardiovascular disease (CVD) [7,8], carotid athero- @ § § :é @ j;‘ % § @ .; :°: :‘“ E
sclerosis [9], clinical stroke [10,11], but also acts as an independent Q 2 E‘ 2 g 2% g s g g s ? e
risk factor of cognitive decline and irreversible dementia [12]. ° § 2 § E b E" E E v 3 ’é g g
Plentiful large population-based studies have evaluated the cross- ;::u 2 2 E g é% E- Q% ; 5 § g
sectional relationship between total plasma homocysteine concentra- &% E %g g PR EEE % z ; b = é
tions (tHcy) and cognitive function among subjects with various risk § % f g 5 - 3 E g § é § 5 E TE é E £
classifications: subjects with intact cognition [13]; those free of stroke 2 g gAY 8 A §° § E SaE g § g § % g
[14] or dementia [15]; community-dwelling elderly subjects with a Z Eé’ g‘é g g5z g g g % IS z 3
wide spectrum of cognitions, ranging from normal cognition to de- “|9EWECYERE Wdes=2 = =
mentia [16,17]; and patients suffering from mild cognitive impairment 5E . oo Ei & E
(MCI), vascular dementia (VaD), histologically confirmed Alzheimer's 2 E 5 £ £ o B i g
disease (AD) [18,19].These studies confirmed the negative association % E § '5‘1 § é’ % 8 5
between tHcy and cognitive performance, after controlling for possible ; g % § ;§° & g E £
confounding variables, a finding also supported by meta-analysis [20]. 5 £ % . © E g 2 ° v é
However, descriptive observational studies can be problematic when é § e i ‘?j ‘:EJ < f :ni% ‘; ZE
establishing whether HHcy is a causative factor or simply a result of & 2 %E ‘; | % ] 2 g3 ® &
dementia-related nutritional and vitamin deficiencies. Nevertheless, we S 2.5 E B 3 58; %_ El é = .;
can initially postulate a possible causative status for Hey in relation to E (go § E ? E 8 & é £ i Z
dementia based on reasonably convincing prospective cohort studies g é = g % E’ E E E % % g ;J»
compared with cross-sectional type studies [12,21-25]. The Fra- - = %%g S”E ;Q:' ;éo g = §§ E
mingham Study [12] found that elevated homocysteine levels é) > 2 : i = f: = 8 Eo i 25 |2 £
(eHcy) > 14 uymol/L nearly doubled the risk of AD over an eight-year g = 8 K : E g < _T.g 2 :,E, 218 g
follow-up period. Haan et al. [22], in a cohort (N = 1779) of the Sa- g a § g é % § o (@ EO 8 a £ 8 é f
cramento Area Latino Study on Aging, reported that HHcy was posi- j'z: % § E z - EE ;é - g ;c_; 'é .% ; *§ e g
tively associated with an increased 4.5-year combined incidence of §° % 2 E g g:—f; gL % ) :é a 18 %
dementia and cognitive impairment without dementia (CIND), (HR: S|a 282 ®s25 4 =& &al% | g
2.39; 95% CI: 1.11, 5.16), consistent with the conclusion of Regalia ) :8 %
et al. [21], in a dementia-free cohort of 816 subjects over an average § ~ o - = b5 ;
follow up of four years. But the longitudinal analysis in the Leiden 85- E)O 2 2 3 8 g © 1 ':‘55 G
Plus Study [17] produced a negative outcome, possibly because of <|e © e N © £ <
uncompletec.i .control for covar.iates like I:enal function,. indicated by § E 3 § 5 9 9 E g ;
serum creatinine level. An outline of published observational research 2l = = © = N - 'g §
with powerful evidence and relatively large sample sizes (N > 500) _ & g
can be seen in Table 1. ERS = 2
Moreover, Mendelian randomization (MR) studies, which avoid the E % E E Ef’ E i
inherent limitations of residual confounding bias and reverse causality é g %° § % E g
found in other observational studies, can more cogently estimate the = pet :é 3 _ 2 ° '§
hypothesized causal link between tHcy and dementia by providing the 2 £ E’T‘: g 7 2 § E
most subjective epidemiological evidence. For instance, Casas et al., in g ; ; § § 5 5 ; s § “? :i ; s § }L;S
their meta-analysis of 111 studies comprising a total of 15,635 in- g f g g3 2 3 g 3 %g 2 ; g & e
dividuals [10], observed similar odds ratio with stroke for TT versus CC S| 5|8 E g g 2 2 z g3 T2 8 E Bz
homozygotes of the MTHFR C677T polymorphism, compared with Y || &&C © o S Aa&858SAS g s
those obtained from different homocysteine concentrations conferred :E S " o §
by the corresponding variants, suggesting a causal status for Hcy in & " e & z S 8 3
relation to strokes. Likewise, a meta-analysis by Hu et al., evaluating § g E % 8 < 2 é *g
the effect of eHcy conferred by MTHFR C677T on the risk of AD, was 2 jgf g S e " ;: g ;o g go E
suggestive of a causal link between tHcy and the risk of AD [26]. KuZzma ':% g %) g F; :% = 3 3 go -g é
et al. showed limited evidence for this causal link in their systemic & T % 2 e 2 E i i% g i
review of correlating MR studies [27], while Roostaei et al. [28] and % . g g T; . ‘é E s E g = % 5
Larsson et al. [29] got negative results. These discrepant outcomes, b ;;5 § § ‘§ % E % g KN E ; é © E
consistent with Smulders' discussion [30] on the veiled intrinsic lim- 81zl 2 28 & 2 S8 s¢gs&8 g E
itation of MR experiments, are not sufficient to reject the Hcy hy- g _ _ _ S g
pothesis. Strictly speaking, more elaborately designed trials are needed T: < 2 = = L = 8 i 2
to prove whether HHcy is one of culprits in cognitive impairment and to § 5 3 § _ Tj ; _ 2 _ o _ = E §
further explain the possible underlying mechanism. -8 g|3g5® S5y ES®A 550 ® &g
=31 2|3% £ - § y =
g _8 [} 2} A~ [ = /~ = e 2 E

