International Journal of

Molecular Sciences
Review

The Controversial Role of Homocysteine in
Neurology: From Labs to Clinical Practice
Rita Moretti *

and Paola Caruso

Neurology Clinic, Department of Medical, Surgical, and Health Sciences, University of Trieste, 34149 Trieste,
Italy; paolacaruso83@gmail.com
* Correspondence: moretti@units.it; Tel.: +39-040-399-4572



Received: 29 November 2018; Accepted: 4 January 2019; Published: 8 January 2019

Abstract: Homocysteine (Hcy) is a sulfur-containing amino acid that is generated during methionine
metabolism. Physiologic Hcy levels are determined primarily by dietary intake and vitamin
status. Elevated plasma levels of Hcy can be caused by deficiency of either vitamin B12 or folate.
Hyperhomocysteinemia (HHcy) can be responsible of different systemic and neurological disease.
Actually, HHcy has been considered as a risk factor for systemic atherosclerosis and cardiovascular
disease (CVD) and HHcy has been reported in many neurologic disorders including cognitive
impairment and stroke, independent of long-recognized factors such as hyperlipidemia, hypertension,
diabetes mellitus, and smoking. HHcy is typically defined as levels >15 micromol/L. Treatment
of hyperhomocysteinemia with folic acid and B vitamins seems to be effective in the prevention
of the development of atherosclerosis, CVD, and strokes. However, data from literature show
controversial results regarding the significance of homocysteine as a risk factor for CVD and stroke
and whether patients should be routinely screened for homocysteine. HHcy-induced oxidative stress,
endothelial dysfunction, inflammation, smooth muscle cell proliferation, and endoplasmic reticulum
(ER) stress have been considered to play an important role in the pathogenesis of several diseases
including atherosclerosis and stroke. The aim of our research is to review the possible role of HHcy
in neurodegenerative disease and stroke and to understand its pathogenesis.
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1. Homocysteine Pathways and Regulation
Homocysteine (Hcy) is a sulfur-containing amino acid related to methionine metabolism [1] and
it is either degraded via the remethylation pathway or converted, via the trans-sulfuration pathway,
into cysteine (Figure 1).
The pathway of one-carbon metabolism activates one-carbon units, usually from serine,
tightened to tetrahydrofolate.
The methionine synthesis is anticipated by the reduction
of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate (5-methylTHF) catalyzed by the
flavin-containing methylenetetrahydrofolate reductase [2].
The produced 5,10-methylenetetrahydrofolate is employed for the production of thymidylate
and purines (fundamental for nucleic acid synthesis) and of methionine, fundamental for
methylation-process. 5-methyltetrahydrofolate is the substrate to methylate homocysteine, employing
vitamin B12 and folate as co-factors.
Methionine adenosyltransferase (MAT) catalyzes S-adenosylmethionine (AdoMet) in a reaction
involving methionine and ATP [3,4]. Every reaction made by methyltransferases produces
S-adenosylhomocysteine (AdoHcy), which is a potent inhibitor of most of them [5,6]. An AdoHcy
hydrolase (SAHH) acts on AdoHcy, producing adenosine and homocysteine, and they need to be
metabolized or transported out of the cell to prevent their accumulation [7]. This hydrolysis is
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a reversible reaction that favors S-Adenosyl-L-homocysteine (SAH) synthesis. The S-AdenosylMethionine = AdoMet (SAM) to SAH ratio defines the methylation potential of a cell [8].
If homocysteine is allowed to accumulate in normal conditions, it will be rapidly metabolized to
SAH, which competes with SAM for the active site on the methyltransferase system [9–12].
The oxidation of homocysteine to homocysteic acid is one of the potential explanations, with many
dangerous effects of homocysteine since it is a mixed excitatory agonist of N-methyl-D-aspartate
(NMDA) receptors [13]. Homocysteine is also methylated in the entire body, but not in the brain, by
betaine [14,15]. Homocysteine remethylation is catalyzed by the methionine synthase (MTR) enzyme,
which requires vitamin B12 (Cbl) as a coenzyme [16,17].
During the transsulfuration pathway, homocysteine is irreversibly degraded to cysteine. Cysteine
is a precursor of glutathione, the most vital endogenous anti-oxidant [18]. In most tissues, homocysteine
is either remethylated or exported out of the cell.
The liver is the main organ of degradation of excess methionine and in maintaining homocysteine
at adequate levels [6]. In the liver, there is a univocal correspondence between the increase
of methionine and a concomitant increment of AdoMet, and, due to an intrinsic autoregulatory
system, AdoMet inhibits methylenetetrahydrofolate reductase (MTHFR) and activates Cystathionine
β Synthase (CBS) activity [19,20].
Excess of methionine causes an increased homocysteine degradation via the transsulfuration
pathway. Lack of methionine conserves homocysteine, via remethylation, back to methionine.
Therefore, 5-methylTHF functions as a methyl donor for homocysteine remethylation [21].
The resulting tetrahydrofolate (THF) can directly be converted into 5,10-methyleneTHF by the action
of serine hydroxymethyltransferase (SHMT) [22]. The conversion of THF into 5,10-methyleneTHF is
catalyzed by methylenetetrahydrofolate dehydrogenase (MTHFD1) [23]; MTHFR enzyme, therefore,
regulates the passage from 5-methyl THF to homocysteine remethylation.
Therefore, to summarize, it is accepted that:
1.
2.

Whenever there is a methionine deficit, Hcy can be re-methylated to form methionine, by the
employment of N5,N10-methylentetrahydrofolate [24].
If there is an adequate amount of methionine, Hcy is employed for the production of cysteine,
mediated by cystathionine–beta-synthase, with pyridoxine as a cofactor [25].

