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Introduction
Homocysteine (Hcy) is a sulphur-containing non-protein amino 

acid that is a naturally-occurring by-product of the S-adenosyl 
methionine (SAM) cycle. Two pathways are employed by the body 
to maintain Hcy levels within a narrow concentration range leaving 
sufficient Hcy to contribute to cellular biochemical pathways 
yet preventing it from building up to concentrations that can be 
deleterious to health. The definition of normal levels of plasma 
Hcy varies. However, it is widely accepted that normal plasma Hcy 
levels range from 5-15 µM; moderate hyperhomocysteinemia 15-
30 µM; intermediate hyperhomocysteinemia 30-100 µM; severe 
hyperhomocysteinemia >100 µM [1]; and values of 200-300 µM have 
been recorded in some homocystinuric patients [2]. Numerous studies 
and reviews have considered the hypothesis that elevated Hcy levels 
impact negatively on cellular health and constitute a risk factor for a 
variety of conditions including neurodegeneration.

Parkinson’s disease (PD) is the second most prevalent 
neurodegenerative condition after Alzheimer’s disease [3]. It is a 
progressive neurological disorder characterized by loss of neurons 
including those of the substantia nigra pars compacta, with consequent 
dopamine depletion from the striatum leading to motor control 
problems [4]. The cellular pathology of PD reveals degeneration 
of primarily dopaminergic neurons, the presence of eosinophilic 
intracytoplasmic Lewy bodies, dystrophic neurites, mitochondrial 
dysfunction and neuroinflammation [5,6]. Medical advances and 

changing lifestyles have led to a continuing global demographic shift 
towards an ageing population. In 2001, the UK census revealed for 
the first time, a greater number of over 65s than under 16s [7]. Sadly, 
ill-health occurs more frequently in the over 65s than in younger age 
groups, impacting on the economy, society and most strongly on the 
friends and carers of the elderly [8]. Accordingly, neurodegenerative 
conditions such as PD are more prevalent in the elderly. Thus whilst 
PD can afflict very young individuals with juvenile onset occurring 
before 20 years of age and early onset before 40 years of age [9], ageing 
is widely acknowledged as the greatest risk factor for the development 
of the condition [10]. 

Elevated levels of Hcy in a cross sectional study of Parkinson’s 
patients compared to age-matched controls were first reported in 
the literature nearly twenty years ago [11]. However, data suggesting 
that elevated Hcy levels are a risk factor for the development of 
PD are lacking. As such, a number of studies have indicated that 
individuals who carry genetic mutations that cause a mild elevation 
in Hcy levels are at no greater risk of PD than individuals lacking 
these alleles. Nonetheless, Hcy levels are shown to directly correlate 
with the rate of PD progression suggesting a potentially important 
role once the disease has been established. This review will consider 
the complicated relationship between Hcy and PD, with reference to 
pertinent molecular and cellular pathways that are central to PD.

The SAM Cycle and Hcy Production
Hcy has a number of essential functions within the cell when 

present within a normal physiological range. In mammals, Hcy is 
required for cysteine biosynthesis. It can also maintain methionine 
levels via the SAM cycle. Hcy concentrations are usually maintained 
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in the sub-toxic range due the actions of the pathways that lead to 
methionine and cysteine biosynthesis, the transmethylation and 
transsulfuration pathways respectively (Figure 1).

In the transmethylation pathway, Hcy’s role lies at the conjunction 
of two metabolic cycles: the SAM cycle and the folate cycle [1,12]. The 
SAM cycle begins with influx of methionine from the diet, which reacts 
with adenosine triphosphate (ATP), to form SAM [13]. This reaction 
requires methionine methyltransferase as a catalyst. SAM has a number 
of important biological functions. It can be decarboxylated to form 
S-adenosylmethioninamine, which then donates an n-propylamine 
as part of polyamine biosynthesis. Polyamines per se have a number 
of important roles including enhancing the permeability of the blood 
brain barrier [14] and modulating ion channels that are known to be 
important for neuronal function such as the N-methyl-D-aspartate 
(NMDA) receptor [15]. In addition, SAM acts as a methyl donor in 
a wide range of transmethylation reactions and can be cleaved by a 
number of enzymes, termed radical SAM enzymes, producing a 
radical as an intermediate [16]. In the SAM cycle, SAM-dependent 
methylases convert SAM to S-adenosyl homocysteine (SAH) [17], 
which is broken down to produce Hcy and adenosine through the 
activity S-adenosyl homocysteine hydrolase. At this point, Hcy has 
two possible fates. It can either be re-methylated to form methionine 
or broken down via the transsulfuration pathway.