129



Y. Ji, et al.

3. Possible mechanisms by which HHcy harms the brain

Clinical studies and animal experiments provide strong evidence
regarding the possible underlying mechanism of Hcy-induced cognitive
impairment. Firstly, population-based studies utilizing brain magnetic
resonance imaging (MRI) showed an association between homocysteine
and cortical and hippocampal atrophy [31-34], a marked pathological
trait of the AD subtype. Researchers also revealed that tHcy exacerbates
the histopathological process of AD: it potentiated brain A} formation
and deposition, mediated by the activation of y- secretase pathway, and
increased insoluble tau and neurofibrillary tangle via Cdk5 or caspase3
activation in mice models [35,36]. Afterwards, plasma Hcy levels were
positively correlated with white matter lesions [37,38] and lacunar
infarcts [39,40], two cardinal subtypes of cerebral small vessel disease
(CSVD), serving as vascular contributors to cognitive impairment and
dementia (VCID). The related physiopathological mechanism may in-
volve its detrimental effects on the endothelial function, which remains
incompletely understood but can be conventionally explained by re-
duced nitric oxide (NO) bioavailability through the inactivation of en-
dothelial NO synthase (eNOS) and increasing oxidative stress [41].
Recent studies also provide new mechanistic insight that endoplasmic
reticulum stress and redox homeostasis may be involved in this process
[42,43]. Thirdly, the neurotoxicity of Hcy interferes in neural pro-
liferation and reduces neuronal differentiation at embryonic ages [44].
In fully developed nervous systems, Hcy exerts its adverse effects on
neurons by oxidative stress injury, DNA damage, and neurotoxicity of
upregulating N-Methyl-D-aspartate receptor (NMDAr) expression,
leading to perturbing calcium homeostasis, mitochondrial dysfunction,
neuronal autophagy overactivation, and apoptosis, accompanied by
increased blood-brain barrier permeability [45-47].

4. Biochemistry of Hey
4.1. Hcy metabolism

Hcy, a nonessential sulphur-containing intermediate of the me-
thionine (Met) pathway involving multiple enzymes and cofactors, is
synthesized from Met in the methylation pathways, where the activated
S-adenosylmethionine (SAM), formed via phosphorylation of Met,
serves as a one-carbon donor for methylation reactions of numerous
substrates, including phospholipids, myelin, nucleic acids, choline, and
catecholamines. It is subsequently hydrolysed to Hcy and adenosine by
S-adenosylhomocysteine (SAH) hydrolase. Once formed, Hcy can be
transformed and metabolized by one of two pathways. The first is re-
methylation to Met, which requires bioactive methylenetetrahy-
drofolate reductase (MTHFR) and methionine synthetase (MS), depen-
dent on folate as a substrate and vitamin B12 as a cofactor, or by in-
teraction with betaine catalysed by betaine homocysteine
methyltransferase (BHMT). The second pathway involves transsulfura-
tion to cysteine for catabolism, which requires cystathionine-beta-syn-
thase (CBS) and pyridoxal —5’-phosphate, the vitamin B6 coenzyme
(Fig. 1). However, in the brain, the transsulfuration pathway is not
active and the betaine remethylation pathway is absent, since the only
human tissues in which BHMT is expressed are the liver and kidneys
[48]. So, we can summarize that Hcy metabolism is mainly determined
by the nutrient status of folate and cobalamin.