Figure 1. Homocysteine (Hcy) Metabolism.
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2. Homcysteine: When Too Much Is Too Much?
The physiologic levels of Hcy in a healthy population are determined primarily by the dietary
intakes of methionine [26], folate [27], and vitamin B12 [28].
Recent studies are generally confident with the fact that lifestyle conditions, such as smoking,
alcohol consumption, and physical inactivity, may help the elevation of Hcy [29,30].
Normal levels of Hcy range between 5-and 15 micromol/L and in physiological conditions,
plasma total (t) Hcy levels are <15 µmol/L, as reported by the majority of investigations.
Less frequently, a threshold of 13 µmol/L has been reported, this depending on the method
used. Hyperhomocysteinemia (HHcy) is typically defined as levels >15 mol/L in reported studies;
levels between 15–30 are considered moderate HHcy; levels at 30–100 micromol/L are considered
severe HHCy; levels above 100 micromol/L are considered fatal HHcy [31].
Different epidemiological researches propose that increased homocysteine level is an independent
risk factor for vascular diseases including stroke and dementia. HHcy-induced oxidative stress,
endothelium dysfunction, inflammation, smooth muscle cell proliferation, and endoplasmic reticulum
(ER) stress have been considered to play an important role in the pathogenesis of several diseases
including atherosclerosis.
3. Homocysteine’s Clinical Role
The clinical role of Hcy, and especially of its accumulation, is frequently controversial in common
clinical practice [32]. It seems quite obvious that Hcy is not relevant, per se, at the moment, rather than
it is important in clinical practice if accumulated.
Elevated serum homocysteine relates to an increased risk for vascular disease. The medical interest
in this amino acid started in 1969 when a report highlighted that elevated urinary concentrations
of Hcy (homocystinuria) in children with inborn errors of Hcy metabolism were associated with
vascular damage. In past decades, it has been widely shown that HHcy may cause neurotoxicity.
Experimental evidence suggests that elevated plasma homocysteine levels may cause toxicity by a
variety of mechanisms, which include direct toxicity and vascular endothelial injury. Elsewhere, it was
reported that elevated homocysteine is an independent predictor of poor outcome in patients with
stable and acute coronary disease. HHcy is related also with functional disability in the acute phase
of stroke. Finally, has been shown that patients with acute stroke with elevated serum homocysteine
levels are at an increased risk for early neurological deterioration (END) [33].
Several other factors like age, plasma folate, and vitamin B12 concentrations, serum creatinine,
alcohol consumption, dietary restrictions, and different pathological conditions (diabetes, hypertension,
renal insufficiency) can be associated to elevated plasma total Hcy levels.
The very first descriptions of damages induced by homocysteine accumulation are quite
indirect; they are related to a genetic deficiency of Cystathionine β Synthase (CBS) and to
other genetic alterations of remethylation and trans-sulfuration pathways, which induced severe
hyper-homocysteinemia (HHCY) (total Hcy > 50 µM) or homocystinuria. Severe HHCY (>100 LM)
in children with a CBS defect correlates with a 10-fold increase in concentrations of Hcy in cerebrospinal
fluid (CSF) [34]. It happens that, when there is an MTR deficiency or dysfunction, 5-methylTHF cannot
cycle and the entire process produces an accumulation of 5-methylTHF; folate does not circulate,
limiting the synthesis of purines and thymidine, due to a severe alteration and inhibition of the
trans-metilation pathway. Hcy accumulation leads to a delay or even an abolition of the closure
process of the neural tube [35].
Moreover, the methylation reactions are strongly necessary in the brain for the fact that SAM is
the sole donor in numerous methylation reactions involving proteins, phospholipids, and biogenic
amines [23], and for packaging of many phospholipids [31]. This way, alterations of methylation with
consequent Hcy accumulation are strong determinants for many congenital neural tube and central
nervous system alterations [36].
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To be precise, the trans-sulfuration pathway, fundamental, as sees above, for Hcy catabolism is
quite enigmatic in the brain: the most studied site of trans-sulfuration is the liver, where it is responsible
for the glutathione synthesis; any specific data has been reported for the brain. Nevertheless, we testify
that many works suggested that, unexpectedly, cystathionine beta-synthase and cystathionase, act in
the brain [37,38], and could promote the trans-sulfuration of Hcy into cysteine, producing, therefore,
the precursor of glutathione [39]. A single paper documented an in vitro model production of
glutathione by astroglia by cysteine and cystathionine [40].
It should be, therefore, reconsidered the trans-sulfuration cerebral pathway for glutathione
synthesis in the brain [41,42]. Being that cysteine can be considered the rate-limiting substrate for
the synthesis of glutathione, it has been labelled a Na(Sodium)-dependent glutamate transporter,
which vehicles cysteine in astrocytes. Different cysteine precursors, present in the brain (cystathionine,
homocysteine, and methionine), could be considered as the effective originators of glutathione in the
brain [43].
A saturable Hcy receptor has been detected in animal models and it works by facilitating a diffusion
process of Hcy inside the brain [44], which, by the way, is the only known system of Hcy transport.
Moreover, although an intrinsic cerebral production of Hcy in human brain has been documented,
probably showing different regional variability, it has not been further investigated [45,46].
4. Folic Acid, Vitamin B12 and Hcy: Their Relationships
There is an intimate relationship between folic acid and vitamin B12 [47]. Treating a B12 deficient
patient with folate or conversely a folate deficient patient with B12 may exacerbate the neurologic
consequences or either deficiency [48–50].
Avoiding treating a B12 deficient patient with folate, which might exacerbate the neurological
consequences of either deficiency, the good clinical practice recommends that cyanocobalamin
deficiencies should be excluded before folate supplementation is commenced, or if necessary, it should
be appropriate to supplement folate and vitamin B12 together [51].
The National Institutes of Health declared that supplementation of large amounts of folic acid
can mask the damaging effects of vitamin B12 deficiency [52]. This problem can be determined by
masking effects of laboratory evidence of megaloblastic anemia, originally caused by vitamin B12
deficiency [53]. It has been argued that where there is a defect in homocysteine methyltrasnferase,
or when there is a combined deficiency of B12 and Hcy-methyltransferase, a specific reaction happens,
called methyl-trap of tetrahydrofolate (THF); THF is converted to a reservoir of methyl-THF and
therefore, folic acid is trapped and cannot be employed anymore [54].
Hcy is a sulfur-containing aminoacid, tightly related to methionine metabolism [23] the causative
factors of accumulation of Hcy can be different due to different genetic pathway defects, or to mutation
of enzymatic cascade or to the defects of vitamin B12 and folate, during human life [1].
In effect, an increase of Hcy occurs in the brain and CSF, and in the plasma, within the aging
process and inside several neurological diseases [55,56].
It has been demonstrated in animal models that Hcy could be intrinsically toxic, compromising
the integrity of the blood-brain barrier [57]; the same mechanism has been postulated for human
beings [58,59]. Neurological damages have been reported in mice deficient in CBS enzyme (CBS −/+
or CBS −/−), where Hcy increased by approximately 2–50-fold in comparison to wild-type mice [60].
The most frequent causes of HHcy in adult life are the genetic enzyme deficits involved in Hcy
metabolism, mainly MTHFR, methionine synthase and CBS [61] and from nutritional deficiencies
of folate, vitamin B6 and B12. The most frequent form of is a point-mutation (C-t substitution at
nucleotide 677) in the MTHFR, which is associated with a thermo labile variant of activity of the
enzyme, that has half-normal activity [62,63]. As previously reported, HHcy can derive from vitamin
B6 and B12 deficiency and folate deprivation. In general, vitamin levels are related inversely to Hcy;
therefore, their lack determine HHcy.
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As well reported by Ganguly and Alam [24], being that SAM-to SAH ratio is the expression of the
methylation potential of a cell, “HHcy tends to decrease the methylation potential”. Therefore, Hcy can
induce a global DNA hypomethylation and suppress the transcription of cyclin A in endothelial cells;
on te contrary, Hcy leads also to up-regulation, by the same hypomethylation, of some other genes,
causing an increase of p66shc expression in endothelial cells, thus contributing to oxidant stress [8,24].
The mechanisms of damage promoted by Hcy are various, acting as a promoter of
neurodegeneration, or inflammation, finally inducing also cerebrovascular diseases.
5. Mechanisms of Damage Induced by Hcy
5.1. Homocysteine and Neurodegeneration
A classic experiment made to discover the direct effect of Hcy in the brain has been made by direct
application of Hcy, by two different drug-delivery methods, pressure ejection and ionophoresis [64].
Both the ways of delivery produce an evident increase of D,L-Hcy and L-Glutamate, implying a
possible direct excitatory action of it on neurons.
The mechanism of damage evoked for Hcy excitatory role has been found [65,66]: Hcy is an
agonist of the endogenous glutamate receptors, NMDA receptors [67,68].
Through Hcy-NMDA binding, Hcy indirectly enhances calcium influx [69]. This is not a constant
reaction, and it largely depends in the Glycine concentration; when glycine is in normal concentration
(10 µmol/L), Hcy acts as a partial antagonist of the glycine site of the NMDA receptor, and it
inhibits the receptor-mediated activity, acting as a neuroprotective factor [23,65]. Therefore, it can
be easily demonstrated that when glycine levels are normal, only HHcy could exert a toxic effect
(i.e., Hcy = 100 µmol/L).
On the contrary, when glycine levels are higher inside the brain, more than 10 µmol/L, (and this
occurs in clinical conditions in different scenario: brain ischemia, head trauma, or even protracted
migraine cluster), even a low concentration of Hcy (i.e., Hcy = 10 µmol/L) could be an agonist on
NMDA [70,71], exerting an excitatory action, and enhancing calcium influx.
More recent data underlies a new possible mechanism of Hcy’s action: its direct activation of the
group I metabotropic glutamate receptors, by competing with inhibitory neurotransmitters, such as
GABA [70], inducing also this way an increase of calcium influx.
Many clinical works try to focus the possible direct consequences of Hcy inside neurodegenerative
disorders: it is well-accepted that Hcy increases in CSF with ageing. Moreover, some works show a
direct correlation between Hcy increase and Abeta 1–40 deposition in the brain of AD patients [72].
It seems that Hcy can induce and even potentiate the intracellular and extracellular accumulation of
Abeta 42 [73], amplifying even the harm effects derived by Abeta 42 deposition [74,75]. Hcy increases
the toxicity of Abeta on the vascular smooth muscle cells of small brain arteries [76]. It has been
documented, in fact, that an endoplasmic protein-Hcy related (HERP) in the presence of Hcy
potentiates the c-secretase enzyme activity, promoting a major Ab1-40 accumulation inside the
brain [77]. Soluble oligomers of amyloid beta could change the redox state with DNA methylation and
gene transcription inhibiting a transporter 3-EAAT3-mediated cysteine uptake and lead to HHcy [78].
HHcy, by DNA hypomethylation, as above reported, can lead to up-regulation of presenilin genes,
in particular, the one regulating presenilin 1 (PS1). PS1 is tightly related to methylation process in the
brain, but above all, it promotes the amyloid precursor protein (APP) synthesis [79,80]. The HHcy
induction up-regulates PS1 gene, and therefore increases APP, promoting, therefore, the amyloid
cascade sequence.
Another protein is directly involved in many neurodegenerative pathologies is the tau protein:
it seems to act as a coordinator of the assembly of microtubules, permitting a correct axonal transport.
The protein phosphatase methyltransferase 1 (PPM1), whose methylation is SAM-dependent,
regulates the activity of the protein phosphatase methyltransferase 2A (PP2A), which acts as a
dephosphorylating system for tau protein [81–85].
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Tau hyper-phosphorylation inhibits the congregation of microtubule; their precipitation
determines the deposition of the neurofibrillary tangles. Hence, the reduced methylation capacity
increases the hyperphosphorilated-tau (P-TAU).
It has been documented a post-translational modification of PP2A stability in AD patients, [86],
which can be related to lower levels of SAM (or to an increase of SAH, for the SAM-to SAH ratio,
above described) [87,88], implying a potential increase of P-TAU, with the consequent neurofibrillary
depositions. The induced depletion of folic acid in neuroblastoma cultured cells, causing therefore the
most common HHCY condition produced an increase of P-TAU by 66% [46].
Moreover, it seems quite interesting that Hcy leads to an induction of m-RNA and protein
expression of a specific protein, C-reactive protein (CRP), augmenting the NR1 subunit of NMDA
receptor expression, HCy can promote a pro-inflammatory response in vascular smooth muscle
cells of small brain arteries, by stimulating CRP production, usually enhanced by a combined
NMDA-ROS-erk1/2/p38-nfKBeta signal pathway [89]. Not only, this way Hcy might be a promoter
of atherosclerosis system, but also, small arteries can promote neurodegeneration, diminishing other
capabilities of autoregulation, due to their role in autoregulation, leading to an alteration of the
blood-brain barrier. This way, Hcy might potentiate its direct neurotoxic effects [90].
Moreover, HHcy accelerates the dopaminergic cell death, probably due to the fact that HHcy
could cause a severe reduction in dopamine turnover in the striatum [91]. It has been suggested that
there is an ARG-rich domain, which is located in the middle portion of the third loop of the D2 receptor,
which has high affinity for Hcy. Hcy seems to have an allosteric antagonist activity of D2 receptors [92].
5.2. Hcy, ROS, Inflammation
Recently, a well-conducted study by Curro et al. (2014) [61] conducted on neuroblastoma cells
incubated with Hcy determined some different and time- and concentration-dependent results.
80 microM Hcy exposure produced 80% of cell death after 5 days of incubation; 40 microM Hcy
conducted to a 35% of cell death after 5 days of incubation; quite interesting, cell exposure to Hcy for
three days does not induce any change in Reactive Oxygen Species (ROS), but exposure to Hcy for five
days elevated to a 4.4 fold increase ROS production; a five days incubation with Hcy induced a 2-fold
increase of bax mRNA and of 14-fold of Bcl-2 mRNA; a three-days incubation with Hcy induces an
increase of 2-fold for cyclin D1 mRNA, 6-fold for cyclin E1 mRNA and 5-fold for cyclin A1 mRNA.
Unexpectedly, all the levels turn back to a normal range after 5 days incubation.
What this study points out is that there is a general upregulation of p21 and p-16 after 5 days
of Hcy incubation, inducing a reduction of 35% of pRB, checkpoint regulators of G1 cell-cycle phase.
This work suggests a potential genotoxic stress induced by Hcy exposure. In response to the high
Hcy level, endothelial cells produce NO to induce the formation of S-nitrose-Hcy, which acts as a
protector of endothelium; however, with chronic exposure to Hcy, NO levels diminish [93] and this fact,
associated to the high levels of Hcy, promotes endothelial damage. The first by stimulation of muscle
cells, vasoconstriction and promoting inflammatory response, testified by an increase of c-reactive
protein and cysteinyl leukotrienes, was associated with an incremental increase in HMG-CoA reductase
activity [94].
The activities of methionine synthase that mediate the clearance of Hcy is linked to the redox
potential of the cells [95,96], with an observed efficacy in oxidative stress process; in this situation,
more Hcy is converted into cysteine and glutathione. A disruption of the CBS causes altered redox
homeostasis, and through a reduction of the cysteine and glutathione, it causes an alteration of
oxidative repairing process [97]. The endothelial damage is mediated by one of the precursors,
hydrogen sulfide (H2S), which is formed during the transsulfuration process [98,99].
The disruption of the redox system in vascular and neuronal cells [100] induces and accelerates
the lipid peroxidation sequel of events [101,102]. The vascular endothelium is a single layer of dynamic
cells which, through a variety of stimuli, produces vasoactive substances to maintain vascular tone
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and regulates blood flow to the tissues, and among these, this effect was attributed to a substance(s),
subsequently identified as nitric oxide (NO) [103].
Endothelial dysfunction results from a disruption in the cellular integrity, leading to impaired
endothelium-dependent relaxation mainly due to a reduction in the NO bioavailability. NO is
produced from its precursor L-arginine by endothelial nitric oxide synthase (eNOS). Under
physiological conditions, following production, NO diffuses across the endothelial cell membrane
into the vascular smooth muscle cells to activate guanylate cyclase, leading to subsequent
cyclic guanosine-30 ,5-monophosphate (cGMP)-mediated vasodilation. Several molecules such as
acetylcholine, bradykinin, serotonin, and substance P can induce eNOS. Another important stimulus is
the shear stress exerted by the flowing blood which can cause ion channel activation for a rapid
response or through a process of phosphorylation induce sustained release of NO to maintain
vasodilation [104].
HHcy-induced ROS production decreases NO production and bioavailability triggering increased
redox signaling. Impaired NO production during HHcy can also occur due to inhibition of
Dimethylarginine dimethylaminohydrolase (DDAH) causing Asymmetric dimethylarginine (ADMA)
