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Abstract: There is increasing evidence that abnormalities in epigenetic mechanisms of gene 
expression contribute to the development of multiple sclerosis (MS). Advances in epigenetics have 
given rise to a new class of drugs, epigenetic drugs. Although many classes of epigenetic drugs are 
being investigated, at present most attention is being paid to two classes of epigenetic drugs: drugs that 
inhibit DNA methyltransferase (DNMTi) and drugs that inhibit histone deacetylase (HDACi). This 
paper discusses the potential use of epigenetic drugs in the treatment of MS, focusing on DNMTi and 
HDACi. Preclinical drug trials of DNMTi and HDACi for the treatment of MS are showing promising 
results. Epigenetic drugs could improve the clinical management of patients with MS. 
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INTRODUCTION 

 Multiple sclerosis (MS) is a chronic disorder of the 
central nervous system (CNS) involving demyelination, 
gliosis (scarring), and neuronal loss [1]. Over two and a half 
million people throughout the world are afflicted with the 
disease which makes it the most common reason for 
permanent neurological disability in young adults [1,2]. MS 
is about three times more prevalent in women than in men 
with recent evidence showing that the incidence of MS is on 
the rise [3]. The age of onset is usually between 20 to 40 
years, with the average age of onset a few years earlier in 
women as compared to men [1, 2]. The prevalence of MS 
demonstrates a geographical variation with a higher 
prevalence in temperate regions. Increased prevalence also 
correlates with a higher socio-economic status [4]. 
Caucasians are more likely to develop MS than Africans or 
Asians, even when living in a similar environment [1]. 

 The precise cause of MS remains unclear [5]. The most 
commonly accepted hypothesis for the pathogenesis of MS is 
that it begins as an inflammatory autoimmune disorder 
involving autoreactive lymphocytes (predominantly T-cells) 
to myelin basic protein and myelin oligodendrocyte 
glycoprotein [6]. MS is also thought to be dominated by 
microglial activation and chronic neurodegeneration [7]. The 
role of genes in the development of MS is suggested by the 
fact that there is a 5% concordance rate among same-sex 
dizygotic twins and 20 to 30% concordance rate among 
monozygotic twins [8]. The major histocompatibility 
complex (MHC) on chromosome 6 is the most strong MS 
susceptibility region in the genome [8]. Whole genome 
association studies have now identified more than 50 
potential MS susceptibility genes, of which the DRB1*15:01 
locus has been found to be the most significant [1].  
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Environmental factors that have been shown to play a role in 
development of MS include vitamin D, sunlight (UV-B 
radiation) and the Epstein-Barr virus [8]. The distinguishing 
feature of MS are multiple focal areas of myelin loss within 
the CNS termed lesions or plaques [9]. These plaques are 
believed to arise due to a break in the integrity of the blood-
brain barrier in an individual who is genetically predisposed 
[10]. Due to the break, “if lymphocytes programmed to 
recognize myelin antigens enter the CNS, they may cause 
several events leading to the formation of an acute 
inflammatory demyelinating lesion” [10]. “Such lesions 
usually develop in the CNS white matter where the main 
targets are the myelin sheath and the myelinating cell, the 
oligodendrocyte” [10]. “Lesions are seen in all parts of the 
CNS but mainly involve optic nerves, subpial spinal cord, 
brainstem, cerebellum, and juxtacortical and periventricular 
white matter regions” [11]. “Although it has been suggested 
that MS is a disease mainly involving CNS white matter, 
recent pathologic and imaging studies have confirmed that 
demyelinated lesions are also commonly found in the 
cortical gray matter of MS patients” [11-14]. “Histologically, 
many basic processes promote the formation of plaques: 
inflammation, myelin breakdown, astrogliosis, oligodendrocyte 
injury, neurodegeneration and axonal loss, and remyelination” 
[15]. 

 The clinical presentation of MS is very variable. The common 
symptoms of the disease comprise sensory disturbances in 
the face or the limbs, visual loss due to optic neuritis, 
diplopia resulting from internuclear ophthalmoplegia, acute 
or subacute motor weakness, limb ataxia, gait and balance 
difficulties, vertigo, sexual and bladder dysfunction, 
generalized fatigue and pain [1, 7]. Less commonly, patients 
present with psychiatric symptoms [16, 17], early dementia, 
convulsions and specific cortical deficits (aphasia, apraxia, 
alexia or neglect). The clinical course of MS presents as 
remissions and relapses and can be grouped into four 
categories:relapsing/remitting MS, which is the most 
common; secondary progressiveMS; primary progressive 
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MS, the second most common form; and progressive/ 
relapsing MS [1]. 