 Re-methylation of Hcy to methionine requires a methyl donor. 
Choline, part of the B vitamin complex, is a direct precursor of betaine. 
This, in turn, is a methyl donor that converts Hcy to methionine 
and dimethylglycine [18]. Furthermore, methyl tetrahydrofolate 
can act as a methyl donor to Hcy triggering the folate cycle. This 
reaction requires methionine synthase as a catalyst, together with 
vitamin B12 as a co-factor. Thus re-methylation of Hcy gives rise to 
methionine and tetrahydrofolate. Serine hydroxy-methyl transferase 

interacts with tetrahydrofolate, in a reaction that requires pyridoxal 
5-phosphate (active vitamin B6) as a co-factor, to produce methylene 
tetrahydrofolate and glycine. Thereafter, methylene tetrahydrofolate 
is reduced to methyl tetrahydrofolate completing the folate cycle [19] 
(Figure 1). 

In the transsulfuration pathway, Hcy condenses with serine to 
form cystathionine utilising cystathionine β-synthase (CBS) as a 
catalyst for this interaction. This also requires the presence of pyridoxal 
5-phosphate as a co-factor [20]. Cystathionine γ-lyase hydrolyses the 
cystathionine that is produced to form the non-essential amino acid 
cysteine and α-ketobutyrate [21,22]. Cystathionine γ-lyase activity is 
more than 100 fold lower in the brain than in the liver [23], although 
the transsulfuration pathway is active in the central nervous system 
(CNS) [24]. To date it is unknown whether the lower activity of 
cystathionine γ-lyase in the CNS makes it harder for Hcy levels to be 
moderated within the brain. In addition to the above pathways, Hcy 
can be further metabolised within the cell, for instance by formation 
of the cyclic thioester Hcy thiolactone, which, as will be discussed 
later, can cause protein damage and dysfunction.

Hyperhomocysteinemia: Causes and Treatments
Elevated plasma Hcy can result from genetic or acquired factors, 

or an interaction between the two. The genetic pathways underpinning 
extreme elevations in Hcy have been known for over half a century. 
Patients with severe hyperhomocysteinemia or homocystinuria, a 
multi-system metabolic disorder characterised by the presence of 
excess Hcy in the urine, demonstrate homozygous inheritance of 
null mutations in either the cystathionine β-synthase (CBS) gene or 
the methylene tetrahydrofolate reductase (MTHFR) gene. These null 
mutations result in CBS deficiency, preventing the transsulfuration 
pathway from metabolising Hcy to cystathionine, or in MTHFR 
deficiency, inhibiting remethylation of Hcy to methionine via the 
folate cycle, respectively [25,26]. 

Based on the above findings it can be postulated that heterozygositiy 
for CBS or MTHFR null mutant alleles could lead to more moderate 
elevations in Hcy. Thus, individuals who are heterozygous for a null 
mutation in the CBS gene have higher plasma levels of Hcy than 
individuals not carrying this allele [27]. Heterozygosity for the C677T 
mutation in the MTHFR gene, leads to elevated plasma Hcy only 
when dietary folate supply is low [28], therefore dietary factors are 
crucial in determining whether or not heterozygosity leads to elevated 
plasma Hcy per se. 

Hyperhomocysteinemia can also occur due to mutations in 
genes that are not linked to the SAM cycle. For example, the intron 
4a4b variable number tandem repeat (VNTR) polymorphism in 
the endothelial nitric oxide synthase (eNOS) gene that synthesises 
nitric oxide (NO) is linked to elevated total plasma Hcy in males 
[29]. It has been shown that polymorphisms in intron 4 of eNOS 
are associated with enhanced NO production [30]. The potential 
mechanisms whereby alterations in eNOS may induce an increase in 
Hcy include NO-mediated inhibition of methionine synthase [31] and 
NO inhibiting the synthesis of ferritin that is required for oxidative 
cleavage of folate [32,33]. However, more data is required to clarify 
precisely how this polymorphism leads to elevated Hcy levels in 
patients. There are further pathways that can lead to increased Hcy-
linked tissue damage, even in the absence of hyperhomocysteinemia 
per se. An enzymatic component of high density lipoprotein, 
paraoxonase 1 (PON1), hydrolyses Hcy thiolactone, a metabolite 
of Hcy. Hcy thiolactone can add Hcy groups to (homocysteinylate) 
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Figure 1: Biochemistry of Hcy Metabolism
Homocysteine is metabolised via two pathways: the S-adenosyl methionine 
(SAM) cycle (shown in red), which re- methylates Hcy back to methionine via 
the folate cycle (shown in green); and the transsulfuration pathway (shown 
in purple), which breaks down excess Hcy in preparation for excretion from 
the body. Methylation reactions are highlighted by blue arrows. Members of 
the B vitamin family, deficiencies in which promote hyperhomocysteinemia, 
are highlighted in grey oval boxes. Critical enzymes in these pathways 
are shown in pink ovals. In addition to these pathways, homocysteine can 
be biochemically altered within the cell to form homocysteine thiolactone 
(maroon).
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proteins thus damaging their structure and function [34]. It is therefore 
likely that mutations that reduce the ability of PON1 to hydrolyse and 
inactivate Hcy thiolactone will cause an increase in Hcy-mediated cell 
and tissue damage as this toxic metabolite accumulates, even without 
a concomitant increase in plasma Hcy. 

