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Abstract
Homocysteine (Hcy) is a thiol-containing amino acid formed during methionine metabolism.
Elevated level of Hcy is known as hyperhomocysteinemia (HHcy). HHcy is an independent risk
factor for cerebrovascular diseases such as stroke, dementia, Alzheimer’s disease, etc. Stroke,
which is caused by interruption of blood supply to the brain, is one of the leading causes of death
and disability in a number of people worldwide. The HHcy causes an increased carotid artery
plaque that may lead to ischemic stroke but the mechanism is currently not well understood.
Though mutations or polymorphisms in the key genes of Hcy metabolism pathway have been well
elucidated in stroke, emerging evidences suggested epigenetic mechanisms equally play an
important role in stroke development such as DNA methylation, chromatin remodeling, RNA
editing, noncoding RNAs (ncRNAs), and microRNAs (miRNAs). However, there is no review
available yet that describes the role of genetics and epigenetics during HHcy in stroke. The current
review highlights the role of genetics and epigenetics in stroke during HHcy and the role of
epigenetics in its therapeutics. The review also highlights possible epigenetic mechanisms,
potential therapeutic molecules, putative challenges, and approaches to deal with stroke during
HHcy.
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Introduction
Stroke is a medical emergency caused by interrupted blood supply to the brain that further
leads to rapid loss of brain functions. It is the second leading cause of death worldwide and
associated with long-term disability [1]. Stroke can be classified into ischemic (blockage of
blood supply) and hemorrhagic (rupture of blood vessel). Thrombolytic agents along with
antiplatelet drugs have been used for stroke treatment; however, some cases benefited with
neurosurgery. Besides other factors (high blood pressure, diabetes, previous stroke or
transient ischemic attack (TIA), high cholesterol, tobacco smoking, and arterial fibrillation),
homocysteine (Hcy) is also now largely accepted as a risk factor for stroke [2–7]. Increase in
the levels of Hcy, a sulfur-containing amino acid derived from methionine, is known as
hyperhomocysteinemia (HHcy) that is found to be associated with more than fivefold
increased risk of stroke [3, 8]. HHcy is most commonly associated with large-artery
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atherosclerosis and venous thrombosis, but it also contributes to cerebral ischemia stroke by
other mechanisms as, for example, involvement of genetic and epigenetic factors [9–13].
The genetic regulation of enzymes involved in Hcy metabolism and the levels of vitamin
cofactors (folate, B6, and B12) determine the level of Hcy [14]. Evidences suggest that
genetic variations in these pathway genes such as methylenetetrahydrofolate reductase
(MTHFR), cystathionine-β-synthase (CBS), nicotinamide N-methyl-transferase (NNMT),
and DNA methyltransferase (DNMT) increase the risk of stroke during HHcy [11, 15–17].
Clinical trials for lowering Hcy levels by vitamin interventions such as folate, pyridoxine
(vitamin B6), and cobalamin (vitamin B12) have failed to reduce the risk of recurrent stroke.
However, there are ongoing clinical trials evaluating the potential benefits of vitamin
supplementation. Apart from genetic mechanisms, there are epigenetic mechanisms that
regulate stroke and could be further helpful in HHcy-induced stroke [12, 18, 19]. Epigenetic
mechanisms refer to molecular processes such as DNA methylation, histone modification,
nucleosome remodeling, and small noncoding RNAs (ncRNAs) (e.g., miRNAs) that
modulate gene expression and function within the cell of the body. One example is miR-140
that helps in tissue repair after cerebral ischemia [34]. Understanding genetic and epigenetic
mechanisms may be helpful in discovering sensitive biomarkers and determining therapeutic
approaches in HHcy-induced stroke. Therapeutic approaches may include inhibition of
DNMTs and histone deacetylase (HDAC) activities with potential epigenetic agents (drugs,
dietary components, and miRNAs) that selectively activate or inactivate gene expression.
Though the therapeutic approaches are still in their infancy, preliminary results suggest that
targeting DNMTs and histone-modifying agents can promote brain repair and functional
reorganization in stroke [20]. This review, for the first time, suggests the role of epigenetics,
microRNA (miRNA), and ncRNA in modulating gene expression in stroke and possible
utilization of epigenetic mechanisms in HHcy-induced stroke and its therapeutics.