 MS is usually diagnosed clinically [1]. Magnetic resonance 
imaging (MRI) is the investigation of choice to corroborate 
the clinical diagnosis [18]. The main requirement for the 
diagnosis of MS is the demonstration of CNS lesion 
dissemination in time and space, based upon either clinical 
findings alone or a combination of clinical and MRI findings 
[19, 20]. Cerebrospinal fluid analysis and measurement of 
evoked potentials in afferent (visual, auditory, and 
somatosensory) or efferent (motor) CNS pathways are useful 
additional procedures for confirming the diagnosis of MS 
[1]. 

CURRENT PHARMACOTHERAPY OF MULTIPLE 
SCLEROSIS 

 An important aspect of the pharmacotherapy of MS is the 
treatment of the acute episode which could be the first attack 
or an acute exacerbation of the chronic disease. Such 
episodes are usually treated with glucocorticoids. Three to 
seven day courses of methylprednisolone administered 
intravenously (0.5 to 1gram daily), with or without a short 
prednisolone taper, are usually used [21, 22], although 
adrenocorticotrophic hormone (ACTH) therapy has been 
found to be equally effective [23]. The second aspect of 
pharmacotherapy is the use of disease-modifying drugs that 

reduce the activity of the underlying disease process in MS. 
Although these drugs do not cure the disease, they can 
potentially reduce disease activity and progression. They 
also shorten the duration of acute exacerbations, decrease 
their frequency, and provide symptomatic relief. Eight  
such drugs have been approved by the Food and Drug 
Administration (FDA) of USA for clinical use: four beta 
interferon drugs, glatiramer acetate, mitoxantrone, 
natalizumab and fingolimod. Even though it is known that 
these drugs act by exerting immunomodulatory effects, the 
exact mechanisms of action of these drugs in MS are still 
unclear [24, 25]. The earlier the patient is started on these 
drugs, the more effective they are in preventing relapses of 
disease [24]. However, they are also associated with major 
adverse drug reactions like alopecia, amenorrhoea, infections, 
malignancy, and cardiac toxicity. Other drugs which are  
not FDA-approved like azathioprine, methotrexate, 
cyclophosphamide, mycophenolate mofetil and cladribine are 
also commonly used by physicians off label. The third aspect 
of pharmacotherapy in patients with MS is symptomatic 
relief. Drugs for the management of pain, spasticity, spasms, 
depression, bladder and sexual dysfunction, and urinary tract 
infections are used. To take but one example, dalfampridine, 
which was only recently approved by the FDA, has been 
shown to improve walking speed in MS patients [24]. More 
details of the currently used drugs for the treatment of MS 
are given in Table 1. 

Table 1. Current pharmacotherapy of multiple sclerosis. 

Drug   Drug Class 

Therapy for Acute Attacks 

Methylprednisolone    Glucocorticoid 

ACTH   Anterior pituitary hormone 

Disease-Modifying Drugs 

Interferon beta-1a (Avonex)   Cytokine 

Interferon beta-1a (Pfizer)   Cytokine 

Interferon beta-1b (Bayer)   Cytokine 

Interferon beta-1b (Novartis)   Cytokine 

Glatiramer acetate   Peptide 

Mitoxantrone   Anthracenedione anticancer drug 

Natalizumab   Monoclonal antibody 

Fingolimod   Immunosuppressive drug 

Symptomatic Therapy 

Analgesics, antispasmodics, antidepressants, 

Off-label Drugs 

Azathioprine   Purine analog 

Methotrexate   Folic acid analog 

Cyclophosphamide   Alkylating agent 

Mycophenolatemofetil   Immunosuppressive drug 

Cladribine   Purine analog 
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ROLE OF EPIGENETICS IN THE DEVELOPMENT 
OF MULTIPLE SCLEROSIS 