Hyperhomocysteinemia has been observed in renal patients [35], 
as the kidney is responsible for 70% of peripheral Hcy metabolism 
[36]. Indeed as renal function declines with age, this contributes to the 
known age-related increase in Hcy [35]. A number of pharmacological 
reagents can influence Hcy levels. Methotextrate is a folate antagonist 
that is used to suppress cell proliferation in the treatment of both cancer 
and rheumatoid arthritis, and it is known that this agent increases 
plasma Hcy concentrations [37]. Conversely, estrogen-containing 
oral contraceptives reduce plasma Hcy levels [38], via upregulation of 
antioxidant genes such as glutathione peroxidase and Mn-superoxide 
dismutase [39]. Due to the presence of endogenous estrogen, young 
women have lower Hcy levels than young men [40], and this sexual 
dimorphism is lost after the menopause [41]. Finally, lifestyle factors 
can influence Hcy levels with cigarette smoking, high levels of coffee 
consumption, and lack of exercise all known risk factors for elevated 
plasma Hcy [4]. 

Evidence for Hcy-triggered Neurotoxicity
Neurodegeneration is characterized by the death of neurons in 

specific regions of the nervous system leading to functional change. In 
an in vivo model of PD, studies revealed that the proportion of murine 
midbrain dopaminergic neurons killed by the specific dopaminergic 
neurotoxin 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine (MPTP) 
was higher when plasma Hcy levels were elevated [42]. In vitro studies 
have shown direct toxicity of Hcy to a vast number of neuronal 
populations including cortical neurons [43], postnatal cerebellar 
granule neurons [44], cerebellar Purkinje neurons [45], dorsal root 
ganglion neurons [46], hippocampal neurons [47] and trigeminal 
sensory neurons [48]. Nonetheless the toxicity of Hcy to neurons is 
not universal with embryonic cerebellar granule neurons [44] and 
embryonic murine dopaminergic ventral mesencephalic neurons [49] 
both unaffected. 

The signalling pathways that underpin Hcy-mediated 
neurotoxicity may vary with the neuronal population studied. Thus 
many investigations have focused on Hcy’s interaction with the 
NMDA receptor (Figure 2). Hcy has agonistic effects on the glutamate 
binding site of the NMDA receptor, stimulating the receptor, and 
causing an excitotoxic response. However, Hcy is also a partial 
antagonist of the glycine coagonist site of the NMDA receptor, 
reducing glycine binding and therefore decreasing activation: an 
interaction that represses excitotoxicity. Thus it is believed that at low 
concentrations, equilibrium would be attained between Hcy’s agonist 
and antagonist actions but at high concentrations the strong agonistic 
effect would prevail leading to cell death [50]. Evidence for a central 
role for the NMDA receptor in mediating Hcy-triggered neuronal 
death also arises from the finding that undifferentiated HT22 cells (a 
murine hippocampal neuronal cell line) are resistant to Hcy, whilst 
differentiated HT22 cells are not. The onset of susceptibility to Hcy 
corresponds with the onset of NMDA receptor expression, and as 
such antagonists of the NMDA receptor protect differentiated HT22 
cells from Hcy-mediated apoptosis [51]. Excitotoxicity has also been 
reported following Hcy binding to the class I metabotropic glutamate 
receptors [52]. Accordingly, preventing Hcy binding to either the 
NMDA or class I metabotropic glutamate receptors via co-treatment 
with agonists of both these classes of receptors almost completely 
prevents Hcy-mediated cell death in postnatal cerebellar granule cells 
in vitro [53].

Hcy disrupts the DNA methylation cycle inducing DNA damage, 
cell death, and alterations in gene expression [54]. When Hcy levels 
rise, SAM levels decrease and SAH levels increase. This decreases the 
ratio of SAM to SAH, inducing DNA damage. Together with PARP 
activity, this triggers apoptosis in rat hippocampal neurons [47]. 
Elevated SAH expression also leads to DNA hypomethylation and 
alterations in gene expression that can trigger apoptosis and neuronal 
dysfunction [55]. Accordingly, SAM administration can reduce Hcy-
mediated cortical neuron apoptosis [56] through re-balancing the 
ratio of SAM to SAH, and furthermore, SAM supplementation after 
ischemia improves neuronal viability in vivo [57]. 