Factors Involved in Hyperhomocysteinemia During Stroke
Genetic Factors

Earlier studies have indicated that the metabolism of Hcy is regulated by several genes and
mutations in these genes affect Hcy level that is the risk factor for stroke. Hence, we have
included polymorphism studies to take into consideration genetic factors in stroke.
Individual polymorphisms need not be targeted and clinical trials are still in their
preliminary phase. Hcy is metabolized by two pathways: (1) remethylation and (2)
transsulfuration (Fig. 1). Protein-bound Hcy and mixed Hcy disulfides are collectively
referred as total Hcy (tHcy). They are spontaneously formed in the plasma and are measured
in most assays [21]. Many studies have evaluated the role of Hcy in atherosclerosis through
endothelial injury, platelet activation, smooth muscle proliferation, oxidative modification of
low density lipoproteins, and endothelial leukocyte interactions [13]. However, there are few
studies that elucidate genetic mechanisms behind stroke. Mutations in the genes of Hcy
metabolic pathway may lead to elevated Hcy levels that result in increased risk for stroke.
Some of the important molecules have been discussed here.

Methylenetetrahydrofolate Reductase—MTHFR is a key enzyme in the synthesis of
5-methyl tetrafolate that serves as a cofactor in the synthesis of methionine from Hcy by
methionine synthase (Fig. 1). The human MTHFR gene is located on chromosome 1p36.3.
A single base pair substitution (677 C→T) results in the conversion of alanine to valine at
amino acid 222. This variation results in reduced enzyme activity and elevation of Hcy in
the homozygous state TT. Many studies have reported that 677C>T MTHFR is associated
with elevated plasma Hcy levels and increased stroke risk [15, 22]. A study by Zhang et al.
[23] demonstrates that high Hcy levels are associated with risk of stroke recurrence and
cause mortality in stroke patients, and MTHFR C677T was not associated with stroke [23].
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However, a meta-analysis has also confirmed the association of plasma Hcy levels (1.93
μmol/L) with increased risk of stroke (odds ratio 1.26 for TT vs. CC) [10].

Cystathionine-β-Synthase—CBS enzyme is involved in the conversion of Hcy to
cystathionine in the presence of vitamin B6. The CBS gene is located on chromosome
21q22.3. More than 100 mutations have been identified in this gene and the most frequently
detected is 833C→T that results in amino acid change of isoleucine to threonine at 278
positions. Another mutation is 919G→A substitution that results in amino acid change of
glycine to serine at amino acid 307. Both these mutations are present in exon 8. There is a
68-bp insertion in exon 8 at position 844. There is also a 31-bp variable number tandem
repeat (VNTR) that spans the exon 13–intron 13 boundary of the CBS gene and may consist
of 16, 17, 20, and 19 or 21 repeat units. The increase in repeat units results in progressively
higher plasma Hcy levels. Several studies have correlated these polymorphisms with stroke
[9, 11].

Methoinine Synthase—Methoinine synthase (MS) along with MTHFR sequentially
catalyzes the remethylation of Hcy to methionine and deficiency in its activity results in
HHcy. The gene is mapped to chromosome 1q43. The polymorphism 2756A→G results in a
change of aspartic acid to glycine D919G and has been reported as a genetic risk factor for
thromboembolic events [24]. Mutation in this gene results in increased enzyme activity and
trapping of methyl-THF.