4.2. Determinants of Hcy concentrations

Hcy exists in plasma as three presenting forms: protein (albumin)-
bound, free circulating disulfide, and sulfhydryl; all three forms are
reported as tHcy in laboratory tests. In the fields of nutrition, Patrick
Holford regarded tHcy < 6 pmol/L to be the ideal status in his work-
The New Optimum Nutrition Bible. According to the guidelines for pre-
vention of stroke set by the American Heart Association/American
Stroke Association Council on Stroke, a cutoff of 10umol/L is
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Fig. 1. Note: TH: tetrahydrofolate; 5, 10 -MTH: N> !°- methylenetetrahy-
drofolate; 5-MTH: N°-methyltetrahydrofolate; MTHFR: methyltetrahydrofolate
reductase; MS: methionine synthetase; Met: methionine; SAM: S-adeno-
sylmethionine; SAH: S-adenosylhomocysteine; CBS: cystathionine beta syn-
thase; BHMT: betaine homocysteine methyltransferase.

recommended for use in identifying individuals who would benefit
from an intervention with B- vitamins [49]. Therefore, we define eHcy
as tHcy > 10 pmol/L. To be more precise, mild-to-moderate eHcy falls
within a concentration range of 10—100 umol/L, while a result of >
100 pmol/L represents severe eHcy, which typically occurs as a result
of congenital errors in Hcy metabolism leading to homocystinuria, but
also occurs in a few patients who have a serious lack of vitamin B12/
folate and in some cases of severe renal disease [50].

Homocysteine concentrations, positively correlated with increasing
age and male sex [51], are also considered to be etiologically involved
with multiple factors: genetic or nutritional-related disturbance in the
re-methylation or transsulfuration of Hcy metabolism, lifestyle, and
other conditions [52,53]. This section provides a more detailed de-
scription of these factors.

4.2.1. Genetic aetiology

Functional polymorphic variants of the enzymatic gene of Hcy
metabolism, including MTHFR, CBS, MTR(5-Methyltetrahydrofolate-
HomocysteineMethyltransferase)/MS, and MTRR (5-Methyltetrahydro-
folate-Homocysteine Methyltransferase Reductase), are critical in
maintaining nontoxic Hcy levels. The most intensively explored variant
occurs in C677T in the gene encoding the MTHFR, which correlates
with reduced enzymatic activity and renders the enzyme thermolabile,
eventually inducing decreased production of N5-MTF, the methyl donor
for Hey's conversion to Met. Variants of MTR/MTRR are associated with
deficits of methylcobalamin, the bioactive form of B12. And the
homozygous CPS mutation, a key enzyme in the catabolic pathway of
Hcy commonly manifesting as I1276T, causes severely HHcy with an
inborn error of Hcy metabolism, inducing severe cardiovascular out-
comes.

4.2.2. Nutritional factors

The maintenance of normal Hcy concentrations depends on its
methylation to Met and transsulfuration to cysteine, which requires
adequate store of three dietary vitamins: folate, B;,/cobalamin, and Bs/
pyridoxal phosphate, as shown in Fig. 1. Folic acid is found primarily in
dark green vegetables, grains, and fruits. Its concentration can be as-
sessed by three distinct laboratory markers. Serum/plasma folate, the
first-line assessment of folate status, is used by the majority of labora-
tories. Red cell folate, not influenced by transient changes in dietary