In addition to its interactions with the NMDA receptor, Hcy can 
increase levels of cellular oxidative stress as it is a potent oxidising 
agent in its own right [58], and can regulate antioxidant enzymes 
[59]. A number of anti-oxidant agents have been shown to protect 
against cell death induced by Hcy. Carnosine, formed from the 
amino acids β-alanine and histadine, is a scavenger of reactive oxygen 
species (ROS). Thus it has been demonstrated that carnosine protects 
cerebellar granule neurons from Hcy toxicity by preventing the 
accumulation of ROS [60]. 

In contrast to studies on neuronal viability, far fewer investigations 
have considered the effects of Hcy on biochemistry, morphology, 
neurophysiology or neuronal function. It is known that Hcy inhibits 
neurite outgrowth from primary cultured dopaminergic neurons 
[49] and cerebellar Purkinje neurons [45]. This implies that Hcy can 
inhibit communication between neurons and the establishment of 
neuronal networks.

As outlined above, Hcy induces oxidative stress in neurons [59] 
and oxidative stress causes deficits in spatial learning and memory 
in aged rats. Thus it can be hypothesised that hyperhomocysteinemia 
will also cause deficits in spatial learning. Rats that have chronic 
hyperhomocysteinemia induced by methionine administration, 
exhibit spatial learning deficits and enhanced lipid peroxidation and 
glutathione reduction, which are biomarkers of cellular oxidative 
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Figure 2: Actions of Homocysteine at the N-methyl-D-aspartate receptor
Diagram summarising the actions of Hcy on the NMDA receptor. Hcy can act 
both as an agonist and an antagonist of this receptor by targeting different 
binding sites. The expression of other receptor agonists can influence the 
concentration of Hcy required to elicit excitotoxicity.
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stress [61]. Melatonin is an antioxidant and reverses both the 
behavioural deficits and the incidence of the biochemical markers 
of oxidative stress. Likewise, the naturally-occurring anti-oxidant 
compound curcumin reduces both oxidative stress and cognitive 
impairment triggered by intracerebroventricular Hcy injection in rats 
[62]. These findings suggest that oxidative stress modulates the Hcy-
mediated deficits in cognition and memory. Interestingly maternal 
hyperhomocysteinemia can have lasting consequences for neuronal 
function of the progeny. Thus sustained oxidative stress, coupled 
with a decrease in anti-oxidant enzyme expression, an increase in 
neuronal death, and impaired cognitive ability has been recorded in 
the offspring of rats with induced hyperhomocysteinemia, although 
the progeny do not have hyperhomocysteinemia themselves [63]. 

In addition to the well documented alterations in oxidative stress, 
Hcy can influence the expression of neurotransmitters and growth 
factors in hyperhomocysteinemic animals that exhibit cognitive 
deficits [64]. Thus reduced levels of dopamine and serotonin have been 
found in the cortex of such rats together with decreased levels of brain 
derived neurotrophic factor in the cerebrospinal fluid. Given the long 
established knowledge that these neurochemicals play fundamental 
roles in neuronal survival and function, further work evaluating how 
these contribute to Hcy-mediated alterations in neurophysiology is 
needed. 

Links between Hcy and Parkinson’s Disease
In a murine model of PD, experiments demonstrated that Hcy was 

not a dopaminergic neurotoxin in its own right. However, it markedly 
enhanced the neurotoxic effects of MPTP, increasing the magnitude 
of cell loss observed in the substantia nigra following exposure [42]. 
Thus Hcy potentiated the neurotoxic effects of other factors leading 
to the development of parkinsonian symptoms. Mixed data has been 
produced on whether or not Hcy per se is toxic to dopaminergic 
neurons in vitro, but again it enhanced the neurotoxic actions of 
MPTP in these cells [49,65]. Moreover, direct administration of 
Hcy intracerebroventricularly significantly decreases locomotor 
activity in rats, with a concomitant reduction in striatal dopamine 
levels [66]. These findings provide evidence that Hcy can be toxic to 
dopaminergic systems raising the possibility that Hcy is involved in 
the pathogenesis of PD.