Other Genes—The first genomewide linkage analysis performed in Spanish population
showed that the nicotinamide N-methyltransferase (NNMT) gene is the most significant
genetic determinant of plasma Hcy [17]. Low et al. [14] have reported that Hcy pathway
genes such as 5-methyltetrahydrofolate-Hcy methyltransferase reductase (MTRR), serine
hydroxymethyltransferase 1 (SHMT1), and transcobalamin II (TCN2) are associated with
stroke risk (P< 0.05). MTRR and SHMT1 are involved in regulating folate cycle and TCN2
is involved in transportation of vitamin B12 [14]. The cellular availability of folate and
vitamin B12 is important in determining stroke risk. The Hcy levels in plasma are inversely
related to plasma concentrations of vitamin B12 as well as the intake of these vitamins [25].
The deficiency of both folate and vitamin B12 levels either caused by low dietary intake or a
combination of genetic variants of SHMT1, MTRR, and TCN2 may increase stroke risk.

Overall, there are very few publications that evaluate the role of Hcy metabolic genes in
stroke, and further studies are needed with other important genes of Hcy metabolism as
shown in Table 1. The genetic polymorphism studies reported in case of stroke during HHcy
is also summarized in Table 2.

Epigenetic Mechanisms in Stroke During Hyperhomocysteinemia
Epigenetics mechanisms regulate gene expression and functional networks and also
encompass gene environment interactions [26]. Epigenetic mechanisms include DNA
methylation, histone code modifications, nucleosome remodeling, higher order chromatin
formation, ncRNA including miRNA, and RNA editing. These changes help in maintaining
cellular homeostasis, controlling normal development, and mediating response to external
stimuli [27]. In earlier literature, Qureshi and Mehler [28] have described epigenetic
mechanisms in stroke [28]. The emerging evidences show that several epigenetic
mechanisms are involved in stroke pathogenesis and suggest that understanding these
processes may be critical for early diagnosis, risk assessment, and promotion of tissue repair
and functional reorganization. Epigenetics therapeutic agents could be applied in stroke
therapy and also provide a platform for targeting activation of neural stem cells in the brain
that promote regenerative processes for restoring brain functions.
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Role of DNA Methylation—DNA methylation plays a vital role in epigenetic
mechanisms by regulating gene expression profiles. Abnormal DNA methylations have been
reported to be associated with stroke as well as other disorders such as atherosclerosis,
obesity, kidney disease, cancer, insulin resistance, and auto-immunity [16, 29]. DNA
methylation inhibits the process of transcription by binding and recruiting epigenetic factors
to the methylated sites and mediating reversible gene silencing. DNA methylation is the
transfer of methyl group from an activated donor such as S-adenosylmethionine (SAM) to
cytosine residues in specific regions of the gene by DNMTs. It is a gene family and consists
of members DNMT 3a and DNMT 3b (de novo methylation), and DNMT 1 (maintains
methylation). Hcy metabolism plays an important role in DNA methylation and HHcy has
been reported to be associated with stroke [3, 16]. High levels of Hcy lead to increase in the
levels of SAM and higher activity of DNMTs. This leads to hypermethylation of DNA and
eventually, gene silencing. Many studies have shown that low folic acid and vitamin levels
(B6 and B12) in daily diet cause an elevation in Hcy level that may lead to diseases like
stroke [25]. Collectively, these studies suggest that altered DNA methylation levels due to
Hcy or key enzymes of Hcy metabolism lead to vulnerability of the brain to ischemic injury.
The fact that increase in DNA methylation levels leads to cerebral ischemic stroke and may
be responsible for promoting cell death is explained by middle cerebral artery occlusion
(MCAO) experiments [30–33]. Following MCAO in mice, DNA methylation levels are
increased in ischemic brain tissue that might be responsible for promoting cell death. One of
these studies demonstrates that animals heterozygous for the conditional allele (Dnmt11lox/+)
have significantly smaller infarcts following 1-h MCAO/reperfusion compared to their wild
type litters. Mice with a deletion of Dnmt1 in postmitotic neurons (Dnmt11lox/c) were not
protected. Thus, reduced levels of Dnmt1, but not its absence, in postmitotic neurons protect
from ischemic brain injury [31]. Also, in MCAO mice, treatment with methylation inhibitor
reduces extent of ischemic injury [34]. Besides, there are other factors that cause DNA
methylation such as X chromosome inactivation and genomic imprinting that include Fabry
disease, Prader–Willi syndrome, and imprinted GNAS genomic locus [35–39].

