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Abstract: Homocysteine (HCY), a physiological amino acid formed when proteins break down,
leads to a pathological condition called hyperhomocysteinemia (HHCY), when it is over a definite
limit. It is well known that an increase in HCY levels in blood, can contribute to arterial damage
and several cardiovascular disease, but the knowledge about the relationship between HCY and
brain disorders is very poor. Recent studies demonstrated that an alteration in HCY metabolism or a
deficiency in folate or vitamin B12 can cause altered methylation and/or redox potentials, that leads
to a modification on calcium influx in cells, or into an accumulation in amyloid and/or tau protein
involving a cascade of events that culminate in apoptosis, and, in the worst conditions, neuronal
death. The present review will thus summarize how much is known about the possible role of HHCY
in neurodegenerative disease.
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1. Introduction

Homocysteine (HCY) is a sulthydryl-containing amino acid produced following the
demethylation of methionine, an amino acid contained primarily in animal protein. To
recondition methionine, HCY is recuperated using a pathway that requires folic acid and
vitamins B6/B12 [1]. Pathologically high blood levels of HCY, indicated as hyperhomocys-
teinemia (HHCY), signal a breakdown in this biochemical process, resulting in biochemical
and life consequences [2]. Variations in HCY metabolism can also be developed with certain
dietary and lifestyle modifications such as increased coffee drinking, cigarette smoking, and
alcohol abuse, as these interfere with methionine synthase activity [2]. Until today, HHCY
has been epidemiologically and clinically correlated in a variety of pathological conditions
and was confirmed also as an independent risk factor for many different pathologies such
as cardiovascular disease, neural tube defects, osteoporosis, neuropsychiatric disorders
and many, many, others [3-23]. Recent evidence, additionally, related high levels of HCY
as a factor that contributes to the development of certain cancers [24-26]. Considering the
literature, most of the information of HHCY-related pathologies were focused on cardio-
vascular disease but less was analyzed for brain disorder. With these aims in mind, we
studied the recent literature of HHCY and brain disorders.
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2. Physiological Role of Homocysteine
2.1. Cycle

HCY is a physiological metabolite of the essential amino acid methionine (Figure 1).
Considering that nutriment contains little or no HCY, nearly all of the HCY in the body is
derived from the methionine contained in animal and plant proteins [27,28].
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Figure 1. Chemical structure of methionine and homocysteine.

The cycle of HCY is composed by two different pathways that intersect with each
other in two points during transsulfuration (Figure 2) and remethylation (Figure 3).
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Figure 2. Transsulfuration cycle. The metabolism of HCY (homocysteine) is composed by two
different steps. MS—methionine synthase; MTHFR—methylene tetrahydrofolate reductase; BHMT—
betaine HCY methyltransferase; DMG—dimethylglycine; B2—riboflavin; THF—thetrahydrofolate;
SAM S—adenosyl methionine; SAH S—adenosyl homocysteine.

During the transsulfuration pathway, HCY condenses with serine to form cystathion-
ine in a non-reversible reaction catalyzed by the pyridoxal-5'-phosphate (PLP)-containing
enzyme, cystathionine 3-synthase. In the next step, cystathionine is hydrolyzed by a
second PLP-containing enzyme, y-cystathionase, to form cysteine and «-ketobutyrate.
Cysteine, in surplus, is oxidized to taurine or inorganic sulfates or is excreted in the urine.
Consequently, in addition to the physiological synthesis of cysteine, this transsulfuration
pathway effectively catabolizes excess HCY, which is not required for methyl transfer.

On the other hand, during remethylation, HCY, to form methionine, acquires a methyl
group from N-5-methyltetrahydrofolate or from betaine. This metabolic reaction with N-5-
methyltetrahydrofolate happens in all tissues and is vitamin B12 dependent; however, the
reaction with betaine is restricted mainly to the liver and is not dependent by vitamin B12.
The most part of methionine is successively activated by ATP to form S-adenosylmethionine
(SAM). SAM have a key role to donate a methyl group to different acceptors. At the end of
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this pathway, the S-adenosylhomocysteina (SAH) produced is, in the last step, hydrolyzed,
thus restoring homocysteine, which then becomes accessible to start a new cycle.
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Figure 3. Remethylation pathways. Second step is represented by remethylation of homocysteine.
CBS—cystathionine — 3 — synthase; CL—cystathionine — v — lygase.

