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Abstract

A detrimental consequence of hypermethylation is hyperhomocysteinemia (HHcy), that causes
oxidative stress, inflammation, and matrix degradation, which leads to multi-pathology in different
organs. Although, it is well known that hypermethylation leads to overall gene silencing and
hypomethylation leads to overall gene activation, the role of such process in skeletal muscle
dysfunction during HHcy condition is unclear. In this study, we emphasized the multiple
mechanisms including epigenetic alteration by which HHcy causes skeletal muscle myopathy.
This review also highlights possible role of methylation, histone modification, and RNA
interference in skeletal muscle dysfunction during HHcy condition and potential therapeutic
molecules, putative challenges, and methodologies to deal with HHcy mediated skeletal muscle
dysfunction. We also highlighted that B vitamins (mainly B12 and B6), with folic acid
supplementation, could be useful as an adjuvant therapy to reverse these consequences associated
with this HHcy conditions in skeletal muscle. However, we would recommend to further study
involving long-term trials could help to assess efficacy of the use of these therapeutic agents.
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Hyperhomocysteinemia (HHcy/HHCY) is a complex metabolic multifactorial disorder with
defects in Hcy (thiol-containing amino acid) metabolism with high prevalence in the general
population (~5%) [Brustolin et al., 2010]. HHcy is typically caused either by genetic defects
in the enzymes involved in Hcy metabolism (e.g., 677C>T and 1298 A>C polymorphism in
methylene tetrahydrofolate reductase MTHFR gene) or by nutritional deficiencies in vitamin
B12, B6, and folate [Brustolin et al., 2010; Picker and Levy, 2014]. There are also several
factors such as age, sex, physical activity, alcohol intake, certain medications, and different
disease conditions that can modulate the Hcy level in blood [Ames et al., 2002; Van
Guldener, 2006; Signorello et al., 2007; Neuman et al., 2013; Choi et al., 2015]. Depending
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upon severity of this HHcy conditions it can be classified as follows: (1) moderate HHcy: 15
and 30 umol/L; (2) intermediate HHcy: 30-100 pumol/L; and (3) severe HHcy: >100 pmol/L
[Tiahou et al., 2009]. Hcy is produced during the methionine (MET) cycle, where dietary
MET is first converts to S-adenosylmethionine (SAM), then SAM converts to S-
adenosylhomocysteine(SAH), which then, finally converts to Hey [Veeranki and Tyagi,
2013]. The plasma level of Hcy is controlled by two processes: either Hcy is degraded to
cysteine via transsulfuration reaction using cystathionine beta synthase (CBS), cystathionine
v-lyase (CSE) enzyme, and B6 as a cofactor or Hcy can be re-methylated to MET by MET-
synthase using vitamin B12 as a cofactor and MTHF as the methyl donor through folate
cycle [Veeranki and Tyagi, 2013]. In normal conditions, the synthesis and elimination of
Hcy are in balance (~50% being re-methylated and ~50% eliminated) [Cascella et al., 2015],
however, in diseased state the rate of cellular Hcy synthesis is faster than the elimination,
which leads to excess release of Hcy into the blood circulation, and this condition is known
as HHcy (Fig. 1) [Cascella et al., 2015].

HHcy is well accepted risk factor for vascular diseases [Markand et al., 2015], however,
several studies also reported that HHcy conditions leads to skeletal muscle weakness and
functional impairment [Veeranki and Tyagi, 2013; Picker and Levy, 2014]. Children born
with severe homocystinuria due to CBS deficiency exhibit poor body weight, skeletal muscle
myopathy, and die in teenage [Picker and Levy, 2014], whereas HHcy condition displays
decreased bodyweight and skeletal muscle mass, which ultimately leads to muscle myopathy
[Veeranki and Tyagi, 2013]. Results from our laboratory in this field, previously, showed that
the expression of CBS and CSE were very less in skeletal muscles, which increases the risk
for HHcy mediated injury [Veeranki and Tyagi, 2015]. In the same study, Veeranki et al.
[2015] showed that HHcy mice (CBS*/~gene) has lower body weight and skeletal muscle
weight of these mice are less fatigue resistant, produces less contractile force, have lower
muscle ATP levels, low dystrophin, and mitochondrial transcription factor A (mtTFA)
compared to control mice (C57BL/6J) [Veeranki and Tyagi, 2015]. In a study, Kanwar et al.
[1976] found that HHcy can cause focal fragmentation, disruption, and smearing of the Z-
discs and disorganization of the myofilaments in the skeletal muscles. Its showed that Hcy
can reduce cellular metabolic activity and induce energy imbalance in gastrocnemius rat
skeletal muscle by decreasing the activity of pyruvate kinase, creatine kinase, and increasing
the activity of succinate dehydrogenase [Kolling et al., 2013]. Similarly, Veeranki et al.
[2015] showed in a study that Hcy affects fatty acid oxidation of energy metabolism in
skeletal muscle via PGC-1a specific protein nitrotyrosylation and reduce its association with
PPAR-y [Veeranki and Tyagi, 2015]. On the other hand many neurological disorders like
amyotrophic lateral sclerosis (ALS) and multiple sclerosis which affect muscle degeneration
are also connected to HHcy [Zoccolella et al., 2008; Valentino et al., 2010; Zoccolella et al.,
2012]. HHcy also leads to significantly lower physical functions by deteriorating skeletal
muscle functions in older people comparing to age matched healthy subjects [Kado et al.,
2002], which might suggests that ageing is one of the potential factor to be consider in this
process [Westerblad et al., 2010].