accumulation [105–108].
Therefore, Hcy has been linked to an increment of ROS and deactivation of nitric oxide, with the
well-known inflammation cascade [101,102].
Another possible link has been reported between Hcy and lowered melatonin production [109].
It has been demonstrated that melatonin scavenges free radicals [110] and counteracts Hcy by a direct
antioxidant effect and by apoptosis modulation [111,112].
Different studies demonstrate that the antioxidants, such as N-acetyl cysteine, vitamin E or C
might reduce the potential pro-inflammatory response of Hcy in animal models [113,114].
Different in vivo reports recognized that the Th1-activity induced the Hcy inflammation
response [115], and it appears that HHcy can be detected in chronic inflammatory conditions, even if
vitamin B12 and folate are in range.
In a double-blind interventional study, though, the logical implementation with vitamin B
complex does not affect inflammatory markers, such as neopterin, Il-6, CRP, etc.; on the contrary,
the implementation of folate reduced neopterin, suggesting a possible modulating role of folic acid in
the inflammatory cascade [116].
Interestingly, multiple traumatism and secondary septic status associated with a systemic
inflammatory response has been associated to HHcy, and the constancy of this report is related
to a poor clinical outcome [117]. Unusually, these patients did not show any other factorial causes
(such as folate or B12 poorness). The authors hypothesized that the pro-inflammatory condition of
these patients leads to strong activation of macrophage-system cascade by Hcy, with a consequent
release of ample amounts of ROS, potentiating the oxidative stress.
These results have been supported by a definite activation of B lymphocyte-induced by Hcy;
this process seems to determine an increase of pyruvate kinase muscle isozyme 2 (PKM-2) in B cells.
Its inhibition, employing shikonin, causes the restore of the metabolic changes induced by Hcy. PKM-2
seems to suggest the so-called metabolic accelerated initiation of atherosclerosis cascade mediated by
HHcy, in vivo and in vitro [118].
Li et al. [119] showed that in animal models, an induced hyper-Hcy produces a higher plasma
level of TNF-α and IL-1beta, and an apparent decrease of plasma levels of H2S and cystathionine
gamma-lyase expression in the peritoneal macrophages. It has been demonstrated that hyper-Hcy
inhibits cystathionine γ-lyase expression and H2S production in macrophages; HHcy is related
to an increase of the DNA expression of methyltransferase and hypermethylation process in
promoter regions, therefore inducing a promoter trigger of inflammation [120,121]. Li et al. [119]
definitively demonstrated that cultured macrophages cells exposed to Hcy showed a memory
response, probably induced by epigenetic mutations, that influences the expression of promoter
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genes inflammatory response and endothelium atherogenesis. A single study demonstrated an in-vitro
Hcy alteration of the transcriptional repression of fibroblast growth factor 2 [122].
There is a possible link between the excitotoxic effect of Hcy and the pro-inflammatory role of
Hcy: the NMDA receptors are found not only in neurons (see above in the text), but also on neutrophils
and macrophages. The activation of these receptors, as well as in the cerebral context, arises the
cytoplasmatic calcium influx, and activates a pro-inflammatory cascade, with an accumulation of
ROS species [123]. In fact, in the Rheumatoid Arthritis, as an example, [124] HHcy is two times more
frequent than in the general population and HHcy contributes to the oxidative stress, and, indirectly,
by the excess of ROS released, it induces an up-regulation of the Nuclear Factor Kappa B, considered
as one of “the master regulator of the expression of inflammatory genes” [125].
It is widely accepted that there is a direct correlation between Hcy and SAH, in the reaction
mediated by SAH-hydrolase; therefore, a higher level of SA reduces the SAM concentration and even
the higher SAH level (or, the lower SAM level) induces an oxidative reaction and might explain Hcy
neurotoxicity [126]. Increasing SAM levels, or employing enriched SAM pabulum for cells neuronal
tissues, might reduce apoptosis by 50% [127,128].
On the other side, asymmetric dimethylarginine (ADMA) is an endogenous inhibitor of
endogenous nitric oxide synthase (eNOS), the enzyme catalyzing the formation of nitric oxide
(NO) from arginine. Similarly to Hcy, ADMA also represents an important factor correlating with
endothelial dysfunction. HHcy may also be associated with reduced plasma levels of NO and impaired
endothelium-dependent vasodilation. Plasma levels of ADMA have been reported to be positively
correlated with plasma homocysteine levels. Lowering levels of Hcy and ADMA seems to reduce the
progression of atherosclerosis and prevent atherothrombotic diseases [129,130].
5.3. Hyperhomocysteinemia and Cerebrovascular Disease
Development of hyperhomocysteinemia is a characteristic feature of aging. HHcy contributes
to the development of age-associated disorders, like endothelial dysfunction, decline in renal and
cognitive functioning. Increased levels of Hcy are seen in 5–7% of the general population [131].
Increasing evidence showed that homocysteine is associated with different kind of cardiovascular
and cerebrovascular diseases [132,133].
A positive correlation between Hcy levels and ischemic heart disease has been widely reported,
higher level of Hcy (>15 µmol/L) is considered a risk factor in the development of cardiovascular
diseases and ischemic heart disease. The subtended mechanism may involve endothelial injury and
promoted platelet accumulation at the site of endothelial injury, primarily through oxidation type reactions.
Reduction in Hcy concentration lowers the risk of ischemic heart disease by one-third [134,135].
Homocysteinemia is a contributing factor for thrombosis and can be combined with
other thrombophilic factors in thrombophilia. Homocysteinemia can be seen secondarily in
folate and cobalamine deficiencies. Vitamin B12 is the co-enzyme for methyl donation from
5-methyltethrahydrofolate in tetrahydrofolate, necessary for methionine synthetase and helps in
the conversion of homocysteine to methionine and the changeover of methylmalonyl coenzyme
A to succinyl coenzyme A. Folate promotes the remethylation of homocysteine which can induce
DNA strand breakage, oxidative stress, and apoptosis. Vitamin B12 and folate actively promote acid
synthesis and the methylation reactions, and their lack causes the inhibition of S-adenosylmethionine,
an accumulation of homocysteine, which causes direct damage to the vascular endothelium and
inhibition of N-methyl-D-Aspartate receptors [136–139]. HHcy represents a potentially modifiable risk
factor for stroke. Increased levels of Hcy may cause neurotoxicity and inflammatory activity and affect
coagulation by the role of tissue factor expression. Direct toxicity and vascular endothelial injury in
ischemic stroke patients whose inflammatory system reacts most intensely may be at greater risk for
cardiovascular and cerebrovascular diseases.
It has been reported that HHcy relates with both stroke (ischemic or hemorrhagic, via inducing
cerebrovascular atherosclerosis and atherothrombosis in the first case, and probably via upregulation
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of matrix metalloproteinases-9 (MMP-9) expression, which takes responsibility for atherosclerotic
plaque instability and rupture, in the second ones [140]) and intracranial hemorrhage incidence.
Moreover, HHcy is an independent predictor of poor outcome in patients with stable and
acute coronary diseases. Finally, patients with stroke and HHcy present an increased risk for early
neurological deterioration, long-term mortality, and poor function outcome. HHcy is an independent
risk factor for severity of stroke and coronary heart disease [33,141–143].
An Italian study conducted in elderly patients with acute ischemic stroke admitted to a Stroke
Unit (SU) reported that high admission plasma total Hcy was unrelated to mortality during recovery
but was linked with poor functional status at discharge for those discharged alive [144].
Similar data have been reported elsewhere. Higher homocysteine levels are associated with early
neurological deterioration (END) in acute ischemic stroke, defined END as an incremental increase
in the NIHSS score by ≥1 point in motor power, or ≥2 points in the total score within the first week
after admission. Moreover, the risk of early neurological deterioration rises with increasing Hcy levels,
worsening the already high stroke burden for the society [33].
Zhihong Shi et al. in a Chinese cohort demonstrate that elevated total Hcy levels during the
acute phase of an ischemic stroke significantly predict mortality with a higher increased risk of death
48 months after stroke. Moreover, was seen that the association between total Hcy levels and all-cause
mortality was only significant in patients with the large-artery atherosclerosis stroke subtype, while
the association was not significant in the small-vessel stroke subtype. Suggesting that either elevated
Hcy levels in the acute phase of a stroke may be more detrimental in large-vessel strokes compared
with small-vessel strokes or that Hcy levels increase in large vessel strokes but remain unchanging in
serious and minor small-vessel strokes [142].
Has also been reported that patients with acute ischemic stroke have high levels of the endogenous
NOS inhibitor ADMA. Since Hcy levels were positively correlated with ADMA levels, ADMA may be
a mediator of the atherogenic effects of Hcy. In those patients have been reported that supplementation
with folic acid and vitamin B12 decreased plasma levels of ADMA and Hcy, proposing the association
of ADMA-mediated mechanisms in the decrease of NO activity in these patients [145].
Anyway, data from literature are thus controversial. The relationship between HHcy levels and
stroke recurrence and overall cardiovascular events after index stroke remains debatable [146,147].
In their work Perini et al. found that Hcy in the acute phase of stroke was not associated with
stroke severity or outcome. They confirmed that elevated Hcy levels were associated with both
ischaemic and haemorrhagic stroke [148]. Similarly, Haapaniemi et al. doubt correlation between
Hcy and stroke suggesting that Hcy levels in patients were significantly lower on admission but not
at later time points, with levels increasing by week and remaining at this level for longer period.
Similar considerations were reported also elsewhere [149].
Concerning stroke treatment and prevention has been written that some therapies such antiplatelet
cure (aspirin, clopidogrel) and statins, may decrease inflammatory mediator levels [150]; but the
effect of these drugs on high serum Hcy levels and stroke or cardiovascular events outcomes
remains unknown.
Elevated plasma Hcy levels relate also with intracerebral hemorrhage (ICH). Particularly has
been reported a strictly link between Hcy levels and larger hematoma volume, an independent
predictor of mortality and poor neurologic outcome after acute ICH. Hcy levels might ruin vessel wall
integrity and disrupt cerebrovascular permeability through endothelial dysfunction, elastic structures
damage, and basal lamina injury. Fangfang Zhou et al. reported an association between Hcy levels
and hematoma volumes in Thalamoganglionic ICH, but not in patients with lobar or infratentorial
ICH. Finally, the Hcy levels seem to be unrelated with 6-month clinical outcome [151]. Generally, an
association with higher Hcy levels and increasing CMBs was detected, while no association between
Hcy level and the severity of the CMBs was seen.
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Higher Hcy value can be seen also in other different cerebrovascular diseases like Cerebral venous
thrombosis (CVT). In CVT deficiencies of protein C, protein S, antithrombin III, factor V Leiden
mutation and hyperhomocysteinemia is common [152].
Finally, Hongzhi Luo et al. found that HHcy may have a great impact on the pathogenesis
of Cervical artery dissection (CAD). The photogenic mechanism remains unknown, but on the
basis remains that the consideration that HHcy promotes oxidative stress, accelerates vascular
smooth muscle cell migration, adventitial collagen accumulation, and neointima formation.
Moreover, within different risk factors for CAD Methylenetetrahydrofolate reductase (MTHFR)
is a rate-limiting enzyme in the methionine metabolism pathway that catalyzes the conversion
of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate, a cosubstrate for homocysteine
remethylation to methionine. Individuals with the 677TT mutation of MTHFR are predisposed
to HHcy that may lead to CAD incidence. Lowering the concentration of homocysteine could be a
promising tool in CAD intervention [153].
6. Hcy in Real Clinical Practice
Clinical trials and studies failed to demonstrate clear and definite results, considering the
supplementation in patients or healthy population of vitamin B12, folate or both, either considering
HHcy either in not evidence augmented levels of Hcy. Many criticisms may be lead towards the trials
implemented, well summarized by Price et al., 2018 [31].
Many studies evidenced lower serum vitamin B12 levels in subjects with Alzheimer disease (AD)
or other dementias [154,155].
One of the most profound studies on the topic examined the relationship between vitamin
B12 serum levels and cognitive and neuropsychiatric symptoms in dementia, but results seem
inconclusive [156]. There are many different studies, which have documented the effectiveness
of vitamin B12 supplementation, in improving cognition in demented patients [157–159].
Another study demonstrated that vitamin B12 treatment might improve frontal lobe and language
function in patients with cognitive impairment, but rarely reverses dementia [160].
Many other works have failed to confirm the optimistic results [161,162], even declaring that
subnormal serum vitamin B12 levels are not an important cause of reversible dementia.
When taken into account the works, which considered the role of the combined low serum levels
of vitamin B12 and folic acid [163], it can be evicted that in old people who are not demented, neither
low level of vitamin B12 nor folate alone significantly affected the risk of developing AD. On the
contrary, it can be observed that, compared with subjects with normal levels of vitamin B12 and
folate, the very old patients with the lack of these vitamins showed high risk of developing AD [138].
Hassing et al. [164], showed that AD patients, correctly supplied with vitamin B12 and folic acid did
not improve, but observed that they performed better in neuropsychological test. Another study on
this topic, the so-called SENECA (longitudinal, 5-years lasting, multi-center study) [165], showed no
correlation between mental health and low levels of vitamin B12/folate status.
Concerning purposely the Hcy level, in order to supplement, there are some studies, like the one
by Nilsson et al. [166], which evidenced that patients affected by AD, who had elevated homocysteine
plasmatic levels, and have been supplied by vitamin B12, perform better in neuropsychological
tests; on the contrary, if dementia’s scores are worse, no significant effect emerged from vitamin B12
supplementation. After this study, Bryan et al. [167], obtained a significant improvement in memory
recall, speediness of thought, of executive functions, and linguistic appropriateness, and any effect on
mood, when more than 200 healthy middle-aged or older
More recently [168], a large international double-blind placebo-controlled randomized trial,
focused on many thousand women, who have previously experienced neural tube defect (NTD)
pregnancy; these women have been supplied by large doses of folic acid, and a reduction of NTD of
72% in the following pregnancy was demonstrated [169]. In 1998, the obligatory folic acid fortification
of cereal grain products had a direct consequence of an NTD decline rate of 20%. Data have been
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recently reproduced in larger studies [170]. Several mechanisms have been suggested to explain the
possible link between folic acid lack and NTD [6]. As above reported, folic acid is related to DNA
methylation, a fundamental regulating system in precocious embryogenesis [171,172]. Folic acid
relays on the correct functioning of the MTHFR enzyme; MTHFR acts as a donor of methyl groups,
necessary for purines and pyrimidine synthesis. Therefore, genetic micro-alterations of MTHFR
(for example 677TT genotype) decrease the methylation reactions, with a consequent reduction of
global DNA methylation, related to NTD. NTD has been demonstrated in vitro, by the inactivation of
DNA methyltransferase (DNMT3B) [173–176].
A reduced AdoMet/AdoHcy ratio, which causes an increase of Ado Hcy, and therefore inhibits
DNA methylation has been found also in a single case of reported co-existence of trisomy 21 and
spina bifida [177]. Folic acid level and homocysteine are indirectly related to years of age, they have
been related to aging process [178,179], and, therefore, to cerebrovascular pathologies, whose main
un-modifiable risk factor remains aging process. The Canadian Study of Health and Ageing [180],
a 5 years population-based survey, studied the potential risk of any cerebrovascular event, including
vascular dementia, vascular cognitive impairment or fatal stroke, during a strict follow-up of serum
folate levels. After adjusting for normal vascular risk factors (such as smoking, nutrition, diabetes,
etc), it emerged that the risk for a vascular event, associated with the lowest folate quartile was OR
2.42 (95% CI; 1.04–5.61). The same study demonstrated that a low folate level represents a higher risk
for the development of vascular events, even in female patients (OR 4.02, 95% CI; 1.37–11.81). In the
Kingsholmen aging and dementia project, in 250 old (75 to 96 years) and in 71 very old (90 to 101 years),
otherwise healthy subjects, the altered memory recall has been related to folic acid low levels [181].
These findings have been reproduced with a significant correlation between lower cognitive function
and raised homocysteine level and low folic acid levels [182].
In Table 1, we report the correlation between HHcy and main neurological conditions in
accordance with the cited studies from literature.
Table 1. Hhcy and main neurological conditions.
Hhcy and Neurological Conditions
Stroke