Y. Ji, et al.

intake, is a strong indicator of the preceding four months' folate status.
Finally, specific folate species, 5-MTHF and Hcy, reflect cellular folate
use [54]. Poor dietary intake, conditions conferring gastrointestinal
malabsorption (which are especially pronounced in the elderly), in-
creased folate turnover, and consumption of drugs (including antic-
onvulsants, methotrexate, oral contraceptives, pyrimethamine, tri-
methoprim, triamterene, and trimetrexate), contribute to the
development of folate deficiency, the most common cause of eHcy. As
estimated in a large population-based study of 3511 British people aged
65 years or more, the prevalence of folate deficiency (serum folate <
7 nmol/L and homocysteine > 20 mmol/L) was found to affect 5-20%
of older adults [55]. The current US recommended dietary allowance
(RDA) for average adults, set by the Food and Nutrition Board of the US
institute of Medicine (IOM) [56], is 400 pg/day and 400-800 ug/day for
women of childbearing age, according to the reaffirmed recommenda-
tion of the US Preventive Services Task Force (USPSTF) [57]. A man-
datory fortification policy of folate-enriched grain products was carried
out in many countries including the USA [56], where it was fully im-
plemented by January 1998, and has practically lowered the prevalence
of folate deficiency [58].

Vitamin By, (B;,, cobalamin), an essential nutrient for humans,
derives from animal source foods. Total plasma/serum B;, concentra-
tion alone may not reliably reflect B;5 status, so three other available
bioactive markers— holotranscobalamin (holo-TC), methymalonic acid
(MMA), and tHcy— are also utilized for optimal B;, assessment. Strict
vegetarianism, gastrointestinal malabsorption or resection, medica-
tions, and genetic anomalies are relatively common causes that place
individuals at increased risk of cobalamin deficiency [59]. Changes in
the above four biomarkers can reflect the severity of B, deficiency,
which is initially characterized by reduced plasma holo-TC with de-
pletion of the plasma and cell stores, followed by additionally increased
tHecy and MMA, and ultimately by recognizably clinical signs such as
megaloblastic anemia and progressive neurological disease. For jur-
isdiction with initiation of folic-acid fortification by authority, Vitamin
By, deficiency is substantially prevalent, especially in the elderly
[60,61], while folate deficiency is practically non-existent [61]. The
IOM recommended a RDA level of 2.4 ug/day for the elderly (=51y),
and no Tolerable Upper Intake Level (UL) was set for no reported ad-
verse effects of a high supplement of By, [56].

Vitamin Bg (Be, pyridoxine) plays an obligatory role as a coenzyme
in the bioactive form of pyridoxal 5’-phosphate (PLP) and occurs in a
wide variety of foods. With considerable bioavailability of up to 75% in
a mixed diet [56], a serious lack of Bg is rarely observed, but moderate
B deficiency (PLP < 20 nmol/L) is relatively common in the general
population, affecting approximately 24% of Americans [62]. Several
foods (e.g., mushrooms, and some leguminous plants) contain natural
Bs antagonists [63]; in flaxseed, for example, 1-amino D-proline
(1ADP), released from linatine, may exacerbate the prevalence of Bg
deficiency [64]. Other conditions, such as related congenital diseases,
coeliac disease, hematodialysis, various drugs (e.g., isoniazid, peni-
cillamine, and cycloserine) can also predispose individuals to By defi-
ciency [65]. The RDA for adults aged > 50 years is 1.7 mg/day for men
and 1.5mg/day for women, while a UL of 100 mg/day was suggested
for possible toxic effects caused by high concentrations of vitamin B ¢
[56].

Riboflavin (Vitamin B,) acts as a cofactor for MTHFR and in-
dependently determines plasma tHcy, an effect modified by the C677T
polymorphism [66]. This suggests that individuals with the MTHFR 677
TT genotype, especially those who also have a low folate status, rely
more on sufficient riboflavin to offset the hypoactive enzymatic func-
tion, thus providing a breakthrough point at which we can intervene.
Riboflavin mainly occurs in foods from animal source, such as milk,
meat, and eggs, usually in the form of flavin mononucleotide (FMN) or
flavin-adenine dinucleotide (FAD); it may also be produced in situ in a
free state by intestinal microorganisms [67]. The RDA for adults of all
ages is 1.3mg/day for men and 1.1 mg/day for women; there is no
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conclusive evidence of any deleterious effects to set a UL for riboflavin
[56].

4.2.3. Other factors

Lifestyle factors, such as coffee consumption, smoking, and alcohol
consumption are positively associated with tHcy concentrations, while
physical activity is probably not or weakly inversely associated with
tHcy concentration. It should be noted that, for specific groups within
the population, certain drugs (e.g., hormones, antiepileptic drugs,
methotrexate, nitrous oxide, L -Dopa, lipid-lowering drugs, and vitamin
Bg antagonists) and diseases (kidney dysfunction, proliferating disease,
rheumatoid arthritis, endocrine disorders, intestinal disease, and hy-
pothyroidism), which can influence Hcy metabolism, may also act as
determinants for Hey concentrations [68].