DNA methylation that is mediated by many factors further leads to regulation of specific
genes and plays an important role in pathophysiology of stroke. As an example, DNA
methylation influences the expression of thrombospondin 1 (THBS1), an important gene
that plays a role in response to cerebral ischemia and intracerebral hemorrhage [18, 19]. In
murine cerebral endothelial cells, deprivation of oxygen and glucose in vitro is associated
with decrease in THBS1 expression due to promoter methylation. This review selectively
highlighted the role of Hcy in DNA methylation and stroke pathophysiology although DNA
methylation has also been implicated in modulation of homeostasis, cell cycle dynamics,
cell viability, and vascular and endothelia stress responses that are related to stroke (Fig. 2).

Histone Modification and Chromatin Remodeling—Abnormal chromatin is
representative of apoptotic and necrotic cell death that are associated with neural injury in
stroke. The roles of chromatin remodeling are not well characterized in cerebral ischemia,
though increasing evidences suggest that these functions are extremely important. Also, the
chromatin-modifying agents {histone acetyltransferase (HAT) and HDAC and their
inhibitors (sirtuins (SIRTs), histone methyltransferase trichostatin A, sodium butyrate, and
sodium-4 phenyl butyrate)} may be neuroprotective [20]. Histone modifications such as
acetylation, methylation, phosphorylation, ubiquitination, and adenosine diphosphate
ribosylation are responsible for modulating chromosome structure and function at many
genomic regions [40–42]. Histone modifications are catalyzed by specific enzymes such as
HAT and HDAC. Histone modification is a major event that leads to repression or activation
of transcription machinery and chromatin remodeling [41]. Classical histone proteins (H2A,
H2B, H3, and H4), linker histones [H1], and variant histones (H2A.Z) are wrapped around
DNA to form a histone core called nucleosome, which is a basic unit of chromatin. Histone-
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modifying enzymes modify the conformation of DNA that leads to repositioning of
nucleosomes. This alters the binding of transcription factors and other regulatory proteins to
genomic regions and modulates expression profiles that lead to chromatin remodeling [40].
Chromatin is further characterized into euchromatin, which is open and functionally active,
and heterochromatin, which is more densely packed and inactive [42].

Histone nucleosome and chromatin modifications comprise epigenetic mechanisms and
affect genome structure and functions that are critical in understanding the molecular
pathophysiology of stroke. Atherosclerosis, which is a major factor in determining stroke
risk, is affected by modulation of cholesterol biosynthesis and transport pathways by
chromatin-modifying enzymes [43–45]. SIRTs are HDAC enzymes and play an important
role in stroke by mediating diverse functions such as cellular stress resistance, energy
metabolism, and genomic stability [46]. Many studies have shown that inhibition of HDAC
enzymes in stroke models decreases neuronal injury and improves functional outcomes [47].
Histone acetylation has a role in protecting neurons against oxidative damage by enhancing
neuroprotective antioxidant enzymes, e.g., peroxiredoxins [48]. In view of the above points,
it is evident that histone modifications play a significant role in stroke pathophysiology and
understanding epigenetic mechanisms will be helpful in targeting epigenetic events that
could further be used in HHcy-induced stroke therapeutics (Fig. 2).