Mild cognitive impairment (MCI)

Studies

Results

HHcy preclinical marker of stroke [183]
HHcy and prothrombotic [184]
HHcy and platelet peroxidation [185]
HHcy and increased pulsatility index in
intracranial arteries [186]
HHcy relationship with the progression of
aortic atheroma [187]

Confirmative
Confirmative
Confirmative

Hhcy as a marker of transition from MCI to dementia [188]
HHcy correlates with hippocampal function [189]
HHcy correlates with atrophy progression [190]
HHCY correlates with the passage from healthy
brain to MCI [191]

Confirmative
Confirmative
Confirmative

AD

HHcy correlated with AD diagnosis [192,193]
HHcy correlates with temporal atrophy progression [194]
HHcy correlate with AD diagnosis [195]

PD

HHCy involved in PD pathogenesis [196]
HHcy involved in augmentation of dopaminergic
susceptibility [197,198]
HHcy induced by Levo-Dopa treatment [199]

Confirmative
Confirmative

Not-confirmative
Confirmative
Confirmative
Non-confirmative
Confirmative
Confirmative
Confirmative

7. Limitations and Further Possibilities
Even with very high knowledge of the biochemical properties and profile of Hcy, lab results
are more encouraging than clinical trials, and although combined folic and vitamin B12 therapy
substantially reduces homocysteine accumulation, results from randomized placebo-controlled clinical
trials have fallen short of expectations [200].
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Many are the factors that limit the clinical applicability (homogeneity of recruitment, time of onset,
age of onset of HHcy and of the pathology, eventual comorbidities, etc.); duration of the intervention
must also be considered, given i.e., that normal cognition generally decline only by-0.1 points on
MMSE each year [201]. And study designs should take into consideration even the other B vitamin
status (such as B1 and B6, [31]). However, as Nichols recently pointed out [202], blood sample for Hcy
should be taken and lowering it with vitamin implementation should be done, due to low cost and
fast application. However, it is mandatory that we need more evidence on doing this as a primary
preventive strategy “to clinch the argument”.
8. Conclusions
The role of HHcy in several neurological and cardiovascular diseases is still unclear. HHcy seems
to be an independent risk factor for cerebrovascular disease, dementia, and many other disorders,
and, moreover, is related with atherosclerosis and cardiovascular disease. It has been postulated that
Hcy has a causative role in the determination of neurological damages due to its neurotoxic effect
and to its direct or indirect vascular and endothelium induced pro-inflammatory effect. Anyway,
in literature, there are controversial opinions. The efficacy of combined folic acid, B6, and B12-vitamin
supplementation to reduce HHcy is well documented but is sometimes hard to find who can really
benefits from it.
In cognitive impairment and dementia, Hcy might act to potentiate the effects of Abeta deposition,
augmenting its toxic effects by modifying presenilin functions and occasionally interfering with
hyperphosphorylation of tau protein. Moreover, Abeta deposition might induce damage to smooth
muscle vascular structures and can promote caspase activity. The association between hyper-HCY and
worsening of cognitive performance, Amyloid burden, and white matter hyperintensities, has been
confirmed in the majority the clinical studies considered.
HHcy relates with both stroke, ischemic or hemorrhagic, and intracranial hemorrhage incidence,
independent of long-recognized factors such as hyperlipidemia, hypertension, diabetes mellitus,
and smoking.
Hcy remains, at the moment, a biological marker, with all its limits and without the key of solution
for all the neuronal pathologies; EFSA [203] maintains a cautious position: it clearly stated that the
maintenance of normal Hcy metabolism has a beneficial physiological effect. All the other protective,
antioxidant, and anti-inflammatory effects should be proven.
Therefore, the precise role of HHcy in the development of stroke and dementia should be further
studied to dissect out the complex mechanism and evaluate on larger scale trials.
Author Contributions: For research articles with several authors, a short paragraph specifying their individual
contributions must be provided. The following statements should be used “Conceptualization, R.M.; Methodology,
R.M. and P.C.; Validation, R.M. and P.C.; Formal Analysis, R.M.; Investigation, R.M. and P.C.; Resources, R.M. and
P.C.; Data Curation, R.M. and P.C.; Writing-Original Draft Preparation, R.M. and P.C.; Writing-Review & Editing, .
R.M. and P.C.; Visualization, P.C.; Supervision, R.M. and P.C.; Project Administration, R.M.
Funding: The study has not received any funding.
Acknowledgments: The Authors thank Mr Andrew Highgate, for his assistance.
Conflicts of Interest: None of the authors have potential conflicts of interest to be disclosed.

References
1.
2.

3.

Smith, A.D.; Refsum, H. Homocysteine, B vitamins, and cognitive impairment. Annu. Rev. Nutr. 2016,
36, 211–239. [CrossRef] [PubMed]
Miles, L.; Allen, E.; Mills, K.; Clarke, R.; Uauy, R.; Dangour, A.D. Vitamin B12 status and neurologic function
in older people: A cross-sectional analysis of baseline trial data from the Older People and Enhanced
Neurological Function (OPEN) study. Am. J. Clin. Nutr. 2016, 104, 790–796. [CrossRef] [PubMed]
Mudd, S.H.; Cantoni, G.L. Activation of methionine for transmethylation. III. The methionine-activating
enzyme of Bakers’ yeast. J. Biol. Chem. 1958, 231, 481–492. [PubMed]

Int. J. Mol. Sci. 2019, 20, 231

4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

16.

17.

18.
19.
20.

21.
22.

23.
24.
25.
26.

13 of 22

Kotb, M.; Mudd, S.H.; Mato, J.M. Consensus nomenclature for the mammalian methionine
adenosyltransferase genes and gene products. Trends Genet. TIG 1997, 13, 51–52. [CrossRef]
Mato, J.M.; Alvarez, L.; Ortiz, P.; Pajares, M.A. S-adenosylmethionine synthesis: Molecular mechanisms and
clinical implications. Pharmacol. Ther. 1997, 73, 265–280. [CrossRef]
Blom, H.J.; Smulders, Y. Overview of homocysteine and folate metabolism. With special references to
cardiovascular disease and neural tube defects. J. Inherit. Metab. Dis. 2011, 34, 75–81. [CrossRef] [PubMed]
Parnetti, L.; Bottiglieri, T.; Lowenthal, D. Role of homocysteine in age-related vascular and non-vascular
diseases. Aging Clin. Exp. Res. 1997, 9, 241–257. [CrossRef]
Loscalzo, J.; Handy, D.E. Epigenetic modifications: Basic mechanisms and role in cardiovascular disease
2013 Grover Conference Series. Pulm. Circ. 2014, 482, 169–174. [CrossRef]
Enk, C.; Hougaard, K.; Hippe, E. Reversible dementia and neuropathy associated with folate deficiency
16 years after partial gastrectomy. Scand. J. Haematol. 1980, 25, 63–66. [CrossRef]
Bottiglieri, T. Ademetionine (S-adenosylmethionine) neuropharmacology: Implications for drug therapies in
psychiatric and neurological disorders. Expert Opin. Investig. Drugs 1997, 6, 417–426. [CrossRef]
Weir, D.G.; Keating, S.; Molloy, A. Methylation deficiency causes vitamin B12-associated neuropathy in the
pig. J. Neurochem. 1988, 51, 1949–1952. [CrossRef] [PubMed]
Surtees, R.; Leonard, J.; Austin, S. Association of demyelination with deficiency of cerebrospinal-fluid
S-adenosylmethionine in inborn errors of methyl-transfer pathway. Lancet 1991, 338, 1550–1554. [CrossRef]
Shaw, P.J. Excitatory amino acid receptors, excitotoxicity, and the human nervous system. Curr. Opin.
Neurol. Neurosurg. 1993, 6, 414–422. [PubMed]
Pennypacker, L.C.; Allen, R.H.; Kelly, J.P. High prevalence of cobalamin deficiency in elderly outpatients.
J. Am. Geriatr. Soc. 1992, 40, 1197–1204. [CrossRef] [PubMed]
McKeever, M.P.; Weir, D.G.; Molloy, A.; Scott, J.M. Betaine-homocysteine methyltransferase:
Organ distribution in man, pig and rat and subcellular distribution in the rat. Clin. Sci. 1991, 81, 551–556.
[CrossRef] [PubMed]
Leclerc, D.; Wilson, A.; Dumas, R. Cloning and mapping of a cDNA for methionine synthase reductase,
a flavoprotein defective in patients with homocystinuria. Proc. Natl. Acad. Sci. USA 1998, 95, 3059–3064.
[CrossRef]
Sunden, S.L.; Renduchintala, M.S.; Park, E.I.; Miklasz, S.D.; Garrow, T.A. Betaine-homocysteine
methyltransferase expression in porcine and human tissues and chromosomal localization of the human
gene. Arch. Biochem. Biophys. 1997, 345, 171–174. [CrossRef]
Quéré, I.; Paul, V.; Rouillac, C. Spatial and temporal expression of the cystathionine beta-synthase gene
during early human development. Biochem. Biophys. Res. Commun. 1999, 254, 127–137. [CrossRef]
Finkelstein, J.D. Metabolic regulatory properties of S-adenosylmethionine and S-adenosylhomocysteine.
Clin. Chem. Lab. Med. 2007, 45, 1694–1699. [CrossRef]
Hum, D.W.; Bell, A.W.; Rozen, R.; MacKenzie, R.E. Primary structure of a human trifunctional
enzyme. Isolation of a cDNA encoding methylenetetrahydrofolate dehydrogenase-methenyltetrahydrofolate
cyclohydrolase-formyltetrahydrofolate synthetase. J. Biol. Chem. 1988, 263, 15946–15950.
Blom, H.J.; Shaw, G.M.; den Heijer, M.; Finnell, R.H. Neural tube defects and folate: Case far from closed.
Nat. Rev. Neurosci. 2006, 7, 724–731. [CrossRef] [PubMed]
Garrow, T.A.; Brenner, A.A.; Whitehead, V.M. Cloning of human cDNAs encoding mitochondrial
and cytosolic serine hydroxymethyltransferases and chromosomal localization. J. Biol. Chem. 1993,
268, 11910–11916. [PubMed]
Obeid, R.; Herrmann, W. Mechanisms of homocysteine neurotoxicity in neurodegenerative diseases with
special reference to dementia. FEBS Lett. 2006, 580, 2994–3005. [CrossRef] [PubMed]
Ganguly, P.; Alam, S.F. Role of homocysteine in the development of cardiovascular disease. Nutr. J. 2015,
14, 6. [CrossRef] [PubMed]
Harvey, R.A.; Ferrier, D.R.; Rhyner, S. (Eds.) Lippincott’s Illustrated Reviews: Biochemistry, 5th ed.; Wolters
Kluwer Health: Philadelphia, PA, USA, 2011; pp. 264–265.
Pietrzik, K.; Bronstrup, A. Vitamins B12, B6 and folate as determinants of homocysteine concentration in the
healthy population. Eur. J. Pediatr. 1998, 157 (Suppl. 2), S135–S138. [CrossRef]

Int. J. Mol. Sci. 2019, 20, 231

27.