HHcy is known to produce oxidative stress, which interfere with different signaling pathway
and also inhibits methylation reactions [Hayden and Tyagi, 2004; DiBello et al., 2010; Koz
et al., 2010; Mishra et al., 2010], but how ROS affect skeletal muscles during HHcy is
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unclear. Whereas, various reports also suggested that HHcy develops immune activation via
releasing of inflammatory cytokines [Craven and Derubertis, 1984; Wang et al., 2000;
Delerive et al., 2001; Au-Yeung et al., 2003; Durga et al., 2005; Gori et al., 2005; Holven et
al., 2006; Lazzerini et al., 2007; Thompson et al., 2007; Brustolin etal., 2010; Oudi et al.,
2010], the mechanismof such processin skeletal muscle is undetermined. Nevertheless,
different studies also showed that HHcy causes proliferative fibrous intimal plaque
formation, disorganization, and fibrosis of the media and extracellular matrix (ECM)
remodeling [Vermeulen et al., 2001; Mujumdar et al., 2002; Kundu et al., 2009; Tyagi et al.,
2009; Mann et al., 2011; Steed and Tyagi, 2011; Lee et al., 2012a; Dick, 2013; Veeranki et
al., 2015; Winchester et al., 2015], however, the mechanism of such process is poorly
understoodin skeletalmuscle. Due to high MET dietSAMlevelis increased, which leads to
global hyper-methylation that causes gene silencing and produces high level of Hcy in this
process (HHcy), which affect multiple signaling pathways via oxidative stress,
inflammation, and ECM remodeling, but how such conditions cause skeletal muscle
myopathy is poorly characterized. In this article we described Hcy mediated skeletal muscle
dysfunction via oxidative stress, inflammation, and matrix remodeling and cross talk
between different cytokines inthis process. We alsoemphasized the role Hcy in epigenetic
alteration through DNA methylation, histone modification, and RNA interference that can be
potential risk factors for skeletal muscle dysfunction and summarized the ideas of reversal of
HHcy effect in skeletal myopathy.

HHCY MEDIATES OXIDATIVE STRESS AND SKELETAL MUSCLE
DYSFUNCTION

Oxidative stress is known as over production of free radicals than its detoxification that
affects many cellular signaling pathways in different organs. Several studies have been
reported that HHcy creates oxidative stress that promotes apoptosis, inflammation, insulin
resistance, and dysregulation of lipid metabolism in different organs [DiBello et al., 2010].
Although many reports suggested that oxidative stress during HHcy affect different organs,
there is no study to support that on skeletal muscle. HHcy typically generates oxidative
stress via auto-oxidation of the sulfhydryl group of Hcy that produces oxidized disulfide,
two H*, two electrons (e”), promotes the production of reactive oxygen species (ROS) such
as superoxide, hydrogen peroxide, and hydroxide radicals [Hayden and Tyagi, 2004]. This
increased level of ROS further can cause lipid peroxidation, protein denaturation, and DNA
damage (Fig. 2), which ultimately damage cellular components; modulates gene expression,
alters cell signaling pathways, and energy imbalance [Veeranki and Tyagi, 2013]. In
addition, Hcy can also form Hcy-thiolactone and acetylates free amino groups in proteins,
which further intensify the exaggerated oxidative stress condition [Hayden and Tyagi, 2004].
DiBello et al. [2010] showed that proteins (PRDX1, PRDX2, and HSP90AA) which are
produce as a response to oxidative stress was significantly upregulated in liver during HHcy
[Mishra et al., 2010]. One study showed that production of ROS was ameliorated by PPAR-
v activation in ECs [Hayden and Tyagi, 2004], as previously reported from our laboratory
showing that PPAR -y was reduced in HHcy [Mishra et al., 2010], this suggests that HHcy
can also induce ROS levels via PPAR- -y mediated pathway. Furthermore, during HHcy, Hey
competitively inhibit cysteine entrance inside the cells. As cysteine is indispensable for the
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synthesis of glutathione (GSH), lack of cysteine inside the cells in HHcy conditions can
compromise the cellular antioxidant potential in skeletal muscle [Brustolin et al., 2010].
HHcy lead to oxidative stress and that interferes with different cellular signaling pathways in
different organs, so more studies are required to see such effect on skeletal muscle myopathy
in HHcy.