Considering that this hydrolysis is a reversible reaction that favors the synthesis of
SAH, it is important to say that probably the elevated cellular concentrations of this metabo-
lite are the first step to precede and accompany all forms of hyperhomocysteinemia [29].

2.2. Circulation and Concentration of HCY in Human Body

Almost 3% of physiological levels of HCY circulate freely in the body in bound form
with other molecules or in disulfide form [30,31]. The majority of HCY in the plasma is
in disulfide form and is oxidized by reacting with other molecules that contain free thiol
groups such as albumin, and the remaining exists as a reduced form. Pathological factors
such as a deficiency in folate and cobalamin levels, or mutations and polymorphisms in key
enzymes in the metabolic pathway, such as MS, MTHFR, and cystathionine 3 —synthase
(CBS) are straightly correlated with elevated levels of HCY [29,32-34]. In addition, the
decreased folate carrier involved in the influx of 5-MTHEF cells is associated with low folate,
changes in the pattern of DNA methylation, and DNA repair ability [35,36].

In addition to genetic changes, vitamin shortages, and many other environmental
factors such as elevated Met intake, it is understood that some drugs, cancer status, breast-
feeding, and lactation lead to fluctuations in HCY levels [37-42].

It is also established that altered cellular export pathways raise the levels of HCY [43].
In general, considering its low level in most foods, the dietary contribution of HCY alone is
insignificant, mainly derived from Met [44].

In human plasma, in physiological conditions, HCY concentration is below 12-15 uM
and the cysteine concentration level comprises between 240 and 360 uM [45]. There was no
difference between male and female high levels of HCY; on the other hand, there was a
gender difference in HCY metabolism and low concentration of vitamin B12 and folate in
males.

According to HCY levels in plasma, HHCY is considered: severe (>100 umol/L),
intermediate (31-100 umol/L) or moderate (16-30 umol/L) [46]. It is mandatory to export
the excess of HCY from the intracellular environment into the systemic circulation. The
liver and kidneys are responsible for its clearance because of BHMT and CBS, which
convert HCY into nontoxic metabolites [47].

3. Pathological Role of Homocysteine

Most accreditable hypotheses of HCY-induced cell damage is related to oxidative
stress [48-50]. Pre-clinical and clinical studies demonstrated that HCY perturb mitochon-
drial function at several different levels, in particular, disturbing oxidant/antioxidant
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systems [51-53]. In energy generation, mitochondria play an important role through the
electron transport chain (ETC) coupled with oxidative phosphorylation (OXPHOS), the
tricarboxylic acid cycle (TCA) and the 3-oxidation of fatty acids [54]. It is accurately, at this
point, that HHCY decreased mitochondrial respiration associated with reduced activities
of ETC complexes and diminished ATP production [55]. In particular, different studies
demonstrated that HCY inhibits complex I activity in the cerebral cortex of immature rats
or ETC complexes I, IV, and V in hippocampus, complex IV in amygdala, and complexes
IV and V in cerebral cortex [56—62]. Obliviously, perturbing mitochondrial function was
followed by a modification in physiological antioxidant system. The increased activity of
cytosolic Cu/ZnSOD and catalase in the nucleus caudatus putamen and substantia nigra
was associated with chronic HHCY in mice. Similarly, chronic mild HHCY in rats increased
the amygdala and prefrontal cortex activity of SOD, catalase, and GPx. Counteracting
ROS production through the upregulation Nrf2 were correlated with increases in antioxi-
dant defense in these tissues. On the other hand, in the cortex and hippocampus of rats
persistently treated with HCY, MnSOD activity was shown to be unchanged [56,58,60,63].

The key role of HCY is a biochemical juncture between the metabolism of methionine
and the biosynthesis of cysteine [64,65]. For these reasons, HCY metabolism is closely
regulated by the different similarities between methionine synthase and cystathionine
B—synthase for homocysteine, so methionine conservation is preferred at low HCY con-
centrations. On the other hand, instant and long-term drainage of HCY through the
trans-sulfuration pathway is ensured when HCY concentrations are increased [66].

An excessive elevation of HCY in plasma and urine can be caused by many congenital
and nutritional disorders, as well as renal failure, and this represents an imbalance between
HCY production and metabolism [67,68].