MicroRNA in Stroke: A Class of Noncoding RNAs
ncRNAs are derived from nonprotein coding sequences that were earlier thought to be junk
DNA and constitute more than 98 % of the genome [49]. These ncRNAs have been shown
to have diverse functions in DNA methylation, transcriptional regulation, alternative
splicing, post-transcriptional modification, chromatin structure modification, and translation
[50]. miRNA is the subclass of ncRNAs that regulate the expression of genes involved in
development and homeostatic processes. These processes are implicated in neural
differentiation, maintenance, and plasticity [51]. The miRNAs are 20–22 nucleotides long,
processed from stem loop pre-miRNAs to mature miRNAs, and regulate a large number of
target genes by binding to the 3′ region of their corresponding messenger RNA (mRNA).
The role of miRNAs have been studied in animal models of cerebral ischemia and found to
be associated with postischemic cerebral regeneration [12, 52]. These miRNAs bind to their
corresponding target mRNAs and modulate transcription, stress responses, ionic flux, and
inflammation. In MCAO mice, for example, miRNA-140 is one of the miRNAs that are
upregulated in the brain after 3 h of MCAO. The miRNA-140 regulates stromal cell-derived
factor 1, which mediates tissue repair after cerebral ischemia by vascular progenitor cell
proliferation and migration [34]. The studies suggest that miRNA-140 may be responsible
for regeneration responses in postischemic brain. Some miRNAs are significantly detected
in peripheral blood such as: rno-miR-19b, rno-miR-290, and rno-miR-292-5p, after 24 h of
MCAO and rno-miR-352, rno-miR-26b, rno-miR-26a, rno-miR-20a, rno-miR-17, rno-
miR-140, rno-miR-92, rno-miR-214, rno-miR-15b, and rno-miR-328 after 48 h of MCAO,
and suggest that they may serve as future biomarkers for ischemic stroke [12] in addition to
regulating systemic responses to cerebral ischemia.

Apart from miRNAs, long ncRNAs (lncRNA) that are a subclass of ncRNAs play an
important role in stroke by regulating transcriptional modification and chromatin remodeling
[53]. One of the lncRNAs binds to the cyclin D1 gene that is a critical mediator of ischemia
neuronal cell death [54]. The translocated in liposarcoma (TLS) RNA-binding protein then
binds to cyclin D1 gene to repress the transcription of the gene [55]. Another lncRNA,
ANRIL (NCBI ID 100048912), is associated with the development of atherosclerosis
through smooth muscle proliferation and migration [56–62].
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In mouse brain, some repeated mobile genetic elements (e.g., retroposons) are increased in
cerebral ischemia that represents another class of ncRNA apart from miRNA and lncRNA
[63]. These ncRNA transcripts resemble viruslike 30 families of interspersed genetic
elements and are induced by cerebral ischemia. The above points conclude that ncRNAs that
also include miRNA and lncRNAs are important in pathogenesis of stroke and represent an
area to be explored further in HHcy-induced stroke (Fig. 2).

RNA Editing in Stroke
RNA editing is the process in which nucleotides in the RNA molecule are changed or edited
that results in the generation of transcript diversity [27]. Many studies have associated RNA
editing abnormalities with stroke and neurodegenerative diseases [27]. The miRNAs that
bind to target mRNAs and regulate their function are themselves altered by RNA editing
that changes their processing stability and dynamics [64, 65]. Hence, RNA editing in
miRNAs regulates their function that may play a critical role in stroke. For example, the
immature form of miRNA-151 is subject to RNA editing and it affects processing of
primary miRNA into mature miRNA in the brain [66]. The miRNA-151 is found in neurons
and is upregulated following MCAO; hence, it is associated with stroke [66]. The
miRNA-151 is predicted to bind to target cell cycle regulators and tyrosine kinase 2 protein
(focal adhesive kinase). It is a nonreceptor tyrosine kinase and plays a role in integrin and
growth factor signaling pathways that are differentially regulated in MCAO. Hence, these
miRNAs are important in modulating neurite outgrowth and restoring neural network
integrity postcerebral ischemia [67–69]. These findings are suggestive of miRNA regulatory
mechanisms through RNA editing influencing important mechanisms in stroke and could
further be checked in HHcy-induced stroke (Fig. 2).