Lewy bodies are neuronal cytoplasmic inclusions observed in 
PD neuropathology that contain protein aggregates including the 
protein α-synuclein [67]. It is known that Hcy can be converted 
within the cell to form Hcy thiolactone, which can trigger protein 
aggregation by incorporating Hcy residues into proteins, enhancing 
their propensity to form aggregates [34]. Thus a potential mechanism 
whereby Hcy could enhance α-synuclein accumulation exists, 
although it remains to be verified. In addition, hypomethylation has 
been reported in the promoter region of α-synuclein in the substantia 
nigra of Parkinson’s patients to a greater degree than in other brain 
regions such as the anterior cingulate and putamen [68]. Hcy has been 
shown, as mentioned earlier, to induce DNA hypomethylation via 
lowering the SAM: SAH ratio. α-synuclein itself can also indirectly 
decrease DNA methylation via its ability to associate with the DNA 
methylation enzyme Dnmt1, sequestering it out of the nucleus and 
into the cytoplasm thereby preventing it from methylating DNA 
[69]. Thus DNA hypomethylation could trigger overexpression of 
α-synuclein, which, in turn, would further reduce DNA methylation 
by sequestering Dnmt1. The importance of modulation of methylation 
pathways in PD has been further underlined by the discovery that 
adenosyl homocysteinase is differentially expressed in the Parkinson’s 

as compared to the non-Parkinson’s brain [70]. This enzyme converts 
SAH to Hcy and adenosine thus overexpression as seen in PD will 
lead to an increase in Hcy. Decreased methylation of the cytochrome 
P450 2E1 gene (CYP2E1) has been identified in PD patients [71]. 
Interestingly polymorphisms of this gene have already been associated 
with the development of PD in the Swedish population [72]. The 
enzymatic product of CYP2E1 co-localises with tyrosine hydroxylase 
in neurons of the rat substantia nigra [73] where it has been shown to 
modulate dopamine levels and to induce the production of ROS [74] 
suggesting a pathway whereby CYP2E1 can contribute to Parkinson’s 
pathogenesis. 

The role of the mitochondrion in the pathogenesis of 
neurodegenerative disorders, including PD, has attracted much 
attention [75]. Electron microscopy has revealed that Hcy induces 
mitochondrial swelling, which is blocked by the addition of 
cyclosporin A that binds to the mitochondrial matrix protein, 
cyclophilin D, preventing the calcium-dependent formation of the 
mitochondrial permeability transition (mPT) [53]. mPT formation is 
a critical step in the activation of cell death, linking Hcy-mediated 
mitochondrial damage to neuronal demise. Studies directly 
linking Hcy to mitochondrial dysfunction in neurons are limited. 
However, experiments on retinal ganglion cells from CBS-deficient 
mice demonstrate increased mitochondrial number in this tissue 
implying that mitochondrial-mediated generation of ROS could 
be increased [76]. Moreover, homocysteic acid, a metabolite of Hcy, 
induces deficiencies in mitochondrial complex I along with enhanced 
detection of markers of ROS-mediated damage in rat cerebral cortex 
[77]. Interestingly complex I deficiencies are strongly linked to PD 
demonstrating another potential mechanism whereby Hcy can 
modulate known pathways that lead to Parkinson’s pathology. 

Hcy can trigger neuroinflammation, and activated microglia and 
astrocytes release a number of factors that initiate an inflammatory 
response and that can trigger neuronal death. Neuroinflammation 
has been widely reported in the substantia nigra of PD patients 
[78] and attenuation of this has proved highly neuroprotective in 
PD models [79-81]. Of potential importance for the pathogenesis of 
PD is the release of NO by activated microglia and astrocytes [82]. 
NO has a number of deleterious effects on neurons that can lead to 
neurodegeneration, and its release has been detected following MPTP 
or 6-hydroxydopamine (6-OHDA) exposure in rodents [83] with 
co-administration of 6-OHDA and an NO scavenger preventing the 
neuronal death observed with 6-OHDA alone [84]. Furthermore 
NO can directly target proteins linked to PD by binding to them 
and S-nitrosylating them. Thus S-nitrosylation in PD models has 
been linked to both the erroneous activation of PKC-γ, leading to 
p53 activations and consequently neuronal death [85], and to the 
inactivation of neuroprotective proteins such as parkin [86], XIAP 
[87] and peroxiredoxin-2 [88], again leading to cell death. Inactivation 
or downregulation of these protective proteins has previously been 
linked to PD. In addition to Hcy initiating neuroinflammation, 
leading to NO release from the support cells of the nervous system, 
Hcy can trigger the release of NO within neurons themselves 
triggering apoptosis [48].

Hcy and Parkinson’s Risk and Progression
A longitudinal study revealed that higher dietary intake of 

vitamin B6, but not folate or B12, was associated with a decreased 
risk of developing PD [89,90]. Vitamin B6 is an important co-factor 
in the pathways that mediate Hcy metabolism, however, the lack of 
correlation between dietary folate or B12 intake and PD suggests 
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vitamin B6-mediated protection against PD is not directly related to 
Hcy levels. More recently it has been established that polymorphisms 
in key genes that mediate folate metabolism, including MHTFR, 
enhance the risk of developing PD in ethnic Chinese patients 
resident in Taiwan [91]. It has also been noted that the TT variant of 
the MTHFR C677T polymorphism is linked to an increased risk of 
PD in smokers [92]. These studies imply that Hcy plays a role in the 
pathogenesis of Parkinson’s disease, with the possibility that Hcy is a 
risk factor remaining and further longitudinal studies on populations 
warranted.