Deficiencies in vitamin B12, folate and vitamin B6 are nutritional deficiencies that
potentially contribute to deficiency of HCY metabolism, as the de novo synthesis of methio-
nine methyl groups involves both vitamin B12 and folate co-factors, whereas the synthesis
of cystathionine requires pyridoxal 5'-phosphate (vitamin B6) [69-75].

Meta-analysis studies demonstrated that a daily folic acid supplementation of about
0.5-5 mg contributes to a reduction of HHCY by around 25%. Vitamin B12 (0.5% extra)
decreases the concentration of HCY by another 7% [64,65]. Another research found that
vitamin B12 and folate supplementation decreased the levels of HCY by 7% and 23%
respectively [76]. Vitamin B6, vitamin B12, and folate, respectively, were seen to decrease
by 12%, 5%, and 43% in HCY level [77,78].

HCY was considered as a problem especially during HHCY condition which is as-
sociated with many medical problems. Up until October 2020, more than 9200 works on
PubMed link HHCY with several different pathologies (Table 1).

Table 1. Pathology related to high HCY levels. This table contains a recent bibliography of the most
common brain disorders related to the high HCY levels.

Pathology Reference
Alzheimer’s Disease [79-86]
Parkinson’s Disease [81,87-92]
Autism [93-103]
Schizophrenia [104-117]
Major Depressive and Bipolar Disorder [118-134]

Vascular Dementia [110-112,114,135-140]

Peripheral Neuritis [80,81,141-144]
Stroke [80,81,145-149]
Epilepsy [150-154]

Headache [155-164]
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3.1. Alzheimer’s Disease

Clinical data reports indicate that HHCY is an independent risk factor for the trans-
formation of a healthy cognitive individual to dementia in both normal elderly and
Alzheimer’s disease individuals [79]. HHCY is a condition developed with or without
mild cognitive impairment (MCI) in healthy individuals. A relationship between learn-
ing and hippocampal activity and HHCY indicates that by inducing brain atrophy in
patients with MCI, HHCY degrades cognitive functions in both healthy controls and MCI
patients [80-82].

Another study shows a connection between homocysteine, hippocampal plasticity
and synaptic transmission, indicating shortcomings in learning and memory [80-82]. The
auto-oxidation of HCY that leads to the formation of ROS that lead to neuroinflammation
and apoptosis could explain the neurotoxicity caused by HCY [83]. HHCY has been
reported to modify the structure and function of cerebral blood vessels through oxidative
stress and endothelial dysfunctions, leading to impairment of perfusion accompanied
by neuronal disorders and marked as risk factors in vascular dementia and Alzheimer’s
disease pathogenesis [84].

The identification of the mechanism that linked HHCY and dementia has garnered a
lot of interest. It is suspected to function as an excitatory neurotransmitter that competes
with the gamma-aminobutyric acid (GABA) inhibitory neurotransmitter. In addition,
through inducing microvascular permeability, it inhibits GABA-A /B receptors, which
then increases redox tension, which further activates disintegrin and metalloproteinase,
thereby terminating metalloproteinase tissue inhibitors. The blood-brain barrier matrix
contributing to vascular dementia is broken [85].

Zhang et al. reached the conclusion that increases in plasma HCY levels may induce
amyloid-beta peptide acquisition and increase Alzheimer’s like tau phosphorylation in
rats as well. HCY has also been found to make neurons prone to amyloid-beta toxicity and
it tarnishes the DNA repair process in hippocampal neurons [86].

3.2. Parkinson’s Disease

Clinical studies have shown that HHCY has been observed in Parkinson’s disease
patients, who may also be involved in Parkinson’s disease pathogenesis [81]. Microglia and
astrocytes that cause an inflammatory response that causes neuronal death can be activated
by HCY [87]. The substantia nigra region is found to be inflammatory in patients with
Parkinson’s disease, and inhibition of this inflammation has proven to be neuroprotective
in the Parkinson’s disease model. The inflammation is probably due to the NO released
that leads to an activation of microglia and astrocytes, which shows harmful effects on
neurons resulting in neurodegeneration. NO release can be determined in rodents by
following the MPTP or 6-hydroxydopamine (6-OHDA) model and by comparing neuronal
death when only 6-OHDA is given and when co-administered with a NO scavenger [88].