 Many lines of evidence suggest that abnormalities 
involving epigenetic mechanisms of gene expression 
contribute to the pathogenesis of MS: 1. MS is known to be a 
common, complex disease in which many genes and 
environmental factors are known to contribute to disease 
pathogenesis. In such diseases, it is thought that epigenetic 
mechanisms of gene expression are involved in disease 
pathogenesis [26, 27]. 2. In several common diseases, 
including MS, it has been difficult to find the underlying 
genes by genetic mapping studies, resulting in the term 
“missing heritability” of such diseases. The involvement of 
epigenetic mechanisms of gene expression in the 
pathogenesis of such diseases may be one explanation for the 
missing heritability [28, 29]. 3. The concordance rate for MS 
in identical twins, who are genetically identical, is only 
about 33%, suggesting that there are non-genetic factors in 
disease pathogenesis [1]. 4. Epigenetic mechanisms of gene 
expression are known to be involved in the physiological 
functions of T lymphocytes like the production of various 
cytokines [30]. 5. Epigenetic mechanisms are thought to be 
involved in parent-of-origin effects, a phenomenon in which 
the phenotypic effect of an allele depends on whether it is 
inherited from the mother or father [31]. Such effects have 
been demonstrated at the MHC in patients with MS [31]. 6. 
The clinical course of MS is very variable and characterized 
by remissions and exacerbations, suggesting the involvement 
of epigenetic mechanisms in its pathogenesis [32]. 7. 
Epigenetic mechanisms could help explain the difference in 
prevalence of MS between males and females [33]. 8. There 
is considerable evidence that epigenetic mechanisms are 
involved in promoting autoimmune diseases [34]. 

 Several studies have been conducted on the involvement 
of epigenetic mechanisms in the pathogenesis of MS, and 
more are ongoing [35-38]. These studies have investigated 
changes in DNA methylation, histones, and microRNAs 
(miRNAs). Some studies have been conducted on brain cells 
(Table 2). Mastronardi et al [39] found that there was 
increased citrullination of histone H3 in normal appearing 
white matter of patients with MS in comparison with control 
subjects. Pedre et al [41] using chromatin immunoprecipitaion, 
quantitative PCR, and immunohistochemistry, found a shift 
towards histone acetylation in the white matter of the frontal 
lobes of patients with chronic MS. Huynh and colleagues 

[43] found that genes regulating oligodendrocyte survival 
like BCL2L2 and NDRG1 were hypermethylated and 
expressed at lower levels in MS-affected brains compared to 
controls, while genes related to proteolytic processing like 
LGMN and CTSZ were hypomethylated and expressed at 
higher levels. Tegla et al [44] investigated the expression of 
SIRT1, a member of the histone deacetylase (HDAC) class 
III family, and that of HDAC3 in PBMCs obtained from 
patients with relapsing-remitting MS. They found a 
significant decrease in the expression of SIRTI but not that 
of HDAC3 in the PBMCs of the MS patients during relapses 
compared with controls and stable MS patients. 

 Studies have also been conducted focusing on epigenetic 
mechanisms in peripheral cells of MS patients. Cox et al 
[47] found using miRNA microarray analysis that the 
miRNAs miR-17 and miR-20a are under-expressed in the 
whole blood of patients with MS. This finding was 
confirmed by RT-PCR. The authors also demonstrated that 
these miRNAs modulate T cell activation genes in a knock-
in and knock-down T cell model. Kumagai et al [49] found 
using bisulfite sequencing that over a third of subjects with 
MS had increased promoter methylation of the gene 
encoding the protein tyrosine phosphatase SHP-1, a negative 
regulator of pro-inflammatory signaling and autoimmune 
disease. More recently, Graves and co-workers [50] 
performed a genome-wide DNA methylation analysis of 
CD4+ T cells from 30 patients with relapse-remitting MS 
and 28 healthy controls using illumina 450K methylation 
arrays. They found evidence for association of DNA 
methylation at the HLA-DRB1 locus with risk for MS. 
Calabrese et al [51] studied the expression of enzymes 
involved in DNA methylation/demethylation in PBMCs 
from 40 subjects with MS and 40 matched healthy controls. 
The authors also performed DNA methylation analysis of 
specific promoters and analyses of global levels of 5-
methylcytosine and 5-hydroxymethylcytosine (5hmC). They 
found that the expression of the DNA methylation-associated 
enzymes TET2 and DNMT1 was significantly reduced in 
PBMCs of MS subjects and that this was associated with 
aberrant methylation of the promoters of the genes encoding 
these enzymes. Moreover, 5hmC was reduced in PBMCs 
from MS subjects, probably as a result of reduced TET2 
levels. More details on the findings of epigenetic studies in 
brain cells of MS patients are given in Table 2, and those 
from peripheral cells of MS patients are given in Table 3. 

Table 2. Epigenetic studies in brain cells in multiple sclerosis. 

Epigenetic Change Tissue Refs. 