5. How far have clinical trials for Hcy-lowering treatment come?

As shown above, a preponderance of epidemiological studies has
concluded that eHcy is inversely correlated with cognitive performance,
marking it as a potentially modifiable risk factor, worthy of extensive
attention to uncover possible solutions to postpone or reverse age-re-
lated cognitive decline, or even reduce the risk of dementia, including
AD. However, we can only establish the causative association between
HHcy and dementia through sufficient human intervention studies
[69], particularly randomized controlled trials (RCTs) which are re-
cognized as the golden standard for the efficacy of any therapeutic
agent. A certain number of interventional trials have investigated the
effect of Hcy-lowering therapy with folate and/or B;» and Bg supple-
mentation, which interact to maintain a normal homocysteine con-
centration, on cognitive changes in participants with intact cognition,
MCI, and clinically diagnosed or histologically-confirmed dementia,
mainly AD. Taking into consideration the sample size, follow-up
duration, availability of detailed baseline information about subjects
including vitamin B levels, and accuracy of cognitive assessment, we
identified several limited randomized, double-blind, and controlled
trials [70-79] in PUBMED, using the keywords “vitamin cognitive
homocysteine” and “homocysteine vitamin dementia” (Table 2). These
studies were published from 2000 to 2018 and have relatively powerful
statistical evidence. But disappointingly, results of the overwhelming
majority of randomized trials have failed to demonstrate any obvious
benefits of tHcy-lowering therapy on cognitive changes. Notable ex-
ceptions include the Folic Acid and Carotid Intimamedia Thickness
(FACIT) trial, a three-year folic acid supplementation that found a
significant benefit in memory, information processing speed, and sen-
sorimotor speed [73]. Similarly, a research team from China observed
improvement in cognition in their RCT of subjects with MCI [80-82].
The large degree of heterogeneity existing within these trials can't be
overlooked and should prompt researchers to further consider the
shortage of experimental designs.

6. Reflection on existing interventional studies

The majority of interventional trials exploring the clinically ther-
apeutic potential of Hcy-lowering treatment on cognitive/AD outcomes
showed negative results, which may indicate some intrinsic methodo-
logical problems [83,84]. Nevertheless, it's not advisable to deny the
cause-effect relationship between HHcy and dementia without seeking
to improve these methods. Here we discuss several possibilities for the
discrepancy in the existing data and provide some suggestions for fu-
ture research.

6.1. Recruitment of specific target populations
To minimize attrition, we ought to identity subjects more likely to

get benefit from intervening measures, to avoid a higher sample size.
The following counts need to be carefully reconsidered. In view of the
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long progressive course of dementia, ranging from age-related cognitive
impairment to MCI and finally to irreversible dementia, providing B
vitamins to populations of intact cognition with no space to improve, or
those at the terminal phase of diagnosed dementia, is likely to get a few
benefits. Furthermore, observational studies demonstrate that only
mildly elevated Hcy levels (> 14umol/L) rather than normal Hcy
(< 14umol/L) denote a risk factor for AD. The RCT conducted by
McMahon et al. [72], involving healthy elderly (=65 years) partici-
pants with HHcy, defined as low as 13umol/L, along with an already
quite normal cognitive performance and a mean MMSE score of 29.2,
had negative results, as did Aisen and colleagues' trial [74] of high dose
folate/Bg/B1, supplementation in individuals with mild to moderate
AD.

In the USA, the folic acid fortification policy (fully implemented by
January 1998) via folate-enriched grain products, designed for the
prevention of neural tube defects (NTD), effectively lowered the pre-
valence of folate deficiency. In the Framingham Offspring cohort study,
folate fortification was associated with doubling of plasma folate con-
centrations and reduced tHcy prevalence [85]. Numerous clinically
interventional trials with B vitamins conducted after this fortification,
in countries like the US and Australia, have shown limited potential in
lowering the already reduced Hcy levels, thus attenuating the relation
between Hcy and cognitive function. However, to date few heavily
invested RCTs have explored the clinical value of lowering Hcy with B
vitamins to improve cognitive improvement in developing countries
like China without folic acid fortification. By using a large sample size
with long duration (=3 years), such studies could target people most
likely to benefit from this strategy, as suggested by the previous positive
results from the RCTs of a Chinese team [80-82]. Recognizing that
folate reduces the risk of dementia in fortification-free jurisdictions has
significant implications for preventing dementia, providing huge re-
search opportunities. Therefore, researchers must target subjects with
actual HHcy (> 14umol/L) at appropriate cognition-impaired stages in
the right venue, before instituting their trials.