28.
29.
30.

31.
32.
33.
34.

35.
36.
37.
38.
39.
40.
41.
42.
43.
44.

45.

46.
47.

48.
49.

14 of 22

Huang, Y.C.; Chang, S.J.; Chiu, Y.T.; Chang, H.H.; Cheng, C.H. The status of plasma homocysteine and
related B-vitamins in healthy young vegetarians and nonvegetarians. Eur. J. Nutr. 2003, 42, 84–90. [CrossRef]
[PubMed]
Kulkarni, K.; Richard, B.C. Lifestyle, homocysteine and the metabolic syndrome. Metab. Syndr. Relat. Disord.
2003, 1, 141–147. [CrossRef] [PubMed]
Ansari, R.; Mahta, A.; Mallack, E.; Luo, J.J. Hyperhomocysteinemia and neurologic disorders: A review.
J. Clin. Neurol. 2014, 10, 281–288. [CrossRef] [PubMed]
Stea, T.H.; MAnsoor, M.A.; Wandel, M.; Uglem, S.; Frolich, W. Changes in predictors and status of
homocysteine in young male adults after dietary intervention with vegetables, fruits and bread. Eur. J. Nutr.
2008, 47, 201–209. [CrossRef]
Price, B.R.; Wilcock, D.M.; Weekman, E.M. Hyeprhomocysteinemia as a risk factor for vascular contributions
to cognitive impairment and dementia. Front. Aging Neurosci. 2018, 10, 305. [CrossRef]
Moretti, R.; Dal Ben, M.; Gazzin, S.; Tiribelli, C. Homcysteine in neurology: From endothelium to
neurodegeneration. Curr. Nutr. Food Sci. 2017, 13, 163–175. [CrossRef]
Kwon, H.M.; Lee, Y.S.; Bae, H.J.; Kang, D.W. Homocysteine as a Predictor of Early Neurological Deterioration
in Acute Ischemic Stroke. Stroke 2014, 45, 871–873. [CrossRef] [PubMed]
Surtees, R.; Bowron, A.; Leonard, J. Cerebrospinal fluid and plasma total homocysteine and related
metabolites in children with cystathionine beta-synthase deficiency: The effect of treatment. Pediatr. Res.
1997, 42, 577–582. [CrossRef] [PubMed]
Afman, L.A.; Blom, H.J.; Drittij, M.J.; Brouns, M.R.; van Straaten, H.W. Inhibition of transmethylation
disturbs neurulation in chick embryos. Brain Res. Dev. Brain Res. 2005, 158, 59–65. [CrossRef] [PubMed]
Mills, J.L.; Scott, J.M.; Kirke, P.N.; McPartlins, J.M.; Conley, M.R.; Weir, D.G.; Molloy, A.M.; Lee, Y.J.
Homocysteine and neural tube defects. J. Nutr. 1996, 126 (Suppl. 3), 756s–760s. [PubMed]
Griffiths, R.; Tudball, N. Observations on the fate of cystathionine in rat brain. Life Sci. 1976, 19, 1217–1224.
[CrossRef]
Awata, S.; Nakayama, K.; Suzuki, I.; Sugahara, K.; Kodama, H. Changes in cystathionine gamma-lyase in
various regions of rat brain during development. Biochem. Mol. Biol. Int. 1995, 35, 1331–1338.
Ichinohe, A.; Kanaumi, T.; Takashima, S. Cystathionine beta-synthase is enriched in the brains of
Down’s patients. Biochem. Biophys. Res. Commun. 2005, 338, 1547–1550. [CrossRef] [PubMed]
Kranich, O.; Dringen, R.; Sandberg, M.; Hamprecht, B. Utilization of cysteine and cysteine precursors for the
synthesis of glutathione in astroglial cultures: Preference for cystine. Glia 1998, 22, 11–18. [CrossRef]
Scott, J.M.; Molloy, A.M.; Kennedy, D.G.; Kennedy, S.; Weir, D.G. Effects of the disruption of transmethylation
in the central nervous system: An animal model. Acta Neurol. Scand. 1994, 154, 27–31. [CrossRef]
Shanker, G.; Allen, J.W.; Mutkus, L.A.; Aschner, M. The uptake of cysteine in cultured primary astrocytes
and neurons. Brain Res. 2001, 902, 156–163. [CrossRef]
Wu, G.; Fang, Y.-Z.; Yang, S.; Lupton, J.R.; Turner, N.D. Glutathione metabolism and its implications for
health. J. Nutr. 2004, 134, 489–492. [CrossRef]
Grieve, A.; Butcher, S.P.; Griffiths, R. Synaptosomal plasma membrane transport of excitatory sulphur amino
acid transmitter candidates: Kinetic characterisation and analysis of carrier specificity. J. Neurosci. Res. 1992,
32, 60–68. [CrossRef] [PubMed]
Zeise, M.L.; Knöpfel, T.; Zieglgänsberger, W. (+/−)-beta-Parachlorophenylglutamate selectively enhances
the depolarizing response to L-homocysteic acid in neocortical neurons of the rat: Evidence for a specific
uptake system. Brain Res. 1988, 443, 373–376. [CrossRef]
Ho, P.I.; Ashline, D.; Dhitavat, S. Folate deprivation induces neurodegeneration: Roles of oxidative stress
and increased homocysteine. Neurobiol. Dis. 2003, 14, 32–42. [CrossRef]
Huemer, M.; diodato, D.; Schwahn, B.L.; Schiff, M.; Bandeira, A.; Benoist, J.F.; Burlina, A.; Cerone, R.
Guidelines for diagnosis and management of the cobalamin-related remethylation diorders cblC, cblD, cblE,
cblF, cblG, cblJ and MTHFR deficiency. J. Inehrit. Metab. Dis. 2017, 40, 21–48. [CrossRef] [PubMed]
Moretti, R.; Torre, P.; Antonello, R.M.; Cattaruzza, T.; Cazzato, G.; Bava, A. Vitamin B12 and folate depletion
in cognition: A review. Neurol. India 2004, 52, 310–318. [PubMed]
Moretti, R.; Torre, P.; Antonello, R.M.; Cazzato, G. Is isolated vitamin B12 deficiency a sufficient causative
factor of dementia? Eur. J. Neurol. 2001, 8, 87–88. [CrossRef]

Int. J. Mol. Sci. 2019, 20, 231

50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.

68.
69.
70.

71.

72.
73.

74.

15 of 22

Moretti, R.; Torre, P.; Antonello, R.M.; Cazzato, G.; Bava, A. Vitamin B12 defect: What does it mean to
cognition? Eur. J. Neurol. 2001, 8, 731. [CrossRef]
Malnick, S.; Goland, S. Folic acid as ultimate in disease prevention: Beware of vitamin B12 deficiency. BMJ
2004, 328, 769. [CrossRef]
Folate Evidence—Mayo Clinic. Available online: http://www.mayoclinic.org/drugs-supplements/folate/
evidence/hrb-20059475 (accessed on 15 September 2016).
Dietary Supplement Fact Sheet: Vitamin B12-Health Professional Fact Sheet n.d. Available online: https:
//ods.od.nih.gov/factsheets/VitaminB12-HealthProfessional/ (accessed on 15 September 2016).
Hoffbrand, A.V.; Weir, D.G. The history of folic acid. Br. J. Haemat. 2001, 113, 579–589. [CrossRef]
Eto, K.; Asada, T.; Arima, K.; Makifuchi, T.; Kimura, H. Brain hydrogen sulfide is severely decreased in
Alzheimer’s disease. Biochem. Biophys. Res. Commun. 2002, 293, 1485–1488. [CrossRef]
Isobe, C.; Murata, T.; Sato, C.; Terayama, Y. Increase of total homocysteine concentration in cerebrospinal
fluid in patients with Alzheimer’s disease and Parkinson’s disease. Life Sci. 2005, 77, 1836–1843. [CrossRef]
Kamath, A.F.; Chauhan, A.K.; Kisucka, J. Elevated levels of homocysteine compromise blood-brain barrier
integrity in mice. Blood 2006, 107, 591–593. [CrossRef] [PubMed]
Troen, A.M. The central nervous system in animal models of hyperhomocysteinemia. Prog. NeuroPsychopharmacol. Biol. Psychiatry 2005, 29, 1140–1151. [CrossRef] [PubMed]
Algaidi, S.A.; Christie, L.A.; Jenkinson, A.M. Long-term homocysteine exposure induces alterations in spatial
learning, hippocampal signalling and synaptic plasticity. Exp. Neurol. 2006, 197, 8–21. [CrossRef] [PubMed]
Streck, E.L.; Delwing, D.; Tagliari, B. Brain energy metabolism is compromised by the metabolites
accumulating in homocystinuria. Neurochem. Int. 2003, 43, 597–602. [CrossRef]
Curro, M.; Gugliandolo, A.; Gangemi, C.; Risitano, R.; Ientile, R.; Caccamo, D. Toxic effects of mildy elevated
homocysteine concnetrations in neuronal-like cells. Neurochem. Res. 2014, 39, 1485–1495. [CrossRef]
Hankey, G.J.; Eikelboom, J.W. Homocysteine and vascular disease. Lancet 1999, 354, 407–413. [CrossRef]
Boreham, C.A. Genetic and nutritional factors contributing to hyperhomocystenemia in young adults. Blood
2003, 101, 2483–2486.
Wuerthele, S.E.; Yasuda, R.P.; Freed, W.J.; Hoffer, B.J. The effect of local application of homocysteine on
neuronal activity in the central nervous system of the rat. Life Sci. 1982, 31, 2683–2691. [CrossRef]
Lipton, S.A.; Kim, W.K.; Choi, Y.B. Neurotoxicity associated with dual actions of homocysteine at the
N-methyl-D-aspartate receptor. Proc. Natl. Acad. Sci. USA 1997, 94, 5923–5928. [CrossRef] [PubMed]
Ito, S.; Provini, L.; Cherubini, E. L-homocysteic acid mediates synaptic excitation at NMDA receptors in the
hippocampus. Neurosci. Lett. 1991, 124, 157–161. [CrossRef]
Klancnik, J.M.; Cuénod, M.; Gähwiler, B.H.; Jiang, Z.P.; Do, K.Q. Release of endogenous amino acids,
including homocysteic acid and cysteine sulphinic acid, from rat hippocampal slices evoked by electrical
stimulation of Schaffer collateral-commissural fibres. Neuroscience 1992, 49, 557–570. [CrossRef]
Kim, J.P.; Koh, J.Y.; Choi, D.W. L-homocysteate is a potent neurotoxin on cultured cortical neurons. Brain Res.
1987, 437, 103–110. [CrossRef]
Robert, K.; Pagès, C.; Ledru, A. Regulation of extracellular signal-regulated kinase by homocysteine in
hippocampus. Neuroscience 2005, 133, 925–935. [CrossRef]
Ziemiffska, E.; Stafiej, A.; Lazarewicz, J.W. Role of group I metabotropic glutamate receptors and NMDA
receptors in homocysteine-evoked acute neurodegeneration of cultured cerebellar granule neurones.
Neurochem. Int. 2003, 43, 481–492. [CrossRef]
Shi, Q.; Savage, J.E.; Hufeisen, S.J. L-homocysteine sulfinic acid and other acidic homocysteine derivatives
are potent and selective metabotropic glutamate receptor agonists. J. Pharmacol. Exp. 2003, 305, 131–142.
[CrossRef]
Irizarry, M.C.; Gurol, M.E.; Raju, S. Association of homocysteine with plasma amyloid beta protein in aging
and neurodegenerative disease. Neurology 2005, 65, 1402–1408. [CrossRef]
Hasegawa, T.; Ukai, W.; Jo, D.-G. Homocysteic acid induces intraneuronal accumulation of neurotoxic
Abeta42, implications for the pathogenesis of Alzheimer’s disease. J. Neurosci. Res. 2005, 80, 869–876.
[CrossRef]
Morris, M.S. Homocysteine and Alzheimer’s disease. Lancet Neurol. 2003, 2, 425–428. [CrossRef]