It is well known that PD patients treated with levodopa (L-DOPA) 
have elevated plasma Hcy [93,94].  In vivo, the main metabolic 
fate of L-DOPA is O-methylation leading to the formation of 
3-O-methyldopa, in a reaction catalysed by catechol-O-methyl-
transferase (COMT) with SAM acting as a methyl donor [95]. The 
donation of a methyl group from SAM leads to the formation of SAH, 
which in turn is hydrolysed to produce Hcy. This leads to high levels 
of Hcy in the plasma of L-DOPA-treated patients [93,96]. Cross-
sectional links observed between hyperhomocysteinemia and PD are 
likely to be largely caused by L-DOPA therapy rather than pre-existing 
hyperhomocysteinemia or hyperhomocysteinemia induced by PD 
per se. Elevated Hcy in response to L-DOPA can be counteracted 
through a program of exercise and thus in Parkinson’s patients who 
do not exercise regularly a positive correlation is observed between 
L-DOPA dosage and serum Hcy. This correlation is not observed in 
Parkinson’s patients who exercise regularly. Indeed patients in this 
latter group have serum Hcy concentrations that are indistinguishable 
from untreated control subjects [97]. Therefore lifestyle alterations 
could be used in suitable patients to counteract L-DOPA -mediated 
increases in Hcy. This may be of particular importance given that 
hyperhomocysteinemia has been identified as a risk factor for the 
occurrence of osteoporosis in PD patients [98]. Parkinson’s patients 
have alterations in gait that coupled with their difficulty in motor 
control increases the likelihood of falls and fractures [99]. It has been 
demonstrated that 48% of Hcy found in bone exists bound to collagen 
in the extracellular bone matrix that might serve to weaken the bone 
enhancing the likelihood of fracture following a fall [100]. Thus 
reducing Hcy levels may prevent or reduce the severity of osteoporosis 
that would, in turn, reduce the probability of falls causing broken 
bones in these patients. Currently this has not been fully investigated 
but a small scale trial suggested that lowering Hcy levels using folate 
and B12 did indeed enhance bone density in Parkinson’s patients [101]. 
However, it should be noted that all participants in this study were 
undergoing L-DOPA therapy and therefore the broader question of 
whether Hcy decreases bone density in all PD patients in the absence 
of L-DOPA remains to be determined.

The unified Parkinson’s Disease rating scale (UPDRS) is a rating 
tool designed to assess disease burden in patients with Parkinson’s 
Disease. The maximum score of 199 represents the worst (total) 
disability and 0 represents no disability. A positive correlation 
exists between Hcy levels and performance on the UPDRS in 
hyperhomocysteinemic patients [102]. However, as Hcy levels also 
correlate with L-DOPA dosage in this study further complicating the 
reasons for the link between Hcy and UPDRS score. The same study 
also noted a negative correlation between Hcy levels and levels of 
serum folate and B12. It has been demonstrated that administration of 
folate and vitamin B12 can lower plasma Hcy levels in L-DOPA-treated 
PD patients [103]. In this regard, it may be appropriate to determine 
whether folate and vitamin B12 supplementation in patients with 
hyperhomocysteinemia leads to a slowing of disease progression, as 
assessed by UPDRS.

Elevated Hcy has also been positively correlated to mild 
parkinsonian symptoms in the elderly, as assessed using an abbreviated 
motor portion of the UPDRS [104]. Thus Hcy maintains a complex 
relationship with PD. Whilst it is neurotoxic to dopaminergic neurons 
in experimental settings, there is mixed evidence on whether it is a 
risk factor for the development of PD. It is obvious, however, that Hcy 
has the potential to play a very important role in disease progression 
with hyperhomocysteinemia induced by L-DOPA that is widely used 
in the treatment of the disease and therefore it can be deduced that 
the likelihood of a PD patient developing hyperhomocysteinemia 
is high. Although it is clear that L-DOPA is a major contributor to 
hyperhomocysteinemia in PD patients, excess Hcy is well known 
to be deleterious to health [4]. The higher scoring on UPDRS in 
hyperhomocysteinemic patients, coupled with the increased risk 
of fracture following a fall highlights the potential importance of 
targeting Hcy levels in individuals diagnosed with PD.