HHCY MEDIATES INFLAMMATION AND SKELETAL MUSCLE DYSFUNCTION

Inflammation is a biological response of body tissue by external factors (like ROS), which
helps to heal that damaged tissue via releasing different inflammatory cytokines, but chronic
inflammation can promote skeletal muscle dysfunction. Several studies have been reported
that HHcy induces chronic inflammation, which leads to different pathology in different
organs; however, the molecular mechanism of this process is still unclear [Brustolin et al.,
2010]. During inflammatory condition (myositis) immune cells (CD8+ T lymphocytes)
infiltrate through the membrane and attack skeletal muscle cells (auto immune responses),
that causes degeneration, muscle weakness, and fibrosis (Fig. 2) [Brustolin et al., 2010].
High concentration Hcy known to activate NF-xB via oxidative stress [Delerive et al., 2001],
leads to release of inflammatory cytokine (Fig. 2). Consistent with this HHcy can also
activate Caspase-1 through nod-like receptor protein 3 (NLRP3), leading to IL-1p secretion
[Brustolin et al., 2010]. Previous studies from our research group showed that HHcy causes
reduction of PPAR-g level in muscle and that PPAR- -y shown to have anti-inflammatory
activities by inhibiting the expression of pro-inflammatory genes, this suggest that one of the
factor for inflammation in HHcy is reduction of PPAR- -y level [Delerive et al., 2001; Mishra
et al., 2010]. In another study, Thompson et al. [2007] suggested the anti-inflammatory
activity of PPAR-y by showing the presence of IL-10 promoter under PPAR responsive
element (PPRE). Oudi et al. [2010] also found that tHcy correlated with IL-6, TNFa,, and
high-sensitivity C-reactive protein (hsCRP) levels, which initiate inflammation. In addition
to these findings, Holven et al. [2006] suggested that HHcy causes cardiovascular disease
via inflammation through increasing IL-1ra, IL-6 levels [Gori et al., 2005; Oudi et al., 2010].
A high blood level of Hcy promotes higher blood levels of arachidonic acid and
prostaglandin E, (PGE5) which can lead to inflammation [Durga et al., 2005]. Various
studies also showed that lowering of Hcy concentrations via folic acid supplementation
ameliorates these effect and inflammation [Durga et al., 2005]. Finally, as HHcy impair the
blood flow through vascular dysfunction, it is very plausible that HHcy could promote or
exacerbate pathological remodeling of skeletal muscle as well.

HHCY MEDIATES ECM REMODELING AND SKELETAL MUSCLE
DYSFUNCTION

The extracellular matrix (ECM) is present outside of cells surrounding the muscle tissue
ECM provides a very rigid structure that helps muscle to overcome high levels of
mechanical stress that is placed on it [Au-Yeung et al., 2003]. Hence, muscle remodeling
(degradation and regeneration of fibrous ECM proteins like collagen, elastin and fibronectin)
is very important to understanding the pathology of myopathic diseases [Au-Yeung et al.,
2003]. During chronic inflammation, it comes to excessive collagen deposition and elastin
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depletion occur, which makes muscle fibrotic, unstable, and rigid (pathological remodeling)
[Mann et al., 2011]. Matrix metalloproteinases (MMP’s) are largely responsible for the
proper degradation of the ECM in healthy individuals, however study from our laboratory
showed that HHcy causes pathogenic vascular remodeling by inducing the levels of MMPs
(-2, 9, 14) and reducing elastin, TIMP-4 (Fig. 2) [Kundu et al.,2009]. In another study, it is
suggested that Hcy may enhance vascular constrictive remodeling by inactivating PPAR-g in
endothelial cells (ECs) and smooth muscle cells (SMCs) but the molecular mechanism is
still unknown [Mujumdar et al., 2002]. It has been suggested that HHcy can activate the
MMP-9, which leads to degradation of ECM components such as collagen type IV and
elastin in vascular system [Mujumdar et al., 2002]. Oxidative stress can also activate MMP-9
via an extracellular signal-regulated kinase (ERK) signaling pathway, that leads to
degradation of the gap junction protein connexin-43 (Cx-43) in the myocardium, which
causes fibrosis and ventricular dysfunction (Fig. 2) [Tyagi et al., 2009]. Similarly, in another
study, Lee et al. [2012a] suggested that Hcy can enhances the production of MMP-9 via
ERK signaling pathways, and as well through the Akt pathway in murine macrophages. In
addition to activation of MMP-9, Hcy can also induce ECM metalloproteinase inducer
(EMMPRIN) that can be induced through inflammatory factors such as interleukin 1L-18
[Winchester et al., 2015]. Macrophage are required for the growth and repair of damaged
muscle tissue, but during HHcy condition macrophage gets activated due to chronic
inflammation which leads to adverse skeletal muscle remodeling [Winchester et al., 2015].
It, also, has been shown that Hcy acts as an antagonist of the gamma aminobutyric acid—
A(GABA-A) receptor, which leads to increased ROS production, induced MMP9 activity,
and decreased NO production through the uncoupling of eNOS [Winchester et al., 2015].
Furthermore, HHcy can causes skeletal muscle cytoskeletal network degradation including
dystrophin and cause the muscle wasting via matrix remodeling [Veeranki et al., 2015].
Regarding to all studies that we described here, it is very clear that HHcy condition leads to
skeletal muscle dysfunction via inducing oxidative stress, chronic inflammation, and ECM
degradation.