Epigenetic Regulators and MicroRNAs: An Era of Epigenetic Therapy for
HHcy-Induced Stroke

For the treatment of stroke, the US Food and Drug Administration has approved some drugs
that target DNA methylation and histone modification molecules, which are promising for
stroke in HHcy as well as in hematological, immunological, and neuropsychiatric diseases.
Epigenetic agents (DNMT and HDAC modulators), which may be beneficial in stroke, are
still in their preliminary stages and are being evaluated and summarized in Table 3. The
commonly used Aza drugs, 5-azacytidine, 5-aza-2-deoxycytidine (decetabine), and
zebularine, are potent DNMT inhibitors by acting as analogs of cytosine. Adipose stromal
cells are induced by factors like 5-azacytidine to differentiate into neuronlike cells and are
termed as epigenetically engineered cells. These are transplanted into an animal model of
stroke and have led to improved neurological outcomes and are used in cellular therapies
[70, 71]. In other studies, animals with MCAO have shown improved neurological
consequences and reduction in ischemic injury upon treatment with 5-aza-deoxycytidine. In
comparison to the transplantation studies, the in vivo drug treatments have shown better
results, suggesting it to be a better strategy than transplantation of exogenous cells [30].
However, these inhibitors are nonspecific for DNMT and cause toxicity; therefore, second-
generation agents that specifically inhibit DNMT are under development [72]. As an
example, MG98 specifically targets DNMT1 mRNA and inhibits its translation as it is an
antisense oligonucleotide [72]. Many other drugs such as valproic acid, hydralazine, and
procainamide exhibit a mode of action that affects DNA methylation [73]. One of these
drugs, valproic acid (valproate), is a known drug and believed to act on GABAergic
neurons. Since valproate action does not require cell division, it potentially affects the
epigenomic status of genes in mature postmitotic cells such as central nervous system (CNS)
neurons. It has been shown that it acts on epigenetic reprogramming that involves
demethylation of specific genes [74] and HDAC inhibition that can alter chromatin structure
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by increasing histone acetylation [75]. There is an adverse condition called systemic lupus
erythematous that is also found to be associated with global DNA hypomethylation and
cerebrovascular complications [76] and is provoked by some epigenetic agents (for instance,
procainamide and hydralazines) that cause DNA hypomethylation.

In addition to DNA methylation, drugs that affect histone modifications are also used such
as HDAC inhibitors (trichostatin A, sodium butyrate, sodium-4 phenyl butyrate, and
suberoylanilide hydroxamic acid). These drugs are known to decrease neuronal injury and
improve regeneration [20]. The activities of these inhibitors vary according to different
classes of HDAC. There are some dietary components, such as curcumin (turmeric) and
resveratrol (grapes, berries, and peanuts), which are found to be having HDAC inhibitory
activity and have been reported to provide neuroprotection in cerebral ischemia stroke [77,
78]. The beneficial effects induced by inhibiting HDAC include better stress response (nitric
oxide synthase, heat shock protein 70, and TNFα), growth, and viability [20]. Apart from
DNA methylation and HDAC, RNA-based therapies are also promising that use miRNA,
lncRNA, small interfering RNA (siRNA), e.g., Bcl-2 and 19-kDa interacting protein 3 in a
rat model of stroke along with cultured primary neurons exposed to hypoxia [79], and
carboxyl terminal modulator protein in Sprague–Dawley rat ischemia stroke models [80].
The above studies proved siRNA and miRNA importance in brain dysfunction (ischemic
stroke and dementia). However, these approaches are yet in their preliminary stage and yet
to be validated and evaluated. Two important epigenetic factors repressive element-1
silencing transcription factor (REST) and corepressor for element-1 silencing transcription
factor (CoREST) are involved in gene expression, gene activation, and silencing of a large
number of genes implicated in neuronal development and regeneration [81] (Fig. 3). These
factors regulate the expression of many ncRNAs that include miRNA and lncRNA, e.g.,
repression of GluR2 subunit and μ-opioid receptor 1 [82, 83]. Such agents that specifically
bind to miRNA and regulate their activity in stroke are in their early stage of development
[84]. These agents bind to complexes that comprise miRNAs, ncRNAs, and transcription
factors and may be termed as RNA operons and the mechanisms regulating RNA operons
may be termed regulons. Epigenetic mechanisms also include transport of RNA between
adjacent nerve cells, which represents novel targets for therapeutic approaches [85, 86].
However, these therapeutic approaches could also be checked in HHcy-induced stroke as
depicted in Fig. 3.