Int. J. Mol. Sci. 2019, 20, 231

75.

76.
77.

78.

79.
80.
81.

82.
83.
84.
85.

86.
87.
88.
89.

90.
91.

92.
93.
94.
95.
96.
97.

16 of 22

Kruman, I.I.; Kumaravel, T.S.; Lohani, A. Folic acid deficiency and homocysteine impair DNA repair in
hippocampal neurons and sensitize them to amyloid toxicity in experimental models of Alzheimer’s disease.
J. Neurosci. J. Soc. Neurosci. 2002, 22, 1752–1762. [CrossRef]
Mok, S.S.; Turner, B.J.; Beyreuther, K. Toxicity of substrate-bound amyloid peptides on vascular smooth
muscle cells is enhanced by homocysteine. Eur. J. Biochem. FEBS 2002, 269, 3014–3022. [CrossRef]
Sai, X.; Kawamura, Y.; Kokame, K. Endoplasmic reticulum stress-inducible protein, Herp, enhances
presenilin-mediated generation of amyloid beta-protein. J. Biol. Chem. 2002, 277, 12915–12920. [CrossRef]
[PubMed]
Hodgson, N.; Trivedi, M.; Muratore, C.; Li, S.; Deth, R. Soluble oligomers of amyloid beta cause changes
in redox state, DNA methylation, and gene transcription by inhibiting EAAT3 mediated cysteine uptake.
J. Alzheimer’s Dis. 2013, 36, 197–209. [CrossRef] [PubMed]
Selkoe, D.J. Presenilin, Notch, and the genesis and treatment of Alzheimer’s disease. Proc. Natl. Acad.
Sci. USA 2001, 98, 11039–11041. [CrossRef] [PubMed]
Scarpa, S.; Fuso, A.; D’Anselmi, F.; Cavallaro, R.A. Presenilin 1 gene silencing by S-adenosylmethionine:
A treatment for Alzheimer disease? FEBS Lett. 2003, 541, 145–148. [CrossRef]
Leulliot, N.; Quevillon-Cheruel, S.; Sorel, I. Structure of protein phosphatase methyltransferase 1 (PPM1),
a leucine carboxyl methyltransferase involved in the regulation of protein phosphatase 2A activity. J. Biol.
Chem. 2004, 279, 8351–8358. [CrossRef]
Ferreira, A.; Lu, Q.; Orecchio, L.; Kosik, K.S. Selective phosphorylation of adult tau isoforms in mature
hippocampal neurons exposed to fibrillar A beta. Mol. Cell Neurosci. 1997, 9, 220–234. [CrossRef]
Wang, J.Z; Gong, C.X.; Zaidi, T.; Grundke-Iqbal, I.; Iqbal, K. Dephosphorylation of Alzheimer paired helical
filaments by protein phosphatase-2A and -2B. J. Biol. Chem. 1995, 270, 4854–4860. [CrossRef]
Vogelsberg-Ragaglia, V.; Schuck, T.; Trojanowski, J.Q.; Lee, V.M. PP2A mRNA expression is quantitatively
decreased in Alzheimer’s disease hippocampus. Exp. Neurol. 2001, 168, 402–412. [CrossRef] [PubMed]
Sontag, E.; Hladik, C.; Montgomery, L. Downregulation of protein phosphatase 2A carboxyl methylation
and methyltransferase may contribute to Alzheimer disease pathogenesis. J. Neuropathol. Exp. Neurol. 2004,
63, 1080–1091. [CrossRef] [PubMed]
Zhao, W.-Q.; Feng, C.; Alkon, D.L. Impairment of phosphatase 2A contributes to the prolonged MAP kinase
phosphorylation in Alzheimer’s disease fibroblasts. Neurobiol. Dis. 2003, 14, 458–469. [CrossRef]
Vafai, S.B.; Stock, J.B. Protein phosphatase 2A methylation: A link between elevated plasma homocysteine
and Alzheimer’s Disease. FEBS Lett. 2002, 518, 1–4. [CrossRef]
Tolstykh, T.; Lee, J.; Vafai, S.; Stock, J.B. Carboxyl methylation regulates phosphoprotein phosphatase 2A by
controlling the association of regulatory B subunits. EMBO J. 2000, 19, 5682–5691. [CrossRef]
Pang, X.; Liu, J.; Zhao, J.; Mao, J.; Zhang, X.; Feng, L. Homocysteine induces the expression of C-reactive
protein via NMDAr-ROS-MAPK-NF-KB signal pathway in rat vascular smooth muscle cells. Atherosclerosis
2014, 236, 73–81. [CrossRef] [PubMed]
Nelson, A.R.; Sweeney, M.D.; Sagare, A.P.; Zlokovic, B.V. Neurovascular dysfunction and neurodegeneration
in dementia and Alzheimer’s disease. Biochim. Biophys. Acta 2016, 1862, 887–900. [CrossRef] [PubMed]
De Lau, L.M.; Koudstaal, P.J.; van Meurs, J.B.; Uitterlinden, A.G.; Hofman, A.; Breteler, M.M.
Methylenterahydrofolate reductase C677T genotype and PD. Annu. Neurol. 2005, 57, 927–930. [CrossRef]
[PubMed]
Zhao, P.; Yang, J.F.; Liu, W.; Wang, Y.; Sun, Y.N.; Li, Q. Effects of entacapone on plasma homocysteine in
Parkinson’s Disease patients on levodopoa. Zhongha Yi Xue Za Zhi 2013, 93, 512–515.
Sharma, M.; Tiwari, M.; Tiwari, R.K. Hyperhomocysteinemia: Impact on neurodegenerative diseases.
Basic Clin. Pharamcol. Aand. Toxicol. 2015, 117, 287–296. [CrossRef]
Sharma, M.; Rai, S.K.; Tiwari, M.; Chandra, R. Effect of hyperhomcysteinemia on cardiovascular risk factors
and initiation of atherosclerosis in Wistar rats. Eur. J. Pharamcol. 2007, 574, 49–609. [CrossRef] [PubMed]
Zou, C.-G.; Banerjee, R. Homocysteine and redox signaling. Antioxid. Redox. Signal. 2005, 7, 547–559.
[CrossRef] [PubMed]
Banerjee, R.; Zou, C.-G. Redox regulation and reaction mechanism of human cystathionine-beta-synthase:
A PLP-dependent hemesensor protein. Arch. Biochem. Biophys. 2005, 433, 144–156. [CrossRef] [PubMed]
James, S.J.; Cutler, P.; Melnyk, S. Metabolic biomarkers of increased oxidative stress and impaired methylation
capacity in children with autism. Am. J. Clin. Nutr. 2004, 80, 1611–1617. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2019, 20, 231

98.
99.
100.
101.
102.

103.

104.
105.
106.
107.
108.

109.
110.
111.
112.

113.
114.
115.
116.
117.
118.
119.

120.

17 of 22

Jellinger, K.A. Pathology and pathogenesis of vascular cognitive impairment-a critical update. Front. Aging
Neurosci. 2013, 5, 17. [CrossRef] [PubMed]
Pushpakumar, S.; Kundu, S.; Sen, U. Endothelial dysfunction: The link between homocysteine and hydrogen
sulfide. Curr. Med. Chem. 2014, 21, 3662–3672. [CrossRef] [PubMed]
Perna, A.F.; Ingrosso, D.; De Santo, N.G. Homocysteine and oxidative stress. Amino Acids 2003, 25, 409–417.
[CrossRef] [PubMed]
Petras, M.; Tatarakova, Z.; Kovalska, M.; Mokra, D.; Dobrota, D.; Lehotsky, J.; Drgova, A.
Hyperhomocysteinemia as a risk factor for the neuronal system disorders. J. Physiol. Pharmac 2014, 65, 1–23.
Wyse, A.T.S.; Zugno, A.I.; Streck, E.L. Inhibition of Na(+),K(+)-ATPase activity in hippocampus of
rats subjected to acute administration of homocysteine is prevented by vitamins E and C treatment.
Neurochem. Res. 2002, 27, 1685–1689. [CrossRef] [PubMed]
Ignarro, L.J.; Buga, G.M.; Wood, K.S.; Byrns, R.E.; Chaudhuri, G. Endothelium-derived relaxing factor
produced and released from artery and vein is nitric oxide. Proc. Natl. Acad. Sci. USA 1987, 84, 9265–9269.
[CrossRef]
Vallance, P.; Chan, N. Endothelial function and nitric oxide: Clinical relevance. Heart 2001, 85, 342–350.
[CrossRef]
Hoffman, M. Hypothesis: Hyperhomocysteinemia is an indicator of oxidant stress. Med Hypotheses 2011,
77, 1088–1093. [CrossRef] [PubMed]
Sen, U.; Mishra, P.K.; Tyagi, N.; Tyagi, S.C. Homocysteine to hydrogen sulfide or hypertension. Cell Biochem.
Biophys. 2010, 57, 49–58. [CrossRef]
Sawle, P.; Foresti, R.; Green, C.J.; Motterlini, R. Homocysteine attenuates endothelial haem oxygenase-1
induction by nitric oxide (NO) and hypoxia. FEBS Lett. 2001, 508, 403–406. [CrossRef]
Stuhlinger, M.C.; Tsao, P.S.; Her, J.H.; Kimoto, M.; Balint, R.F.; Cooke, J.P. Homocysteine impairs the nitric
oxide synthase pathway: Role of asymmetric dimethylarginine. Circulation 2001, 104, 2569–2575. [CrossRef]
[PubMed]
Fornier, I.; Ploye, F.; cottet-Emard, J.M.; Brun, J.; Claustrat, B. Folate deficiency alters melatonin secretion in
rats. J. Nutr. 2022, 132, 2781–2784. [CrossRef] [PubMed]
Reiter, R.J.; Tan, D.X.; Pappolla, M.A. Melatonin relieves the neural oxidative burden tht contributes to
dementias. Annu. NY Acad. Sci. 2004, 1035, 179–196. [CrossRef] [PubMed]
Baydar, G.; Ozer, M.; Yasar, A.; tuzcu, M.; Koz, S.T. Melatonin improves learning and memory performances
impaired by hyperhomocysteinemia in rats. Brain Res. 2005, 1046, 187–194.
Baydar, G.; Kutlu, S.; Nazirroglu, M.; Canpolat, S.; Sandal, S.; Ozcan, M.; Kelestimur, H. Inhibitory effects of
melatonin on neural lipid peroxidation induced by intracerebroventricularly administered homocysteine.
J. Pinel. Res. 2003, 34, 36–39.
Prudova, A.; Bauman, Z.; Braun, A. S-adenosylmethionine stabilizes cystathionine beta-synthase and
modulates redox capacity. Proc. Natl. Acad. Sci. USA 2006, 103, 6489–6494. [CrossRef]
Reis, E.A.; Zugno, A.I.; Franzon, R. Pretreatment with vitamins E and C prevent the impairment of memory
caused by homocysteine administration in rats. Metab. Brain Dis. 2002, 17, 211–217. [CrossRef] [PubMed]
Murr, C.; Widner, B.; Wirleeitner, B.; Fuchs, D. Neopterin as a marker for immune system activation.
Curr Drug Metab. 2001, 2, 175–187. [CrossRef]
Bleie, O.; Semb, A.G.; Grundt, H. Homcysteine-lowering therapy does not affect inflammatory markers of
atherosclerosis in patients with stable coronary disease. J. Int. Med. 2007, 262, 244–253. [CrossRef] [PubMed]
Ploder, M.; Kurz, K.; Splitter, A.; Neurauter, G.; Roth, E.; Fuch, D. Early increase of plasma Hcy in sepsis
patients with poor outcome. Mol. Med. 2010, 16, 498–504. [CrossRef]
Deng, J.; Lu, S.; Li, H. Homocysteine activates B cells via regulating PKM-2 dependent metabolic
reprogramming. J. Immunol. 2017, 198, 170–183. [CrossRef] [PubMed]
Li, J.-J.; Li, Q.; Du, H.-P. Homocysteine Triggers inflammatory responses in macrophages through inhibiting
CSE-H2S signaling via DNA hypermethylation of CSE promoter. Int. J. Mol. Sci. 2015, 16, 12560–12577.
[CrossRef]
Krishna, S.M.; Dear, A.; Craig, J.M.; Norman, P.E.; Golledge, J. The potential role of homocysteine mediated
DNA methylation and associated epigenetic changes in abdominal aortic aneurysm formation. Atherosclerosis
2013, 228, 295–305. [CrossRef]