EPIGENETIC REGULATION OF HHCY MEDIATES SKELETAL MUSCLE
DYSFUNCTION

Epigenetics is defined as change in gene expression (phenotype) without alterations of DNA
sequence, which mostly heritable but can also be occurred during life-time (gene-
environment interactions) [Dick, 2013]. There are three major epigenetic modifications
which can either silence or activate gene expression: (1) DNA methylation; (2) histone
modification; and (3) RNA interference. As Hcy levels are regulated by re-methylation
process (converting into methionine) or transsulfuration (converting into cysteine) [Veeranki
et al., 2015], due to high MET diet or genetic mutation SAM level is increased, which leads
to highpermethylation of DNA and histone [Veeranki et al., 2015]. Global DNA hyper-
methylation is known to silent gene expression during HHcy condition, which leads to multi
factorial pathology in skeletal muscle [Veeranki et al., 2015]. In addition to DNA
methylation, SAM level also serves as the methyl donor for more than one hundred different
cellular methyltransferase reactions (histone, RNA etc.). Gene activation or deactivation
depends upon methylation pattern of N-terminal tail of histones [Martin and Zhang, 2005].
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Moreover, crosstalk between these histone tail modification (methylation, acetylation, and
homocysteinylation) may have mechanistic linkages with different disease pathology [Xu L
et al., 2015]. Though, there are plenty of evidences which suggested that HHcy is associated
with epigenetic alteration that can affect gene expression and cause multifactorial pathology
[Handy et al., 2011], but very limited studies have showed the role of these modifications in
skeletal muscle dysfunction. Some researchers also reported that the dissimilar detrimental
effects of Hcy in various concentrations may be altering gene silencing and activation in
different pattern. Mild to moderate HHcy may influence gene expression mainly through the
interference of transferring methyl-group metabolism but severe HHcy may induce more
injurious effects [Zhou et al., 2014], may be by increasing oxidative stress, promoting
apoptosis, inflammation, and matrix remodeling in skeletal muscle.

HHCY MEDIATES SKELETAL MUSCLE DYSFUNCTION THROUGH DNA METHYLATION

Intake of high MET diet induces SAM (methyl donor) level, which creates hypermethylation
as well as increase Hcy level, however, elevated Hey level may induce SAH synthesis [Zhou
et al., 2014]. However, increase in SAH can inhibit SAM-dependent methyltransferases,
such as DNMTs via negative feedback mechanism. [Zhou et al., 2014] As DNMTs transfer
methyl groups from SAM to cytosine residues in DNA, hence dysfunction of Hcy metabolic
pathways may result in DNA hyper/hypomethylation [Zhou et al., 2014]. Several studies in
human and animal model have been suggested that HHcy leads to hyper/hypomethylation in
tissue specific manner (Fig. 3) [Devlin et al., 2004; Lund et al., 2004; Chaturvedi et al.,
2014]. Yideng et al. showed hypomethylation of LINE-1 and Alu after treating of vascular
smooth muscle cells (VSMCs) with high Hcy concentration [Zhou et al., 2014], they also
indicated that high Hcy may increase SAH and decrease SAM concentrations by changing
SAH hydrolase expression and enhancing activity of DNA methyltransferase [Zhou et al.,
2014], this suggested that Hcy may inhibit SAH hydrolase and DNA methyltransferase by
negative feedback mechanism as we described previously. In contrast, Su et al. [2009]
showed that HHcy can induce hypermethylation of CpG islands located in promoter of ERa
gene and facilitate the initiation and development of atherosclerosis. Moreover, in a study,
Zhou et al. [2014] suggested that HHcy caused hypermethylation in DDAH2, led to
apoptosis of ECs, which suggest higher activity of DNMT during HHcy. However, Zhang et
al. [2007] showed that 10 and 30 pmol/L Hcy concentration may induce hypomethylation,
100 and 300 umol/L may induce hypermethylation in the promoter CpG island of DDAH2
gene. Our previous work revealed that HHcy increase global methylation through increasing
DNMT -3a, —3b, and H3K18ac expression in CBS™* mouse model [Chaturvedi et al.,
2014]. Some studies suggested that expression of PPAR-g gene is regulated by DNA
methylation of its promoter region and we also described previously that HHcy reduce
PPAR level in different tissue [Fujiki et al., 2009], that causes oxidative stress, inflammation,
and ECM degradation, but whether HHcy causes myopathy through epigenetic modification
of PPAR-y promoter is still unknown. Although, we have seen that hypo/hyper methylation
of DNA depends on duration and degree of the hyperhomocysteinemic state and tissue types
[Stern et al., 2000; Yi et al., 2000; Friso et al., 2002; Lund et al., 2004; Castro et al., 2006],
but no study has been done to show these effect on skeletal muscle. There are also many
other factors have been identified that can modify DNA methylation patterns including the
rate of cell growth and DNA replication, chromatin accessibility, local availability of SAM,
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nutritional factors (folate supplementation), inflammation, dyslipidemias, oxidative stress,
and aging [Kouzarides, 2007], which further open up the idea that HHcy can cause muscle
dysfunction by changing the expression of specific genes through epigenetic mechanism. So,
further studies are required to resolve possible Hcy’s effects on methylation, gene
expression, and myopathy.