6.2. Latent safety issues in the current B-vitamin treatments

Clinical RCTs should explore the efficacy of any agents on the pre-
mise of ensuring security profiles for both formulation and dosage.
When it comes to formulation, compared with folic acid and cyanoco-
balamin, the final bioactive forms of Bg and B,,, (see Fig. 1), N5-MTHF
and methylcobalamin, respectively, with lower stability but higher
pharmaceutical costs, seem less useful as optimal intervention agents
against HHcy, and may have uncertain effects. A special situation oc-
curs in the case of individuals with renal failure, cyanocobalamin, as a
cyanide-releasing substance is removed from human bodies in the form
of thiocyanate, a process that consumes hydrogen sulphide, a re-
cognized endothelium-derived relaxing factor analogous to nitric oxide
[86], and such patients experienced worse outcomes in Koyama et al.'s
study [87]. Therefore, the harm of cyanocobalamin for participants
with significant renal impairment may obscure the beneficial effect of B
vitamins on the other participants with healthy renal function, there-
fore the former populations should be excluded from studies, as pro-
posed by Spence and Stampfer [88].

As for dosage, unlike B;,, evidence from present data is insufficient
to rule out the hazard associated with excessive exposure to folic acid,
especially coupled with B, deficiency, and a UL of 1000 pg/day was set
by the IOM. A combination of high folate and low vitamin B;, status
during pregnancy may contribute to high gestational diabetes mellitus
(GDM) risk [89] and small-for-gestational-age infants [90]. Among el-
derly people, it also predicts faster cognitive decline compared with
those with normal folate levels coupled with poor B;, status [91],
possibly due to the harm unmetabolized folic acid (UMFA)/5-MTH in-
flicts on the nervous system when impaired MS activity due to Bi,
deficiency impedes remethylation of Hcy to Met and retrieval of non-
methylated folates [92,93]. A Canadian trial that included patients with
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diabetic nephropathy found that high doses of combined B-vitamins
(folic acid, Be, and B;,) resulted in worsening renal dysfunction and a
higher rate of vascular events when compared with a placebo [94]. One
possible explanation is that this strategy has no beneficial effect and
may even increase the levels of asymmetric dimethylarginine (ADMA),
a competitive inhibitor of eNOS to that interferes with the synthesis of
NO, since the release of ADMA by endothelial cells can be blocked by
SAM rather than B vitamins per se [95]. To ensure sufficient production
of SAM, it is necessary for researchers to follow the cardinal principle of
synchronized folate-cobalamin supplementation, referencing the cor-
responding IOM-recommended levels of vitamins mentioned above.
Furthermore, more details about the mechanism for deleterious effects
of high folate intake in conjunction with low B, status warrant further
explorations.

6.3. Appropriate cognitive assessment

Hcy-reducing treatment, the average duration of which is relatively
short compared to the years or even decades of accumulated HHcy-
induced detrimental effects on cognition, may produce subtle cognitive
benefits. As a result, detecting it requires both a long follow-up period
and very sensitive and domain-specific cognitive tests, instead of re-
lying on global cognitive measures such as MMSE.

In particular, we must choose scientific and rational methods for
evaluating cognition in line with the hypothesis: Current experimental
data does not seem to support the positive effects of B-vitamin sup-
plementation on nonpathological cognitive ageing — the very slow
cognitive decline observed during the normal aging process [96]. A
reasonable hypothesis worthy of exploration should center around the
therapeutic significance of B-vitamin supplementation for individuals
experiencing measurable cognitive decline and its value for prevention
prior to the onset of irreversible stages of dementia [69]. This means
that, in an ideal experimental setting, researchers must prove there is
slower cognitive decline in the intervention group compared with that
of the non-intervention group, with a target population of individuals
with pre-dementia or MCI with eHcy, to test the above hypothesis. The
“cognitive changes” implicated in the hypothesis itself requires an in-
tegrated system for the assessment of cognition, including detailed in-
formation at both baseline and from regular follow-ups. It makes sense,
therefore, why meta-analyses with prospective hypotheses, such as
those reported by Clarke et al. [97] and Setién et al. [20], and which are
usually lacking in strict inclusion/exclusion rules, and sensitive or ap-
propriate cognitive tests, get disappointing results for the preventive
and/or therapeutic values of this Hcy-lowering treatment. Moreover,
comprehensive cognitive assessment through a combination of eva-
luation of clinical symptoms, neuropsychiatric tests, and neuroimaging,
although difficult to obtain for researchers, can provide more objective
details of cognitive changes. Studies using MRI scans in VITACOG
[98,99], which showed that B-vitamin supplementation could slow the
atrophy of specific brain regions associated with cognitive decline and
the AD process, have set good examples for us to follow.