Int. J. Mol. Sci. 2019, 20, 231

18 of 22

121. Yi-Deng, J.; Tao, S.; Hui-Ping, Z. Folate and ApoE DNA methylation induced by homocysteine in human
monocytes. DNA Cell Biol. 2007, 26, 737–744. [CrossRef]
122. Chang, P.-Y.; Lu, S.-C.; Lee, C.-M. Homocysteine inhibits arterial endothelial cell growth through
transcriptional downregulation of fibroblast growth factor-2 involving G protein and DNA methylation.
Circ. Res. 2008, 102, 933–941. [CrossRef]
123. Boldyrev, A.; Bryshkova, E.; MAshkina, A.; Vladychenskaya, E. Why is homocysteine toxic for the nervous
and immune systems? Curr. Aging Sci. 2013, 6, 29–36. [CrossRef]
124. Essouma, M.; Noubiap, J.J.N. Therapeutic potential of folic acid supplementation for cardiovascular disease
prevention through homocysteine lowering and blockade in rheumatoid arthritis patients. Biomark. Res.
2015, 3, 24. [CrossRef] [PubMed]
125. Ying, G.; Wang, Y.; Cen, X.M.; Yang, M.; Liang, Y.; Xie, Q.B. Lipid peroxidation-mediated inflammation
promotes cell apoptosis through activation of NFK-B pathway in rheumatoid arthritis synovial cells.
Med. Infalmm. 2015, 2015, 1–10.
126. Villalobos, M.A.; De La Cruz, J.P.; Cuerda, M.A. Effect of S-adenosyl-L-methionine on rat brain oxidative
stress damage in a combined model of permanent focal ischemia and global ischemia-reperfusion. Brain Res.
2000, 883, 31–40. [CrossRef]
127. Matsui, Y.; Kubo, Y.; Iwata, N. S-adenosyl-L-methionine prevents ischemic neuronal death. Eur. J. Pharmacol.
1987, 144, 211–216. [CrossRef]
128. Fuso, A.; Seminara, L.; Cavallaro, R.A.; D’Anselmi, F.; Scarpa, S. S-adenosylmethionine/homocysteine
cycle alterations modify DNA methylation status with consequent deregulation of PS1 and BACE and
beta-amyloid production. Mol. Cell Neurosci. 2005, 28, 195–204. [CrossRef] [PubMed]
129. Antoniades, C.; Tousoulis, D.; Marinou, K. Asymmetrical dimethylarginine regulates endothelial function
in methionine-induced but not in chronic homocystinemia in humans: Effect of oxidative stress and
proinflammatory cytokines. Am. J. Clin. Nutr. 2006, 84, 781–788. [CrossRef]
130. Schwedhelm, E.; Xanthakis, V.; Maas, R. Asymmetric dimethylarginine reference intervals determined
with liquid chromatography–tandem mass spectrometry: Results from the Framingham offspring cohort.
Clin. Chem. 2009, 55, 1539–1545. [CrossRef] [PubMed]
131. Clarke, R.; Daly, L.; Robinson, K.; Naughten, E.; Cahalane, S.; Fowler, B.; Graham, I. Hyperhomocysteinemia:
An independent risk factor for vascular disease. N. Engl. J. Med. 1991, 324, 1149–1155. [CrossRef] [PubMed]
132. McCully, K.S. Homocysteine and vascular disease. Natl. Med. 1996, 2, 386–389. [CrossRef]
133. Khan, U.; Crossley, C.; Kalra, L. Homocysteine and its relationship to stroke subtypes in a UK black
population: The South London Ethnicity and Stroke Study. Stroke 2008, 39, 2943–2949. [CrossRef] [PubMed]
134. Boushey, C.J.; Beresford, S.A.; Omenn, G.S.; Motulsky, A.G. A quantitative assessment of plasma
homocysteine as a risk factor for vascular disease. Probable benefits of increasing folic acid intakes. JAMA
1995, 274, 1049–1057. [CrossRef]
135. Selhub, J.; Bagley, L.C.; Miller, J.; Rosenberg, I.H. B vitamins, homocysteine, and neurocognitive function in
the elderly. Am. J. Clin. Nutr. 2000, 71, 614S–620S. [CrossRef] [PubMed]
136. Nilsson-Ehle, H. Age-related changes in cobalamin (vitamin B12 ) handling. Implications for therapy.
Drugs Aging 1998, 12, 277–292. [CrossRef] [PubMed]
137. Bottiglieri, T. Folate, vitamin B12, and neuropsychiatric disorders. Nutr. Rev. 1996, 54, 382–390. [CrossRef]
[PubMed]
138. Wang, H.X.; Wahlin, A.; Basun, H. Vitamin B12 and folate in relation to the development of Alzheimer’s
disease. Neurology 2001, 56, 1188–1194. [CrossRef] [PubMed]
139. Ueland, P.M.; Refsum, H. Plasma homocysteine, a risk factor for vascular disease: Plasma levels in health,
disease, and drug therapy. J. Lab. Clin. Med. 1989, 114, 473–501. [PubMed]
140. Li, Z.; Sun, L.; Zhang, H. Elevated plasma homocysteine was associated with hemorrhagic and ischemic
stroke, but methylenetetrahydrofolate reductase gene c677t polymorphism was a risk factor for thrombotic
stroke a multicenter case-control study in China. Stroke 2003, 34, 2085–2090. [CrossRef] [PubMed]
141. Han, L.; Wu, Q.; Wang, C. Homocysteine, ischemic stroke, and coronary heart disease in hypertensive
patients: A Population-Based, Prospective Cohort Study. Stroke 2015, 46, 1777–1786. [CrossRef] [PubMed]
142. Shi, Z.; Guan, Y.; Hou, Y.R. Elevated total homocysteine levels in acute ischemic stroke are associated with
long-term mortality. Stroke 2015, 46, 2419–2425. [CrossRef]

Int. J. Mol. Sci. 2019, 20, 231

19 of 22

143. Wu, X.Q.; Ding, J.; Ay, G.E. Acute phase homocysteine related to severity and outcome of atherothrombotic
stroke. Eur. J. Int. Med. 2013, 24, 362–367. [CrossRef]
144. Forti, P.; Maioli, F.; Arnone, G.; Coveri, M.; Pirazzoli, G.L.; Zoli1, M.; Procaccianti, G. Homocysteinemia and
early outcome of acute ischemic stroke in elderly patients. Brain Behav. 2016, 6, e00460. [CrossRef] [PubMed]
145. Xia, X.-S.; Li, X.; Wang, L.; Wang, J.-Z.; Ma, J.-P.; Wu, C.-J. Clinical Study Supplementation of folic acid and
vitamin B12 reduces plasma levels of asymmetric dimethylarginine in patients with acute ischemic stroke.
J. Clin. Neurosci. 2014, 21, 1586–1590. [CrossRef] [PubMed]
146. Mizrahi, E.H.; Fleissig, Y.; Arad, M. Plasma homocysteine level and functional outcome of patients with
ischemic stroke. Arch. Phys. Med. Rehabil. 2005, 86, 60–63. [CrossRef] [PubMed]
147. Kumral, E.; Saruhan, G.; Aktert, D.; Orman, M. Association of Hyperhomocysteinemia with Stroke
Recurrence after Initial Stroke. J. Stroke Cerebrovasc. Dis. 2016, 25, 2047–2054. [CrossRef] [PubMed]
148. Perini, F.; Galloni, E.; Bolgan, I.; Bader, G.; Ruffini, R.; Arzenton, E.; Alba, S.; Azzini, C.; Bartolomei, L.;
Billo, G. Elevated plasma homocysteine in acute stroke was not associated with severity and outcome:
Stronger association with small artery disease. Neurol. Sci. 2005, 26, 310–318. [CrossRef]
149. Haapaniemi, E.; Helenius, J.; Soinne, L.; Syrjälä, M.; Kaste, M.; Tatlisumak, T. Serial measurements of plasma
homocysteine levels in early and late phases of ischemic stroke. Eur. J. Neurol. 2007, 14, 12–17. [CrossRef]
[PubMed]
150. Del Ser, T.; Barba, R.; Herranz, A.S. Hyperhomocyst(e)inemia is a risk factor of secondary vascular events in
stroke patients. Cerebrovasc. Dis. 2001, 12, 91–98. [CrossRef] [PubMed]
151. Zhou, F.; Chen, B.; Chen, C.; Huang, J.; Chen, S.; Guo, F.; Hu, Z. Elevated Homocysteine Levels Contribute
to Larger HematomaVolume in Patients with Intracerebral Hemorrhage. J. Stroke Cerebrovasc. Dis. 2015,
24, 784–788. [CrossRef]
152. Ali, Z.; Troncoso, J.C.; Fowler, D.R. Recurrent cerebral venous thrombosis associated with heterozygote
methylenetetrahydrofolate reductase C677T mutation and sickle cell trait without homocysteinemia:
An autopsy case report and review of literature. Forensic. Sci. Int. 2014, 242, e52–e55. [CrossRef]
153. Luo, H.; Liu, B.; Hu, J.; Wang, X.; Zhan, S.; Kong, W. Hyperhomocysteinemia and Methylenetetrahydrofolate
Reductase Polymorphism in Cervical Artery Dissection: A Meta-Analysis. Cereb. Dis. 2014, 37, 313–322.
[CrossRef]
154. Bernard, M.A.; Nakonezny, P.A.; Kashner, T.M. The effect of vitamin B12 deficiency on older veterans and its
relationship to health. J. Am. Geriatr. Soc. 1998, 46, 1199–1206. [CrossRef] [PubMed]
155. Bell, I.R.; Edman, J.S.; Marby, D.W. Vitamin B12 and folate status in acute geropsychiatric inpatients:
Affective and cognitive characteristics of a vitamin nondeficient population. Biol. Psychiatry 1990, 27, 125–137.
[CrossRef]
156. Whyte, E.M.; Mulsant, B.H.; Butters, M.A. Cognitive and behavioral correlates of low vitamin B12 levels in
elderly patients with progressive dementia. Am. J. Geriatr. Psychiatry Off. J. Am. Assoc. Geriatr. Psychiatry
2002, 10, 321–327. [CrossRef]
157. Healton, E.B.; Savage, D.G.; Brust, J.C.; Garrett, T.J.; Lindenbaum, J. Neurologic aspects of cobalamin
deficiency. Medicine 1991, 70, 229–245. [CrossRef]
158. Martin, D.C.; Francis, J.; Protetch, J.; Huff, F.J. Time dependency of cognitive recovery with cobalamin
replacement: Report of a pilot study. J. Am. Geriatr. Soc. 1992, 40, 168–172. [CrossRef]
159. Meadows, M.E.; Kaplan, R.F.; Bromfield, E.B. Cognitive recovery with vitamin B12 therapy: A longitudinal
neuropsychological assessment. Neurology 1994, 44, 1764–1765. [CrossRef] [PubMed]
160. Eastley, R.; Wilcock, G.K.; Bucks, R.S. Vitamin B12 deficiency in dementia and cognitive impairment:
The effects of treatment on neuropsychological function. Int. J. Geriatr. Psychiatry 2000, 15, 226–233.
[CrossRef]
161. De La Fourniere, F.; Ferry, M.; Cnockaert, X. Deficience en vitamine B12 et etat dementiel etude
epidemiologique multicentrique et therapeutique essai preliminaire. Sem. Hop. 1997, 73, 133–140.
162. Teunisse, S.; Bollen, A.E.; van Gool, W.A.; Walstra, G.J. Dementia and subnormal levels of vitamin B12,
effects of replacement therapy on dementia. J. Neurol. 1996, 243, 522–529. [CrossRef] [PubMed]
163. Robins Wahlin, T.B.; Wahlin, A.; Winblad, B.; Bäckman, L. The influence of serum vitamin B12 and folate
status on cognitive functioning in very old age. Biol. Psychol. 2001, 56, 247–265. [CrossRef]