HHCY MEDIATES SKELETAL MUSCLE DYSFUNCTION THROUGH HISTONE MODIFICATION

DNA is generally wrapped around the histones protein (two subunit of each H2A, H2B, H3,
and H4) to form nucleosome in specific interval of DNA [Marifio-Ramirez et al., 2005].
Histone can be post-translationally modified (acetylation, methylation, phosphorylation,
ubiquitination, and sumoylation) by different sets of enzymes which leads to gene activation
and repression [Kouzarides, 2007]. This modification is dynamic in nature that means these
activation and repressive marks can be reverse by specific sets of enzyme [Lister et al.,
2009]. For example, histone methyltransferase (HMTSs) transfer a methyl group from SAM
to a lysine residue mainly on H3 or H4, while histone demethylases eliminate methyl groups
[Lister et al., 2009]. Although alteration of histone modifications can causes upregulation or
downregulation of specific gene expression, but very limited studies have been on HHcy
mediated histone modification and its associated pathology [Martin and Zhang, 2005].
Since, HHcy can inhibit SAM-dependent methyltransferases via negative feedback
mechanism; it can be concluded that HHcy can also alter histone methylation pattern that
might influence cellular signaling. In a recent study it was showed that diet induced HHcy
can reduce the H3R8me2a marks in brain tissue of wistar rats [Esse et al., 2013]. Same way
in CBS mouse model it is showed that global protein arginine methylation status was
decreased (10-35%) in liver and brain tissue due to HHcy condition [Esse et al., 2014].
After treatment when Hcy level is reduced, it has shown that causes reduction of repressive
mark H3K9me2 on the promoter of COL1A1 human liver cells via decreasing the
expression of histone methyltransferase (G9a) [Lei et al., 2015]. Histone (H3 and H4)
acetylation also found to be increased in monocytes after treatment with Hcy (100 umol/L)
via suppression of HDAC activity [Wang et al., 2002].

HHCY MEDIATED SKELETAL MUSCLE DYSFUNCTION THROUGH RNA INTERFERENCE

Previously, researchers believed that RNA has only housekeeping function (tRNAs and
rRNAs) and messenger (MRNA) between the genes encoded on the DNA [Wang et al.,
2002]. In recent years, many new classes of regulatory non-coding RNAs have been
identified, including micro-RNA, endogenous small interfering RNAs (endo-siRNAS),
PIWI-associated RNAs (piRNAs), and long non-coding RNAs [Wang et al., 2002; Yang et
al., 2016]. Different types of RNA interfere with gene expression in different way. In a study
by Li et al. [2015a] showed that Hcy (1 mmol/L) regulates miR-30b level, that is involved in
cell apoptosis by regulating the expression of caspase-3. In addition to this, Hcy also showed
to down-regulate miR-18a that also involves in regulating cell apoptosis [Li et al., 2015a].
Significant decrease in NRF-1 (transcriptional regulator of TFAM A expression) in HHcy
mice enhanced mir-494, which cause enhanced fatigability of muscle [Veeranki et al., 2015].
In another study, Mishra et al. [2010] showed that HHcy induces cardiac hypertrophy via
suppression of anti-hypertrophy miR-133a in cardiomyocytes [Kesherwani et al., 2015]. Hcy
regulates miRNA expression in different tissue types that leads to multiple pathologies, but
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there were no studies done to show miRNA regulation in skeletal muscle during HHcy, so
studies are necessary to determine all predicted miRNA (depending upon the predicted
binding site) in skeletal muscle cells to check their regulation during HHcy.

REVERSAL OF HHCY MEDIATES SKELETAL MUSCLE DYSFUNCTION

As we already know that Hcy metabolize in two pathways: re-methylation and
transsulfuration, which require folate, vitamins B6 and B12 as a cofactors. HHcy is caused
due to dietary factors, which mainly include intake of high methionine and deficiency of
folate, vitamins B6 and B12 in diet, however, dietary supplementation of these vitamins
significantly reduce Hcy levels (Fig. 4) [Kraus et al., 1999; Potena et al., 2000; Riddell et al.,
2000; Assanelli et al., 2004; Linnebank et al., 2004; Chanson et al., 2005; Sultan et al.,
2007; Stover, 2009; Partearroyo et al., 2010; Sibal et al., 2010; Pizzolo et al., 2011; Lee et
al., 2012a; Stamm and Houghton, 2013; Xia et al., 2014; Amini et al., 2015; Dehkordi et al.,
2016; Ibrahimagic et al., 2016; Office of Dietary Supplements, 2016]. Several studies have
been reported that low vitamin B12 and/or folate are associated with high Hcy and increase
the risk for cardiovascular disease, pregnancy complications and neural tube defects [Kraus
et al., 1999; Stamm and Houghton, 2013; Ibrahimagic et al., 2016], but very limited study
has been done in regards to skeletal muscle dysfunction in HHcy. Although clinical trials
suggested that folate therapy is the most effective Hcy-lowering treatment [Monfared et al.,
2016], however, some studies have found progression of cardiovascular complications after
controlling Hey level due to may be “memory” effect [Brude et al., 1999]. Whereas, dietary
choline and betaine are also important co-factors of the one-carbon pathway, act as an
indirect methyl donor [Petr et al., 2013]. In the first part of this article, we have described
how HHcy can alters gene expression via DNA methylation (hypo/hyper), histone
modification (acetylation/methylation), and RNA interference (mainly microRNAS) in
different cell lines, however HHcy mediated epigenetic changes and muscle myopathy yet to
be studied. Moreover, all these modifications can be reversible via specific sets of enzymes.
Specific environmental factors can induce skeletal muscle dysfunction via modulating Hcy
level, to that there should be some factors which can reverse these pathological
consequences. Here we predicted various future prospective treatments like supplementation
of vitamin B6, B9, B12, choline, betaine, creatinine, exercise, yoga, H2S, and lifestyle
modification to ameliorate HHcy mediated skeletal muscle dysfunction.