Future Perspectives, Challenges, and Conclusion
The future of epigenomics is fascinating, since it could lead to uncovering of different ways
to treat brain disorders including HHcy-induced stroke. The epigenetic studies could also
direct the individuals to determine their “at risk” status for different brain diseases and in
that regard, the science could also encourage lifestyle changes that can further prevent the
wrong genes from switching on or off. Not only in therapeutics, epigenetic approaches can
also be looked in order to determine sensitive and specific biomarker for stroke in HHcy.
The epigenetic changes could be first determined/screened in the test samples using
epigenetic profiling such as DNA methylation profiling, histone modification profiling, and
miRNA profiling. The screened molecules could then be validated in terms of specificity
and sensitivity using molecular techniques (for example, sequencing, quantitative real-time
PCR (qRT-PCR), chromatin immunoprecipitation quantitative PCR (ChIP-qPCR), and
miRNA arrays) and can give birth to a new biomarker by correlating their use with clinical
outcomes.

The genetic and epigenetic processes are intricately connected in driving the development of
brain dysfunction including stroke during HHcy. Though the current approaches using
genetic and epigenetic processes are promising, there are several limitations that need
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attention and exploration in HHcy-induced stroke. The major concerns are relating
polymorphisms in Hcy pathway genes with epigenetic mechanisms and identifying of
HHcy-related epigenomic patterns that feature transcriptional output and consequences into
stroke. There are several challenges in determining specific epigenetic patterns in HHcy-
induced stroke and their use as prognostic factors

Another important limitation in HHcy-induced stroke is with the therapeutic approaches
with epigenetic-modulating agents, for example, their use, delivery issues, concern with
maintenance of a pharmacodynamic response, and achievement of a therapeutic index. A
further limitation is associated with determining the role of drug in epigenetic mechanisms
(methylation or histone modification), issues concerned with specificity and sensitivity, and
their role in establishing prediction of response to the treatment. There are several other
questions related to epigenetic agents as well, for instance, with demethylating agents that
selectively target replicating cells and clinical outcome of treatment with demethylating
agents may be dependent on the specific profile of methylated genes. The toxicity of
epigenetic modulators is one more issue that limits their efficacy.

A new group of molecules called “exosomes” are microvesicles that carry miRNA, ncRNA,
and proteins and are secreted in local or peripheral circulations [87]. Exosomes also carry
regulatory proteins on their surface and signaling molecules for recognition and uptake, and
mediate cell to cell transfer of RNA molecules. Exosomes can be manipulated for carrying
target RNAs (siRNA/miRNA), expressing signaling molecules on their surface, or carrying
drug molecules inside them for the treatment of neurodegeneration, HHcy-induced stroke
therapeutics, neuronal plasticity, and expressing as biomarkers in HHcy-induced stroke.
Exosomes are potential promising agents in order to determine the therapeutic potential of
RNA drugs and for efficient, tissue-specific, and nonimmunogenic delivery of the epigenetic
drugs and siRNA/miRNA. A recent report confirmed a similar approach for delivering
siRNA to the mouse brain by systemic injection of targeted exosomes [88]. In another study,
exosomes have been used to deliver therapeutic mRNA/protein for treatment of cancer [89].
However, there are very few reports and this area still needs to be explored. Hence, taken
together, studying epigenetic mechanisms reveals epigenetic agents that can be employed
for modulating DNA methylation, histone modification, and regulating RNA molecules to
favor neuronal mechanisms in stroke during HHcy.