Mitochondrion is a site where different neurodegenerative diseases, including Parkin-
son’s disease, are investigated for pathogenesis. By means of electron microscopy, HCY
was found to cause swelling of mitochondria inhibited by the binding of Cyclosporin A to
the mitochondrial matrix protein Cyclophilin D, thereby blocking the formation of mito-
chondrial permeability transition (MPT) calcium-dependent [89]. This study links HCY
directly to mitochondrial disruption, which ultimately leads to neuronal loss in Parkinson’s
disease. Levodopa, the most prevalent treatment for Parkinson’s disease, is complicated
by HCY levels. It induces HHCY via catechol-O-methyltransferase (COMT) due to its
methylation. This complication, since it is a COMT enzyme inhibitor, can be cured by
treating patients with entacapone. However, even after all these studies considering HHCY
as an independent risk factor for Parkinson’s disease, further study still needs to be done
to prove the assumption [90].

There is still confusion because the HCY-neuronal cell death pathways merge at a
point, i.e., oxidative stress, which can both cause HHCY and be an outcome of HHCY,
making it difficult to decide which first occurs. In this confusing relationship between
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animal models of HHCY and Parkinson’s disease, antioxidants have helped to reduce
the effects of HCY and are also found to reduce the effect of bone loss due to Parkinson’s
disease [91,92].

3.3. Autism

Autism spectrum disorders (ASD) are an heterogeneous class of repetitive habits,
limited desires, gastrointestinal and immunological comorbidities associated with neu-
rodevelopmental disorders that occur before 3 years of age that often lead to social and
language compromises. In the United States, the real occurrence is 1 in 68 girls, with a 4:1
male to female prevalence [93].

While autistic behavior can occur in many chromosomal, genomic, monogenic, dys-
morphic, and metabolic syndromes (microdeletions, insertions, and imprinting), most
cases are multifactorial in origin, with some susceptibility loci [94-96]. In different cases,
brain dysfunction can be linked, to some degree, with hypomethylation of the subcellular
portion and oxidative stress injury, both pathogenic mechanisms involving altered HCY
metabolism as an associated cause, as mentioned above [94-96].

In 2004, James and colleagues reported a distorted remethylation of HCY to methion-
ine and transsulfuration of HCY to cysteine in children with autism [97]. The metabolic
phenotype of children with autism highlighted decreased plasma concentrations of methio-
nine, SAM, HCY, cysteine, and total GSH, and increased concentrations of SAH, adenosine,
and oxidized GSH compared to control infants [97].

Opposite findings were published by Tu et al. in China and Ali et al. in Oman, where,
relative to an age- and gender-matched control sample, children with autism presented
elevated plasma HCY levels. Reduced plasma folate concentrations in children with autism
have been seen in these trials, and in the study by James et al., the cases tested were
treated with folic acid and vitamin B12, which may explain the various outcomes [97,98].
Additionally, in comparison to controls, Ali et al. have found decreased plasma vitamin
B12 concentration in some cases [99].

Increased urinary concentration of HCY was also found in Poland for non-
supplemented children with autism [100]. Studying HCY metabolism in multiple sub-
types of ASD showed a deficiency of this metabolic mechanism in more serious cases
across non-specified pervasive conditions and prototypic autistic disorder with enhanced
metabolic derangement. In moderate cases, there was only remethylation dysfunction but
transsulfur disruptions were present in the most extreme cases. Additionally, in altered
HCY metabolism in autism, dietary factors may also be involved, in consideration of food
intake problems with differing intake and consequent unbalance of protein and vitamins,
but genetic polymorphisms can also be important in genes involved in this metabolic
pathway, and therefore, it is mandatory to be evaluated [101-103].