VITAMIN B6 SUPPLEMENTATION

Vitamin B6 is a cofactor of CBS and CSE in trassulfuration reaction, which eliminate Hcy
by converting it to cysteine, hence one of the primary treatment for HHcy is vitamin B6
supplementation. so it is a critical factor for Hcy metabolism. Different study showed that
vitamin B6 supplementation prevents the oxidative stress and decrease of prostacyclin
generation in HHcy rats [Stamm and Houghton, 2013]. Although many studies showed that
vitamin B6 supplementation ameliorate the pathological effect of HHcy, unfortunately not
all patients respond same way to vitamin B6 and the exact reason for this is not known yet.
Preliminary studies have shown that patients with 1278T or R266 K polymorphism in CBS
gene respond to vitamin B6 treatment very well [Kraus et al., 1999], whereas individual with
G307S and ¢.1224-2A>C polymorphism doesnot respond to vitamin B6 treatment [Stover,
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2009], therefore, vitamin B6 should be given to individual based on measurement of total
serum Hcy level [Office of Dietary Supplements, 2016]. Hence, in most cases, B6
responsive individuals also require protein-restricted diet (or MET free formulated
supplement) to reverse these pathology associated with HHcy.

B12 SUPPLEMENTATION

Vitamin B12 is most important in MET cycle and act as a cofactor of methionine synthase,
which transfer methyl group from folate to homocysteine during remethylation reaction. In a
case-control11 study Tayebi et al. [2016], showed that vitamin B12 supplementation reduce
serum Hcy levels in patients undergoing hemodialysis [Monfared et al., 2016]; they also
found that combined treatment with folate (10 mg/day) and vitamin B12 (1 mg/day) can be
considered as a favorable treatment for HHcy. Another study by Menon et al. [2016]
suggested that combined supplementation with folic acid, vitamin B6 and vitaminB12 is
very effective treatment for HHcy patients [Petr et al., 2013]. It has been shown that
supplementation with B vitamins (B9 and B12) correlated to the MTHFR genotypes and
have been shown to lower significantly tHcy in hemodialysis patients [Achour et al., 2016].
From these above studies, we might say that intervention with B12 combined with other B
vitamins can be possible treatment for skeletal muscle dysfunction in HHcy condition. More
study has to be done to confirm this association.

FOLATE (VITAMIN B9) SUPPLEMENTATION

Folate helps in optimizing the conversion of Hcy into MET (in remethylation reaction) by
enhancing MET-synthase activity and, thus, lower serum Hcy level. HHcy occurs due to
disruption of folate metabolism, which provides one-carbon donor to Hey for re-methylation
reaction and therefore to SAM for methylation reactions [Sibal et al., 2010]. Folic acid is the
most effective B vitamin to reduce elevated concentrations of Hcy ~25%; in combination
with vitamin B6 and vitamin B12 can lower Hcy concentrations an additional 7% [Liu et al.,
2014]. Many studies showed folates are required for cellular proliferation, methylation
reactions, and maintenance of Hcy activation/repressive marks at non-toxic levels. That is
why a demand of folate increase during embryonic development (due to globalremethylation
and demethylation) is necessary and inadequate supply of folate leads neural tube defect
[Stamm and Houghton, 2013]. lamopas [2015] showed that folic acid supplementation can
also reduce Hcy level in obese children [Dehkordi et al., 2016]. Folate supplementation can
modulate biochemical markers in one-carbon metabolism such as tHcy and the AdoMet/
AdoHcy ratio in HHcy subjects [Pizzolo et al., 2011], hence low-folate intake and a
polymorphism in MTHFR have been associated with increased risk for several cancers,
likely through dysregulated DNA and histone methylation patterns [Lee et al., 2012b].
However, some studies also found that folic acid supplementation does not exert a protective
effect for HHcy and global DNA methylation [Partearroyo et al., 2010] which may be due to
the involvement of some other confounding factors like age, sex, and ethnicity. One report
has suggested that simple non-toxic folic acid intervention might be useful in primary
cardiovascular prevention in this high risk group because Hcy is a stronger risk factor for
[Sultan et al., 2007]. In another study, it is showed that combined treatment with folic acid,
vitamins B12 and B6 for 2 years normalize high Hcy level in regular extracorporeal dialysis
patients [Amini et al., 2015]. Folic acid is also a supplement of choice in treatment of HHcy
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coexisting with other different diseases [Potena et al., 2000; Assanelli et al., 2004; Sibal et
al., 2010; Xia et al., 2014; Ibrahimagic et al., 2016].