6.4. Influence of other associated factors

Cognitive decline and the development of dementia are complex
processes induced by varied environmental elements and endogenous
status, so it's not scientific or rational to expect delays in disease pro-
gression by lowering Hcy alone. Apart from comprehensive control of
putative risk factors for dementia and Alzheimer's disease, including
age, sex, APOE (apolipoprotein) genotype, plasma B vitamins and
creatinine levels, depression, and vascular risk factors, to form practical
clinical therapy, other associated factors, which may modulate the
treatment's effect on cognition, need to be thoroughly considered. For
instance, exploratory analysis [100] revealed the interplay between
Hcy and w-3 PUFAs (omega-3 polyunsaturated fatty acids) on the cor-
tical - amyloid, which beyond a certain threshold level is considered to
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produce dementia-causing effects, in older adults at risk of dementia.
This is in line with previous reports that w-3 PUFAs may modify the
effects of an Hcy-lowering strategy with B vitamins on brain atrophy
[101] and cognitive decline among individuals with MCI [102] and AD
[103], meriting further research on whether similar effects can be
found in the conversion from MCI to dementia.

Since Hcy was originally found to be a risk factor for CVD, more
research focused there than on the AD field. Therefore, some lessons
drawn from CVD studies may help shed light on the association be-
tween Hcy and AD. Similar to what we have observed in AD, only
observational trials support Hey as a risk factor for CVD, while RCTs
overall showed an equivocal effect of Hey-reducing treatments on car-
diovascular outcomes. Are there any common factors that could explain
the failure of Hcy-lowering treatments for both CVD and AD?
Interestingly, a post hoc subanalysis of VITATOPS [104], restricted to
1463 patients not receiving antiplatelet therapy, showed reduced risk of
stroke (HR:0.6; 95% CI:0.50-0.95) [105], revealing a significant in-
teraction between antiplatelet medications and assignment to B vita-
mins. This effect was later corroborated by another retrospective ana-
lysis of VISP [106], discovering the differential effect of B-vitamin
therapy by antiplatelet use on risk of recurrent stroke. Also en-
couragingly, Park et al. [107], in their meta-analysis evaluating 4643
high vascular risk subjects not taking antiplatelets, reported a sig-
nificant reduction (29%) in overall stroke risk by lowering Hcy with B
vitamins. The interaction between B vitamins and antiplatelet medi-
cation may be related to their endothelial effect [106], which also
contributes to the detrimental influence of Hcy on cognitive impair-
ment, as described above. Additional studies are needed to elucidate
whether this interaction effect can also be observed in AD patients.

7. Conclusion and perspective

Dementia is a chronic neurodegenerative disease resulting from a
complex interaction of multiple factors. Unremitting efforts have been
undertaken to explore any possible modifiable factors to minimize its
devastating damage to patients and their families. Consistent evidence
suggests Hey is an independent risk factor of cognitive impairment and
Alzheimer's disease, but two important questions remain. First, is Hcy
the potential culprit or just a biomarker? Second, is it modifiable to
prevent MCI or slow the cognitive decline rate in the terminally irre-
versible phase of dementia? Given the heavy financial and mental
burden caused by dementia and the easily available, money-saving
superiority of the Hcy-lowering therapy using B vitamins, more cau-
tious consideration and better-designed randomized controlled trials
are needed before jumping to the conclusion that there is no clinically
therapeutic value in this strategy. Based on the discussion provided
here, only with more research concentrating on the pathological me-
chanism, utilizing elaborately designed interventional studies, can we
establish Hcy as a modifiable culprit of dementia, and subsequently
bring hope to dementia patients and those who care for them.
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