3.4. Schizophrenia

Schizophrenia is a severe multifactorial psychiatric disorder, sometimes disabling, that
affects 1% of the world’s population [104] with the occurrence of positive symptoms such
as hallucinations, hysteria and delusions or negative symptoms such as reduced energy,
impoverished expression, blunted effect and social withdrawal [105,106]. In 1995, Regland
et al. were the first to link an increase in HCY blood levels with schizophrenia [107,108].
In 2006, the correlation was subjected to a meta-analysis by Muntjewerff et al., who gath-
ered evidence from eight case-control trials and found a 70% rise in the probability of
schizophrenia with every 5 mM increase in HCY concentration, and several other studies
have since validated this hypothesis, while negative findings are also present in the liter-
ature [109]. HCY metabolism-related genetic factors are also associated with the risk of
schizophrenia. In this association, dietary variables may also play a part. Increased HCY
levels and schizophrenia are often linked with low folate levels [110-112]. Low betaine
plasma levels have also been seen in first-episode schizophrenia patients and can affect
the metabolism of HCY in these people [110-112]. In addition, the connection between
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HCY metabolism and schizophrenia can also be connected with fetal hypoxia, impaired
DNA methylation, and selective antagonistic effects on N-Methyl-D-aspartate (NMDA)
glutamatergic neurons [110-115].

In patients with schizophrenia, few experiments have been conducted on HCY-
lowering interventions. A multicenter randomized clinical trial was reported by Roffman
et al., in which a 16-week supplementation of folate and vitamin B12 resulted in improved
negative symptoms in chronic patients, measured by the Scale for Evaluation of Negative
Symptoms and the Positive and Negative Syndrome Scale [105,116,117].

3.5. Major Depressive and Bipolar Disorder

Major depressive disorder (MDD) is a serious and complex psychiatric disease charac-
terized by anhedonia, depression and significant distress. The cause of MDD is associated
with changes in brain neuroanatomy, neurotransmitters and neuroendocrine systems,
along with strong evidence for genetic factors [118-120]. MDD is currently the third largest
debilitating disease, according to the World Health Organization (WHO), affecting 1%
to 2% of pre-adolescent children and 0.9% to 42% of geriatric persons in the Caucasian
population [121].

Actual evidence for the link between depression and HCY comes from multiple trials
of patients with depression that find elevated levels of HCY [121,122]. In addition, folate
deficiency has been observed in up to one-third of extreme depression patients [123]. It is
important to remember that evaluations discussing this issue have contradictory findings,
as most trials evaluating HCY levels are conducted in elderly patients and both HCY levels
and the onset of depression with aging have increased [120,121]. Folate deficiency is also
due to inadequate nutrition in these patients. Moreover, some medications used for stress
relief can potentially interact with the synthesis of folate and HCY [124]. However, whether
the deficiency is primary or secondary to depression, low folate levels limit the exposure to
antidepressants [125].

Bipolar disorder, also referred to as an idiopathic personality disorder, is characterized
by depression and mania episodes and affects between 2% and 4% of the global popula-
tion [165-168]. High levels of HCY can potentially be harmful to dopaminergic processes,
and bipolar disorder has been linked with dysfunction of dopamine neurons [126,127]. In
addition, increased HCY concentrations and decreased folate and vitamin B12 concentra-
tions are found in both acute episode and euthymic period patients with bipolar depression;
low appetite observed in these patients may be linked with reduced vitamin B intake and
consequent HHCY [128,129]. Nevertheless, the mechanisms underlying HHCY in bipolar
disorder are not well known and tend to include not only food intake, but also diminished
glomerular filtration and mood-stabilizing drug utilization [124,130-133]. Some treatment
used in these pathologies, such as valproic acid and lamotrigine, can interfere with folate
and HCY metabolism through methionine adenosyltransferase and dihydrofolate reduc-
tase inhibition [134]. Baek et al. proposed that folate supplementation could normalize
monoamine synthesis and adjust mood stabilizer-associated functional folate deficiency
because improved levels of HCY are observed in bipolar patients, and folate is a co-factor
involved in both HCY metabolism and monoamine synthesis [124,130].

3.6. Vascular Dementia

Vascular dementia (VD) is the most prevalent type of dementia after Alzheimer’s
disease, which, based on demographic, age, and diagnosis criteria, accounts for 40 percent
of dementia cases. Vascular dementia is also known as multi-infarct dementia, since
dementia is caused by many minor brain infarctions [110-112,135-139]. In a study of
27 HHCY patients compared to 98 normal controls, Evers et al. found a significant increase
in blood pressure and microangiopathy in the hyperhomocysteinemic group, as well as a
trend towards a higher rate of multiple infarctions [140].