CHOLINE SUPPLEMENTATION

Choline can also provide carbon units to remethylate Hcy (predominantly in the liver and
kidney) through its metabolite betaine [Jadavji, 2015], this pathway is increased when
folate- dependent remethylation is disturbed [Schwahn et al., 2004]. The requirement for
choline is also increased during pregnancy for remethylation of Hcy, synthesis of
acetylcholine, neurogenesis, and myelination [Zeisel, 2006; Meck et al., 2008]. Maternal
choline stores can be depleted during pregnancy and lactation due supply to the fetus, which
suggest choline supplementation is as important as other B vitamins to reversal of HHcy
effect [Zeisel, 2006].

BETAINE SUPPLEMENTATION

Betaine is an important co-factor of the one-carbon pathway of Hcy metabolism, hence it
has Hcy-lowering effects and act as a methyl donor. Sometimes betaine along with folic acid
is given to vitamin B6 non-responsive patients [Office of Dietary Supplements, 2016]. Study
showed that betaine or spinach could completely suppress the HHcy induced by choline
deficiency resulting from stimulating the Hcy removal by both remethylation and
cystathionine formation [Liu et al., 2014]. Substances like folic acid, vitamins B12 and B6,
or betaine can influence the methionine-homocysteine cycle and thus lower the
concentrations of Hcy [Rajaie and Esmaillzadeh, 2011; Rajdl et al., 2016], which suggest
that betaine supplementation can also reduce skeletal muscle myopathy during HHcy
condition.

CREATININE SUPPLEMENTATION

Creatinine supplementation has been known to enhance muscle fiber size, strength and
increased lean body mass [Greenhaff et al., 1994]. In addition to energy production via
phosphorylated creatinine (PCr), it is also connects to methionine cycle, where
guanidinoacetate (GAA) gets methylated from SAM to produce creatinine [Petr et al., 2013].
Creatinine supplementation stimulates production of sarcosine which can serve to regenerate
tetrahydrofolate (THF) to 5,10-methylene-THF, which could increase MTHFR enzyme
activity and subsequently Hcy remethylation [Petr et al., 2013]. So, creatinine
supplementation reduces the body’s demands for methyl group, which could be beneficial
treatment for HHcy condition in skeletal muscle.

EXERCISE AND YOGA

Interestingly, elevated levels of Hcy can also affect beta-2 adrenergic receptors (2AR),
gamma amino butyric acid (GABA), and peroxisome [Winchester et al., 2014]. During
excercise contracting skeletal muscle releases interleukin (IL)-6, which increases the
production of anti-inflammatory cytokines, antigenic factors, and follistatin, which improves
muscle growth and possibly insulin sensitivity through the inhibition of myostatin
[Greenhaff et al., 1994]. It has also been revealed that exercise induce cellular anti-oxidative
capacity, which reduces levels of free radicals and mitigation of pathologies induced by ROS
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[Winchester et al., 2014]. Different studies suggested that exercise lowers Hcy levels, which
reduces the adverse effect associated with HHcy. Barre’s et al. [2012] showed that exercise
also changes gene expression through alteration of DNA methylation that triggers structural
and metabolic adaptations in skeletal muscle [Winchester et al., 2014]. Neuman et al. [2013]
stated that exercise lower plasma Hcy concentration in normal rangein folate-restricted diet
mouse models [Winchester et al., 2014]. Another study showed that exercise can prevent
Hcy-induced increases in lipid peroxidation and decreases in superoxide dismutase and
catalase activity in mice [Lee et al., 2012a], suggesting that oxidative stress caused by HHcy
can be reversed by exercise. Studies in humans have also revealed that exercise lowers Hcy
levels in overweight and obese adults as well as in women with polycystic ovarian syndrome
[Sam, 2007]. In a study, Gaume et al. [2005] suggested that demonstrates that the combined
effects of a chronic physical exercise and a high folate and vitamin B intake could be
responsible for the reduction of plasma tHcy and total cysteine (tCys) concentrations that
might be a key for the prevention of many diseases [Gaume et al., 2005]. In addition to
exercise, yoga also was found to be associated with reductions in severity of dysmenorrhea
and may be effective in lowering serum Hcy levels after an intervention period of 8 weeks
[Chien et al., 2013]. It is ideal that exercise and yoga can reduce skeletal muscle myopathy
via normalizing the effect of HHcy.

H2S TREATMENT

Hydrogen sulfide (H»S) has been shown to have an important role in different physiological
functions, [Weber et al., 2016] it has shown that GY'Y4137 (H,S-releasing compound)
reduced the TNF-a and IL-1p levels in the plasma of HHcy mice [Li et al., 2015b]. Hcy
inhibited CSE expression and H2S production in macrophages, accompanied by the
increases of DNA methyltransferase (DNMT) expression and DNA hypermethylation in
CSE promoter region [Li et al., 2015b]. Hence, H2S can be used as a potential treatment to
reduce HHcy related pathology in skeletal muscle myopathy.