Conclusions and Discussion
Taking an overarching view of the literature it is clear that Hcy 

has a number of deleterious effects that have significance for PD 
(Figure 3). Whilst it remains a matter for debate as to whether Hcy 
is a risk factor for PD development, the data linking elevated levels 
to an enhanced rate of disease progression are remarkably clear cut. 
Thus understanding the effects of Hcy on dopaminergic neurons is 
crucial in slowing down or halting this decline. It has been suggested 
that hyperhomocysteinemia can be caused by oxidative stress, 
rather than being causative of it. Thus a number of genetic alleles 
uncovered through studies of familial PD, such as parkin, PINK-1 
and DJ-1 increase oxidative stress [105] independent of Hcy status. 
Under oxidative stress, methionine synthase is oxidatively labile, and 
levels of vitamin B12 and folate are depleted: biochemical changes 
that could trigger hyperhomocysteinemia [106]. It is known that in 
PD patients, treatment with L-DOPA causes hyperhomocysteinemia 
[93]. Therefore, although PD patient population have elevated levels 
of Hcy compared to controls in cross-sectional studies, it must be 
remembered that these can be triggered by both the oxidative stress 
observed in the disorder and by L-DOPA treatment.

Unlike Alzheimer’s Disease where elevated Hcy levels are 
observed many years before the onset of symptoms giving a strong 
case for Hcy as a risk factor for the development of the disease or as a 
marker for early stage changes, there is no convincing data that this 

High homocysteine

DNA hypomethylation
NO

Neuroinflammation

Neuronal death

Protein aggregation

L-DOPA

Oxidative
stress

Parkinson’s
Disease

Figure 3: The complex relationship between Hcy and Parkinson’s Disease
Diagram demonstrating the main pathways linking Hcy to Parkinson’s Disease 
and highlighting the complexity of this relationship.
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is the case for PD. Polymorphisms in the MTHFR gene can correlate 
with elevated plasma Hcy levels dependent on the folate status of the 
individual [28]. However, the proportion of individuals carrying the 
C677T MTHFR polymorphism is similar in PD-afflicted and control, 
age and gender-matched individuals [107,108]. Interestingly, patients 
carrying this polymorphism develop PD at a younger age [109]. This 
implies that these patients would develop PD anyway but that the rate 
of progression to symptomatic disease is escalated.

In recent years, research into the role of hypomethylation in 
epigenetic alterations linked to neurodegeneration in the elderly 
has expanded rapidly. Therefore, it is possible that changes in gene 
expression, brought about by elevated Hcy levels, are an early event 
in the pathogenesis of Hcy-linked neurodegenerative diseases. 
We could hypothesise that elevation of Hcy, as a risk factor for 
neurodegeneration, is an early event in the disease development, and 
that the changes in the expression of methylation-sensitive genes 
represent more distal steps in the linear progression of the disease. 
Under such circumstances, therapies targeting Hcy may be ineffective 
in stopping disease progression, and this may explain the failure of 
B vitamin therapies to alter the course of neurodegeneration in the 
trials that have been reported to date. Thus perhaps Hcy-sensitive 
genes, rather than Hcy per se will prove more effective therapeutic 
targets for preventing PD progression in hyperhomocysteinemic 
individuals. Moreover, given that hyperhomocysteinemia leads 
to a decrease in SAM, it is plausible that strategies to specifically 
counteract Hcy-mediated hypomethylation more generally, rather 
than just targeting specific genes with aberrant expression will offer 
an exciting new drug development avenue in the search for agents 
to alleviate the progression and symptoms of neurodegeneration. 
In models of Alzheimer’s disease administration of SAM delays the 
onset of expression of Alzheimer’s biomarkers [110]. Likewise, SAM 
administration delays the onset of motor symptoms in amyotrophic 
lateral sclerosis (ALS) model mice [111]. Data for SAM administration 
in PD models are somewhat lacking. However, a small scale clinical 
study demonstrated beneficial effects of SAM administration in 
alleviating depressive symptoms in PD patients [112]. On a cautionary 
note, it must be mentioned that direct administration of SAM into 
the rat brain induces parkinsonian symptoms [113], most likely 
due to alterations in protein methylation and therefore SAM needs 
to be extensively tested and verified to ensure that it does not have 
deleterious effects with sustained or excessive use in PD models. 
L-DOPA administration can also decrease the SAM:SAH ratio 
leading to hypomethylation and dysfunction of cellular proteins in 
dopaminergic neurons in vitro, including the neuroprotective enzyme 
protein phosphatase 2A [114].