This link between HCY levels and dementia was not observed in the Rotterdam Study,
but it suggested that patients with cognitive disability were older, less educated, and had a
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higher incidence of vascular disease and stroke [114,140]. This prompted the authors to
state that HCY may cause vascular damage leading to cognitive decline; however, their
analysis had a follow-up duration of just 2.7 years, which could have been too short a
period of time to detect a difference in the MMSE because of elevated HCY levels. [114,140].

3.7. Ischemic Stroke

A stroke is the primary factor for adult injury and the second leading cause of death
worldwide. Stroke is either ischemic or hemorrhagic, which, by rupturing blood vessels,
disrupts the blood flow to part of the brain. Clinical trials have shown that HHCY is a
predictor of stroke and thrombophilia linked to stroke. Via the mechanism of attenuated
anticoagulant processes, increased thrombin production, impaired enzyme breakdown, and
attenuated anticoagulant processes, there is a rapidly accumulating association between
HHCY and thrombosis [145].

8-iso-prostaglandin f2-«, a marker for oxidative stress signaling high lipid peroxida-
tion due to platelet activation, has been observed in HHCY patients with homozygous CBS
deficiency [145-148].

HHCY also involves ocular damage; redundancy of non-arteritis anterior ischemic
optic neuropathy and CBS deficiency have been identified, causing retinal embolism
due to craniocervical arterial dissection [80,81]. In context, oxidative stress and reduced
fibrinolytic capacity in experimentally-induced HHCY revealed that in rat cortex and
hippocampus, an elevated level of HCY substantially improves cell neurodegeneration.

In ischemic stroke patients with no internal carotid arterial stent-occlusion (ICS),
a relationship in the amount of rise of plasma HCY levels and pulsatility index in all
intracranial arteries came into observation [149]. These studies bring to a conclusion that
HHCY is a mediator for aortic plaque development. HHCY affects intracellular signaling
in ischemia-induced neurodegeneration along with ischemic preconditioning [149].

Ischemic preconditioning represents adaptation of the CNS to sub-lethal ischemia,
resulting in increased brain tolerance to subsequent ischemia. Until today, the knowledge
about effects of HCY and ischemic preconditioning (IPC) in animal models of ischemic
stroke is very poor [149]. Blaise et al. showed that by inducing neurogenesis, short
hypoxia could inhibit the deleterious effects of HHCY on rat brain growth [169]. As a type
of preconditioning, brief neonatal hypoxia significantly promoted the migration of new
neurons to permissive areas such as the subventricular and hippocampal areas, improved
locomotor control and memory and learning, and attenuated the long-term effects of HHCY.
Similarly, as a type of preconditioned pulse, physical activity has a beneficial effect on
HHCY -induced seizures [170]. According to the scientists, this reduces susceptibility
to seizures, which is at least partially the product of increased activity of antioxidant
enzymes [149].

3.8. Epilepsy

Epilepsy is a neurological condition that arises due to the irregular firing of prefrontal
cerebral nerves, resulting in repetitive and unconscionable seizures. Convulsions, hyper-
tonic and stereotyped gestures, changes in beliefs and feelings, and unconsciousness can be
the measurable symptoms of seizures. HHCY is seen in epilepsy cases, but in addition to
epilepsy, there may also be several other dominant causes, such as adverse effects caused
by long-term use of anti-epileptic medications (carbamazepine, gabapentin, phenytoin,
primidone, valproate, and oxcarbazepine), particularly in epileptic patients, that may be re-
sponsible for the production of hyperhomocysteinemia [150]. In MRI studies of 58 epilepsy
patients with HHCY, Gorgone et al. observed a greater rate of brain atrophy along with
being on antiepileptic medications. From these findings, he suggested that in patients with
epilepsy, both HHCY and polypharmacy confer brain atrophy [151,152]. Higher amounts
of homocysteic acid and HCY sulfinic acid are found to display excitotoxicity by both
NMDA (N-methyl-D-aspartate) and non-NMDA receptors in juvenile epilepsy cases of



Metabolites 2021, 11, 37

90f19

homocystinuria. HHCY also ceases glutamate decarboxylase operation and interrupts
glutamine metabolism [153].

The possibility that high doses of HCY causes seizures when delivered systemically in
animals is heavily used in laboratory epilepsy models. Another fact found is that about
20 percent of patients with homozygous CBS deficiency undergo seizures that may develop
into epilepsy when combined with elevated plasma HCY concentrations of generally 50—
200 pmol/L. However, it is not yet confirmed that lower plasma HCY levels ranging from
15 and 20 pmol/L lead to epilepsy in patients [154].