LIFE STYLE CHANGES

Smoking habits are related with the increase of basal and after methionine load HHcy
(probably via decrease in vitamin B6 levels) which suggest that vitamin B6 supplements for
smokers could decrease the vascular risk related with smoking habit [Reis et al., 2016].
Other risk factors modification efforts, often not highlighted, include managing HHcy, and
sedentary behavior. These factors are presented as equally important for vascular disease.
Our findings indicated that cigarette smoking was associated with renal function
deterioration in hypertensive patients, and the association between cigarette smoking and
renal function deterioration was probably mediated by elevated Hcy. Therefore, Hcy-
lowering therapy may be beneficial for renal function deterioration in hypertensive smoking
patients. In life style modification, diet is an important factor; a study suggested that low
methionine diet (reduction of the daily intake of methionine to 15-20 mg/kg of body
weight) reduce the concentrations of methionine, tHcy, AdoMet, and AdoHcy in plasma
[Dawsona et al., 2016], which may be the first step to reduce the Hcy level in our body
during HHcy.
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OMEGA-3 FATTY ACIDS

Animal and in-vitro studies reveal that omega-3 PUFAs enhance lipid metabolism and
decrease Hcy concentration by up-regulating metabolic enzymes and improving substrate
availability for Hcy degradation [Monfared et al., 2016]. This study provides more evidence
to support of omega-3 PUFAs for reducing Hcy.

COMMERCIAL DRUGS

Statins improve prognosis in patients with coronary heart diseases by decreasing the
incidence of vascular events. These data support the association between lower tHcy levels
and atorvastatin administration in renal transplant recipients [Palomba et al., 2010]. Further
clinical trials are recommended to clarify Hcy lowering effect of atorvastatin. Metformin is a
drug which has been used to treat type Il diabetes patients. However administration of this
drug shown to increase Hcy level, so it is suggested that with this therapy patients use
vitamin B12 and folic acid supplementation for balancing the Hcy [Palomba et al., 2010]. As
plasma Hcy and the mononuclear cell mMRNA levels of PPARS) level is negatively correlated
[Brude et al., 1999], therefore, Thiazolidinedione (TZD) group drugs (PPAR-y agonist) will
also be beneficial to counteract with Hcy mediated effects, more studies need to prove the
positive effect of TZD during HHcy via reducing the pathological effect of Hcy like skeletal
muscle dysfunction.

CONCLUSION

In the above studies, we have noticed that HHcy induce oxidative stress, inflammation, and
matrix remodeling in different organs via multiple mechanisms. There are very limited
studies which showed this similar effect in skeletal muscle HHcy condition. Whereas, during
HHcy condition, we have seen DNA and histone hyper/hypo methylation occurs, that is,
leading to alteration of cellular signaling in different organs. These hyper/hypo methylation
are tissue specific, so effect of such process may vary in skeletal muscle during HHcy
condition. There are various factors also shown alter epigenetic pattern which includes the
rate of cell growth and DNA replication, chromatin accessibility, local availability of SAM,
nutritional factors including folate supplementation, duration, and degree of the
hyperhomocysteinemic state, inflammation, dyslipidemias, oxidative stress, and aging. Thus,
the relation between increased Hcy and DNA global hypomethylation might be masked in
the clinical setting due to the presence of these confounders. Another important aspect to
consider is that DNA methylation is unequally distributed throughout chromosomes of
differentiated cells. Thus, hyper/hypomethylated regions can coexist in the genome and
global DNA methylation status need not correspond to the methylation status of specific
genomic regions. We have also found supplementation with different external factors such as
vitamins B6, B9, B12, choline, betaine, creatinine, exercise, yoga, H2S, and lifestyle
modification, affect the methylation reaction can reverse these pathological consequences
via reducing Hcy level. In this paper, we identified that folic acid combined with other B
vitamins can significantly reduce Hcy level as well as pathological consequence of HHcy,
which suggests that B vitamins and folic acid is most potential treatments to reversal of
skeletal muscle myopathy due to HHcy condition, although long-term trials are necessary to
assess efficacy of the use of these therapeutic agents.
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We also suggest further studies in the area of hypermethylation and homocysteine mediated
skeletal muscle dysfunction.
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Fig. 1.
Molecular mechanism of Hyperhomocysteinemia.

J Cell Biochem. Author manuscript; available in PMC 2019 June 13.

Page 19



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Majumder et al.

Immune cells

Auto-oxidation (macrophage, neutrophil)

hsCRP Arachidonic acid

Prostaglandin
Hey-thiolactone \
Oxidative Stress

Protein denaturatio

Fig. 2.
Hyperhomocysteinemia mediates skeletal muscle dysfunction.
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Fig. 3.
Hyperhomocysteinemia mediates hypermethylation and alteration of gene expression.
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Reversal of Hyperhomocysteinemia mediates skeletal muscle dysfunction.
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