Another mechanism that is increasingly seen as being important 
in the pathogenesis of PD is neuroinflammation [82]. The microglia 
and astrocytes that make up the non-neuronal complement of the CNS 
serve a vast array of functions including nutritional and biochemical 
support for neurons, protection against oxidative stress and they 
mediate the CNS’ immune defences. However, when activated to elicit 
an immune response in the CNS, the chemicals that they release to 
provide immunity can have maladaptive consequences for neuronal 
viability and function. Thus amongst the many mediators released 
by activated microglia and astrocytes in the immune response is NO. 
High levels of NO promote neuronal apoptosis and damage proteins 
S-nitrosylating them. Hcy can modulate NO signalling at a number of 
levels. Firstly Hcy has been shown to trigger activation of CNS immune 
cells thus the main site of production of NO in the CNS is switched 
on. Secondly, NO and its metabolite, peroxynitrite, have been shown 

to mediated Hcy induced cell death in neurons [48]. Furthermore, 
activation of the NMDA receptor leads to a rise in intracellular 
calcium and excessive nNOS activity and therefore generation of high 
levels of NO [115]. Thus it is plausible that intracellular rises in NO in 
response to Hcy are due to its known interactions with the NMDA 
receptor. In addition, NO can increase levels of Hcy. The 4a4b VNTR 
polymorphism in eNOS leads to enhanced NO production that, in 
turn, increases Hcy levels. Thus, a cycle could be established between 
NO and Hcy with both able to increase expression of each other and 
both negatively impacting on neurons. 

The NMDA receptor seems to be intricately linked to Hcy-
mediated cell loss in a number of circumstances. In PD patients, it has 
been proposed that antagonists of the NMDA receptor may alleviate 
dyskenesias associated with L-DOPA treatment and indeed clinical 
findings back up this hypothesis [116]. Antagonism of this receptor 
could theoretically reduce Hcy-mediated neurotoxicity (Figure 2) 
giving a potential added benefit of such drugs to L-DOPA-treated 
PD patients. It would be of great interest to test this hypothesis in PD 
models. 

A number of pathways associated with Hcy-linked neuronal 
death and dysfunction converge on a central role for oxidative stress 
(Figure 3). Hyperhomocysteinemia can both induce and be induced 
by oxidative stress making it hard to tell which arose first. Although 
the temporal relationship between elevated Hcy and oxidative stress 
in PD is hard to ascertain, it is clear that, at least in experimental 
models, antioxidants can reduce the effects of Hcy. Given that, even 
in the absence of hyperhomocysteinemia, oxidative stress has been 
strongly linked to neuronal death in PD it is not surprising that 
a vast array of antioxidant compounds have proven beneficial in 
PD models including garcinia indica extract [117], gallic acid [118] 
and isothiocyanate erucin [119]. Whether these would have similar 
benefits in counteracting Hcy-mediated biochemical, cellular and 
behavioural change in PD pathways remains to be determined. 

Reductions in plasma Hcy could have a number of benefits for 
Parkinson’s patients. Most importantly given the positive correlation 
between Hcy levels and adverse performance on UPDRS, reduction 
of Hcy has the potential to slow down disease progression. Given the 
ease of lowering Hcy levels, for instance using exercise or B vitamins, 
it seems pertinent to use such strategies in patients and certainly this 
will do no harm. Unfortunately, it is unclear when the best point is 
to attempt to modify disease progress by lowering Hcy and therefore 
detailed longitudinal studies of patients treated at onset of symptoms, 
or at onset of L-DOPA therapy against those in which Hcy levels are 
not modified are warranted and required. Although PD is widely 
thought of as a movement disorder, depression and dementia can 
arise during the course of the disease. There is a positive correlation 
between hyperhomocysteinemia and dementia is PD patients in the 
majority of the small-scale studies carried out [120]. However, it 
should be noted that many progression to dementia tends to be a late 
event in the linear progression of the disease, many of the individuals 
who develop dementia will have been receiving L-DOPA for some 
time, and may well be on high doses of the drug which may be a 
confounding factor in this finding.

Given the irrefutable evidence that PD patients treated with 
L-DOPA have higher Hcy levels than control subjects, there is a paucity 
of studies detailing whether Hcy reduction strategies will slow down 
progression on UPDRS, onset of dementia or falls and fractures all 
of which occur with increased frequency in hyperhomocysteinemic 
PD patients. To ascertain the molecular pathways underpinning these 
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events, further long term evaluation of L-DOPA treated PD model 
animals in which hyperhomocysteinemia has been attenuated against 
those in which it has not been, is essential, together with further 
analysis of clinical data. A recent publication opined that the future 
for PD therapies would combine a number of features including 
the ability to reduce oxidative stress and Hcy whilst enhancing the 
bioavailability of methyl groups [121]. Whilst there is no clear cut data 
showing that Hcy lowering therapies will provide long term benefits 
to PD patients, the weight of evidence suggests that it would not be 
harmful to keep Hcy levels in check in PD patients and this practice 
should perhaps be more widespread.
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