3.9. Peripheral Neuritis

Peripheral neuritis is an elderly condition that, based on the nerve fibers affected,
has different signs of visual, motor and autonomic functional imbalances. The different
etiologies found to date include metabolic diseases, infections, inflammation, malnutrition
mediated by autoimmune, inherited conditions, and unique drug and radiation toxicities.
Clinical trials have shown that HHCY in diabetic patients raises the incidence of peripheral
neuropathy and worsens the pre-existing condition of diabetic neuropathy in peripheral
neuritis patients [141].

Earlier pig model experiments demonstrated an elevation of the adenosyl HCY (Ado-
HCY) level in methyl deficit neuronal tissues and indicated that this elevated AdoHCY
level induces potentially treatable peripheral neuropathy [80,81,142-144].

3.10. Headache

HHCY may lead to cerebral flow modification, with the possibility of thrombosis
and cerebral oxygen transfer alterations, eventually facilitating migraine aura events [155].
Kara et al. have shown that the C677T polymorphism on the MTHFR gene can affect
migraine susceptibility, with migraine due to the increase in HCY levels in the blood as
reported above [156]. Cacciapuoti demonstrated that in individuals usually suffering
from migraine—especially migraine with aura—an increased serum level of HCY may be
present [157]. Among the reasons could be vasodilation or transient thrombosis in HCY-
induced cerebral blood vessels [156,171]. In addition, enhanced serum levels of HCY are
responsible for a hypercoagulable condition supported by elevated von Willebrand factor or
prothrombin activation [158-161]. The correlation between HCY and hypercoagulation may
also explain the increased risk in these patients of stroke and cardiovascular events [172].
In addition, through the formation of superoxide anions, HCY may play a role in the onset
of migraine for oxidative damage to the vascular endothelium [162-164].

Additionally, the only study assessing homocysteine in cerebrospinal fluid reported
that the concentration of this biomarker was substantially elevated in migraine patients rela-
tive to controls. Although this data certainly needs to be validated in larger research, certain
putative mechanisms may encourage a causal link between increased brain homocysteine
generation and migraine [173].

3.11. Multiple Sclerosis

The relationship between elevated blood levels of homocysteine levels and the in-
cidence of vitamin folate or B12 deficiency in patients with multiple sclerosis (MS) has
motivated the analysis of homocysteine levels in MS. Vitamin B12 or folate deficiencies,
cofactors in the intracellular transformation of homocysteine into methionine, contribute
to elevated plasma or serum homocysteine [174-177].

Homocysteine could also directly affect CNS cells or influence the activation of
macrophages, essential aspects of MS pathology [176,178,179]. Recent studies have shown
that MTHFR gene coding mutations, the key recognized genetic determinant of elevated
homocysteine levels, were not overrepresented in MS patients [180-182]. Interestingly;,
the results of the few studies carried out so far on serum or plasma levels in MS indicate
that homocysteine levels may increase compared to healthy controls in patients with MS,
whereas no changes in vitamin B6/B12 or folate status have been reported. No variations
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between clinical subtypes of MS were observed in total homocysteine levels. Interestingly,
a recent study noted a link between cognitive functioning and homocysteine, which affects
as many as 30-70% of MS patients [183-197].

Teunissen and colleagues, in particular, have studied the relationship between serum
homocysteine levels in patients with different MS subtypes and related homocysteine levels
to cross-sectional and longitudinal parameters of clinical disease progressions, and found
that serum homocysteine levels are straightly related to disease progression [195]. This is
probably due to the role of the transmethylation pathway in MS [195]. The most accredited
hypothesis is based on hypomethylation of myelin basic protein (MBP)-arginine that
decreases the hydrophobicity of MBP and could give rise to less stable myelin structures
and enhance degeneration of the myelin sheath [175,188,195]