In the present review, we discussed the genetic and epigenetic role in stroke during HHcy.
The high Hcy levels lead to alteration of the activity of DNMTs that consequently causes
hypermethylation of the genes and gene silencing. This further affects the genes that play an
important role in pathophysiology of stroke. The process also affects the expression of
histone modification genes and ncRNA including miRNA. Hence, we highlight the role of
Hcy-mediated epigenetic changes and possible mechanisms in stroke since they are poorly
explored. Hcy levels that are regulated by many genes may lead to stroke causing epigenetic
modifications and potential epigenetic agents/drugs or RNAs that modulate epigenetic
changes can be used as therapeutics. In our opinion, epigenetic approaches in HHcy-induced
stroke are very promising. Studies are required in this area to explore epigenetic regulatory
pathways and mechanisms that could improve the disease and also help in stroke
therapeutics.
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Fig. 1.
Genes, pathways, and the mechanisms of homocysteine metabolism
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Fig. 2.
Epigenetic mechanisms that could be involved in hyperhomocysteinemia-induced stroke.
These mechanisms also control genes of homocysteine pathway that leads to
hyperhomocysteinemia. SAM S-adenosylmethionine, SAH S-adenosylhomocysteine,
ncRNA noncoding RNA, HAT histone acetyltransferase, HDAC histone deacetylase,
miRNA microRNA, DNMT DNA methyltransferase, snRNA small nuclear RNA, lncRNA
long noncoding RNA, snoRNA small nucleolar RNA, siRNA small interfering RNA, tRNA
transfer RNA, rRNA ribosomal RNA, gRNA guide RNA
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Fig. 3.
Epigenetic potential agents involved in stroke therapeutics. DNMT DNA methyltransferase,
HDAC histone deacetylase, REST repressive element-1 silencing transcription factor,
CoREST corepressor for element-1 silencing transcription factor, miRNA microRNA,
siRNA small interfering RNA, lncRNA long noncoding RNA
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Table 1

Genes involved in homocysteine metabolism pathway

Gene symbols Names

AHCY S-Adenosylhomocysteine hydrolase

AMD1 S-Adenosylmethionine decarboxylase 1

BHMT Betaine-homocysteine methyltransferase

CBS Cystathionine-beta-synthase

CHDH Choline dehydrogenase

CTH Cystathionase

DHFR Dihydrofolate reductase

FOLR1 Folate receptor 1

GIF Gastric intrinsic factor

MAT1a Methionine adenosyltransferase I, alpha

MAT2a Methionine adenosyltransferase I, alpha

MAT2b Methionine adenosyltransferase II, beta

MTHFD1 Methylenetetrahydrofolate dehydrogenase 1

MTHFD2 Methylenetetrahydrofolate dehydrogenase 2

MTHFR 5,10-Methylenetetrahydrofolate dehydrogenase

MTR 5-Methyltetrahydrofolate-homocysteine methyltransferase

MTRR 5-Methyltetrahydrofolate-homocysteine methyltransferase reductase

NNMT Nicotinamide N-methyltransferase

PON1 Paraoxonase 1

SHMT1 Serine hydroxymethyltransferase 1

SHMT2 Serine hydroxymethyltransferase 2

SLC19A1 Solute carrier family 19 member 1

TCN1 Transcobalamin I

TCN2 Transcobalamin II

TYMS Thymidylate synthase
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