Int. J. Mol. Sci. 2019, 20, 231

20 of 22

164. Hassing, L.; Wahlin, A.; Winblad, B.; Bäckman, L. Further evidence on the effects of vitamin B12 and folate
levels on episodic memory functioning: A population-based study of healthy very old adults. Biol. Psychiatry
1999, 45, 1472–1480. [CrossRef]
165. Eussen, S.J.P.M.; Ferry, M.; Hininger, I. Five year changes in mental health and associations with vitamin
B12/folate status of elderly Europeans. J. Nutr. Health Aging 2002, 6, 43–50. [PubMed]
166. Nilsson, K.; Gustafson, L.; Hultberg, B. Improvement of cognitive functions after cobalamin/folate
supplementation in elderly patients with dementia and elevated plasma homocysteine. Int. J. Geriatr.
Psychiatry 2001, 16, 609–614. [CrossRef] [PubMed]
167. Bryan, J.; Calvaresi, E.; Hughes, D. Short-term folate, vitamin B-12 or vitamin B-6 supplementation slightly
affects memory performance but not mood in women of various ages. J. Nutr. 2002, 132, 1345–1356.
[CrossRef] [PubMed]
168. Czeizel, A.E.; Dudás, I. Prevention of the first occurrence of neural-tube defects by periconceptional vitamin
supplementation. N. Engl. J. Med. 1992, 327, 1832–1835. [CrossRef] [PubMed]
169. Blom, H.J. Folic acid, methylation and neural tube closure in humans. Birth Defects Res. A Clin. Mol. Teratol.
2009, 85, 295–302. [CrossRef]
170. Pitkin, R.M. Folate and neural tube defects. Am. J. Clin. Nutr. 2007, 85, 285S–288S. [CrossRef]
171. Reik, W.; Dean, W.; Walter, J. Epigenetic reprogramming in mammalian development. Science 2001,
293, 1089–1093. [CrossRef]
172. Dean, W.; Lucifero, D.; Santos, F. DNA methylation in mammalian development and disease. Birth Defects
Res. Part. C Embryo Today Rev. 2005, 75, 98–111. [CrossRef]
173. Castro, R.; Rivera, I.; Ravasco, P. 5, 10-methylenetetrahydrofolate reductase (MTHFR) 677C–>T and
1298A–>C mutations are associated with DNA hypomethylation. J. Med. Genet. 2004, 41, 454–458. [CrossRef]
174. Okano, M.; Bell, D.W.; Haber, D.A.; Li, E. DNA methyltransferases Dnmt3a and Dnmt3b are essential for de
novo methylation and mammalian development. Cell 1999, 99, 247–257. [CrossRef]
175. Dunlevy, L.P.E.; Burren, K.A.; Mills, K. Integrity of the methylation cycle is essential for mammalian neural
tube closure. Birth Defects Res Clin. Mol. Teratol. 2006, 76, 544–552. [CrossRef] [PubMed]
176. Whitehead, V.M. Acquired and inherited disorders of cobalamin and folate in children. Brith J. Hematol. 2006,
134, 125–136. [CrossRef] [PubMed]
177. Al-Gazali, L.I.; Padmanabhan, R.; Melnyk, S. Abnormal folate metabolism and genetic polymorphism of the
folate pathway in a child with Down syndrome and neural tube defect. Am. J. Med. Genet. 2001, 103, 128–132.
[CrossRef]
178. Botez, M.I.; Reynolds, E.H. Folic Acid in Neurology, Psychiatry and Internal Medicin; Raven Press: New York,
NY, USA, 1979.
179. Bottiglieri, T.; Reynolds, E.H.; Laundy, M. Folate in CSF and age. J. Neurol. Neurosurg Psychiatry 2000, 69, 562.
[CrossRef] [PubMed]
180. Maxwell, C.J.; Hogan, D.B.; Ebly, E.M. Serum folate levels and subsequent adverse cerebrovascular outcomes
in elderly persons. Dement. Geriatr. Cogn Disord 2002, 13, 225–234. [CrossRef] [PubMed]
181. Clarke, R.; Smith, A.D.; Jobst, K.A. Folate, vitamin B12, and serum total homocysteine levels in confirmed
Alzheimer disease. Arch. Neurol. 1998, 55, 1449–1455. [CrossRef] [PubMed]
182. Ebly, E.M.; Schaefer, J.P.; Campbell, N.R.; Hogan, D.B. Folate status, vascular disease and cognition in elderly
Canadians. Age Ageing 1998, 27, 485–491. [CrossRef] [PubMed]
183. Kelly, P.J.; Furie, K.l. Management and prevention of Stroke association with elevated homocysteine.
Curr. Treat. Options Cardiovasc. Med. 2002, 4, 363–371. [CrossRef] [PubMed]
184. Sellhub, J.; D’angelo, A. Relationship between homocysteine and thrombotic disease. Am. J. Med. Sci. 1998,
316, 129–141.
185. Tacconelli, S.; Capone, M.L.; Patrignani, P. Measurement of 8-iso prostaglandin F2 alpha in biological fluids
as a measure of lipid peroxidation. Methods Mol. Biol. 2010, 644, 165–178. [PubMed]
186. Lim, M.H.; Cho, Y.I.; Jeong, S.K. Homocysteine and pulsatility index of cerebral arteries. Stroke 2009,
40, 3216–3220. [CrossRef] [PubMed]
187. Sen, S.; Reddy, P.L.; Grewal, R.P.; Busby, M.; Chang, P.; Hinderliter, A. Hyperhomocystenemia is associated
with aortic atheroma progression in stroke/TIA patients. Front. Neurol. 2010, 1, 131. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2019, 20, 231

21 of 22

188. Blasko, I.; Jellinger, K.; Kemmler, G.; Krampla, W.; Jungwirth, S.; Wichart, I. Conversion from cognitive
health to mild cognitive impairment and AD: Prediction by plasma amyloid beta 42, medial temporal lobe
atrophy and homocysteine. Neurobiol. Aging 2008, 29, 1–11. [CrossRef] [PubMed]
189. Moustafa, A.A.; Hewedi, D.H.; Eissa, A.M.; Myers, C.E.; Sadek, H.A. The relationship between associative
learning, transfer generalization, and homocysteine levels in mild cognitive impairment. PLoS ONE 2012,
7, e46496. [CrossRef] [PubMed]
190. Faux, N.G.; Ellis, K.A.; Porter, L.; Fowler, C.J.; Laws, S.M.; Martins, R.N. Homocysteine, vitamin B12 and
folic acid levels in AD, mild cognitive impairment, and healthy elderly: Baseline characteristics in subjects of
the Australian Imaging biomarker Lifestyle Study. J. Alzheimer’s Dis. 2011, 27, 909–922. [CrossRef] [PubMed]
191. Reitz, C.; Tang, M.X.; Miller, J.; Green, R.; Luchsinger, J.A. Plasma homocysteine and risk of mild cognitive
impairment. Dement. Geriatr. Cogn. Disord. 2009, 27, 11–17. [CrossRef]
192. Postiglione, A.; Milan, G.; Ruocco, A.; Gallotta, G.; Guiotto, G.; Di Minno, G. Plasma folate, vitamin B12
and total homocysteine and homozygosity for the C677T mutation of the 5,10 methylene tetrahydrofolate
reductase gene in patients with AD. A case control study. Gerontology 2001, 47, 324–329. [CrossRef]
193. Tyagi, S.C.; Lominadze, D.; Roberts, A.M. Homocysteine in microvascular endothelial cell barrier
permeability. Cell Biochem. Biophys. 2005, 43, 37–44. [CrossRef]
194. Blasko, I.; Hinterberger, M.; Kemmler, G.; Jungwirth, S.; Krampla, W.; Leitha, T. Conversion from mild
cognitive impairment to dementia: Influence of folic acid and vitamin B12 use in the VITA cohort. J. Nutr.
Health Aging 2012, 16, 687–694. [CrossRef]
195. Nilsson, K.; Gustafson, L.; Hultberg, B. Elevated plasma homocysteine level is not primarily related to
Alzheimer’s Disease. Demen Geriatr. Cogn. Disord. 2012, 34, 121–127. [CrossRef] [PubMed]
196. Bialecka, M.; Robowski, P.; Honczarenko, K.; Roszmann, A.; Slawek, J. Genetic and environmental factors
for hyperhomocysteinemia and its clinical implications in PD. Neurol. Neurochir. Pol. 2009, 43, 272–285.
[PubMed]
197. Mattson, M.P.; Shea, T.B. Folate and homocysteine metabolism in neural plasticity and neurodegenerative
disorders. Trends Neurosci. 2003, 26, 137–146. [CrossRef]
198. Zoccolella, S.; LAmberti, P.; Armenise, E.; de Mari, M.; Lamberti, S.V.; Mastronardi, R. Plasma homocysteine
levels in PD: Role of the antiparkinsonians medications. Parkisnosim. Relat. Disord. 2005, 11, 131–133.
[CrossRef] [PubMed]
199. Muller, T.; Werne, B.; Fowler, B.; Kuhn, W. Nigral endothelial dysfunction, homocysteine and PArkisnon
disease. Lancet 1999, 354, 126–127. [CrossRef]
200. Maron, B.A.; Loscalzo, J. The treatment of hyperhomocysteinemia. Annu. Rev. Med. 2009, 60, 39–54.
[CrossRef] [PubMed]
201. Hainsworth, A.H.; Yeo, N.E.; Weekman, E.M.; Wilcock, D.M. Homocysteine, hyperhomocysteinemia
and vascular contributions to cognitive impairment and dementia (VCID). Biochim. Biophy. Acta 2016,
1862, 1008–1017. [CrossRef]
202. Nichols, J. Testing for homocysteine in clinical practice. Nutr. Health 2017, 23, 13–15. [CrossRef]
203. EFSA Panelon Dietetic Products, Nutrition and Allergies. Guidance on the scientific requirements for health
claims related to anti-oxidant, oxidative damage and cardiovascular health. EFSA J. 2011, 9, 247.
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