3.12. Neurodegeneration and Neurovascular Disorders in Diabetes

Neurovascular and neurodegenerative disorders are common in patients with diabetes
mellitus (DM) and risk factors such as HHCY, seemingly unrelated to diabetes, can be
attributed to the atherothrombotic mechanism in these subjects. Plasma homocysteine
levels are typically common for diabetes, but both lower and higher levels have been
recorded. This has been due to hyperfiltration and renal impairment or reduced folate
status, respectively. Resistance to insulin does not seem to be a significant determinant of
plasma homocysteine levels. Microalbuminuria and retinopathy have been linked with
HHCY for Type 1 and Type 2 diabetes. Concentration of plasma homocysteine in patients
with Type 2 diabetes has also been found to be associated with macrovascular disease and
death. This association tends to be greater in diabetics than in diabetes-free subjects. The
underlying pathophysiological cause of this elevated vascular risk remains unexplained but
may contribute to deteriorating endothelial dysfunction or properties of systemic vessels.
The DM pathobiological pathway leading to peripheral and/or autonomic neuropathy is
complex and not fully understood. Homocysteine leads to neuropathy by functioning as a
direct neurotoxic factor or causing neurovascular dysfunction. An association between the
amount of plasma homocysteine and the existence of autonomic or peripheral neuropathy
has actually been identified in several studies investigating this link [198-200], however,
other studies could not establish such a relationship [201-203].

Only two experimental studies were set up to identify predictors of diabetic neuropa-
thy (in Type 2 diabetes). Additionally, to correct other variables, multivariate analysis
was conducted. It produced conflicting results, with one study discovering an association
between neuropathy and homocysteine [200] and not the other [203].

Therefore, the proposed role of HHCY in the development of diabetic neuropathy
cannot be ignored, but further research is required. Different evidences indicate that HHCY
plays a significant role in diabetic patients in inducing retinal ganglion cell apoptosis.
HHCY and vitamin B12 deficiency, in particular, have been shown to have a role in diabetic
retinopathy.

In both in vitro and in vivo models, increased homocysteine levels have been shown to
cause retinal ganglionic cell apoptosis. In vitro studies of RGC cells and in vivo brain stud-
ies indicate that homocysteine acts as an NMDA receptor glutamate site agonist [204,205].

Other studies have also shown that homocysteine’s neurotoxic effects are also cor-
related with the activation of glutamate type II receptors. Potential treatment options to
boost neurodegeneration can also be strategies to regulate the amount of homocysteine
through supplementation with folic acid or vitamin B12.

The neuroprotective agent developed in the kynurenine pathway is kynurenic acid
(metabolic degradation pathway of tryptophan). Excitotoxicity induced by the glutamate
receptor and free radical development are also shown to be related to the neuroprotective
metabolite kynurenic acid. The development of kynurenine [206] may also be influenced
by homocysteine. It has been proposed that the adverse effects of high homocysteine levels
on the supply of kynurenic acid [207] are further enhanced by hyperglycemia.
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4. Conclusions

This review aims to summarize several findings on possible links between HHCY and
different brain pathologies.

Metabolism/catabolism of methionine and HCY are based on complex biochemical
pathways involving the co-operation of multiple enzymes and producing various molecules
that are essential biochemical steps for cell survival.

Interestingly, HHCY is currently not only seen as the diagnostic marker for patholo-
gies, but a possible therapeutic target is also considered. A diet deficient in folic acid,
vitamin B6, vitamin B12, and betaine has been reported to be responsible for developing
HHCY. Consequently, being able to compensate for the shortcomings of these important
components in clinical practice must be considered to be of high therapeutic relevance.
The administration of folate, group B vitamins and other molecules entering the metabolic
cycle of methionine has been reported in several studies to reduce the severity of HHCY,
helping in several pathological conditions and also in pregnancy.

The HCY level imbalance has a lot to do with different cognitive diseases. HCY
synthesis disturbance is a source of redox impairment due to the formation of reactive
oxygen and nitrogen species, which are, again, the basis for the pathogenesis of different
neurological diseases. HCY is known to amplify amyloid beta deposition, modify presenilin
functions and is also found to restrain tau protein hyperphosphorylation in Alzheimer’s
and dementia. Elevated levels of HCY are an early marker for the disease, in addition
to carotid atherosclerosis or white matter lesion. The relationship between HHCY and
cognitive impairment is clinically proven through amyloid deposition and hyperintensity
of white matter. This review is intended to be a summary of several pieces of evidence
that can show how HHCY is involved in several pathologies, and while it is far from being
considered a biomarker of these pathologies, clinical interventions can still be a good target.
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