Increased citrullination of Histone H3 Normal appearing white matter [39] 

Up-regulation of miR-34a, miR-155, and miR-326 Astrocyte cultures [40] 

Enriched acetyl-histone H3 Frontal lobe white matter [41] 

Highly expressed miR-338,miR-155, and miR-491 Cerebral white matter [42] 

Genome-wide differences in DNA methylation Pathology-free brain regions [43] 

Decreased expression of SIRT1 Active brain lesions [44] 

Abbreviations: miRNA = microRNA 
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TRIALS OF EPIGENETIC DRUGS FOR MULTIPLE 
SCLEROSIS 

 The considerable research going on in epigenetics has 
had an impact on pharmacology, leading to a new sub-
speciality in pharmacology called pharmacoepigenetics [52]. 
The use of pharmacoepigenetics on a genome-wide basis is 
termed pharmacoepigenomics [52, 53]. A major aspect of 
pharmacoepigenetics and pharmacoepigenomics is epigenetic 
therapy, the use of drugs to correct epigenetic defects [54, 55]. 
Several categories of epigenetic drugs are being investigated. 
These include inhibitors of DNA methyltransferase 
(DNMTi), inhibitors of histone deacetylase (HDACi), 
histone acetyltransferase inhibitors (HATi), histone 
methyltransferase inhibitors (HMTi), and drugs targeting 
microRNAs (miRNAs). Among these different classes of 
epigenetic drugs, at present, most work is being done on 
DNMTi and HDACi. For identifying effective epigenetic 
drugs for MS, laboratory models of MS are required for 
assessing the potency and efficacy of these drugs. 
Laboratory models of MS have been available for over 75 
years. These models have contributed to the development of 
the currently used drugs for MS. They comprise immune-
mediated, toxic, viral and genetic models using mice and cell 
cultures [56]. Among the laboratory MS models, experimental 
autoimmune encephalomyelitis (EAE) in mice has been very 
widely used [56].  

 Table 4 summarizes the studies conducted to date 
involving trials of epigenetic drugs for the treatment of MS. 
As shown in Table 4, so far only preclinical drug trials have 
been conducted, and only a few have been conducted. Three 
studies have included the use of HDACi in preclinical trials 
of MS. Camelo et al [57] showed that the HDACi trichostatin 
A reduced spinal cord inflammation, demyelination, neuronal 
and axonal loss and ameliorated disability in the relapsing 
phase of EAE in mice. It also up-regulated antioxidant, anti-
excitotoxicity and pro-neuronal growth and differentiation 
mRNAs [57]. It also inhibited caspase (cysteine-dependent 
aspartate directed proteases, a group of cysteine proteases 
which are essential in apoptosis, necrosis, and inflammation) 
stimulation and down-regulated gene targets of the pro-
apoptotic E2F transcription factor pathway [57]. Kalinin et 
al [58] showed that “dimethyl fumarate (DMF) modified 
expression of HDACs in primary rat astrocyte culture. After 
4 hours of incubation, levels of HDACs 1, 2, and 4 mRNAs 
were increased by DMF. After 24 hours the levels returned 
to or were below control levels”[58]. Astrocyte stimulation 
using pro-inflammatory cytokines significantly raised 
mRNA levels of HDAC after 24 hours. However, protein 
levels were not raised at that time. When cytokines were 
present, DMF reduced HDAC mRNAs, proteins, and 
activity. Proteomic analysis of DMF-treated astrocytes 
identified 8 proteins in which lysine acetylation was raised 
by DMF, including histones H2a.1 and H3.3. Ge et al [59] 

Table 3. Epigenetic studies in peripheral cells in multiple sclerosis. 

Epigenetic Change Tissue Refs. 

Decreased expression of SIRT1 PBMCs [44] 

DNA methylation of MHC2TA shows no change PBMCs [45] 

No change in DNA methylation Lymphocytes [46] 

Under-expressed miR-17 and miR-20a Whole blood [47] 

DNA methylation-dependent PAD2 up-regulation PBMCs [48] 

Hypermethylation of promoter of SHP-1 gene Leukocytes [49] 

Methylation differences at HLA-DRB1  CD4+ T cells [50] 

Down-regulation of TET2 and DNMT1 expression PBMCs [51] 

DNMTi = DNA methyltransferase inhibitor; PBMCs = Peripheral blood mononuclear cells 

 

Table 4. Trials of epigenetic drugs in multiple sclerosis. 

Drug Class Model Refs. 

Trichosatin A HDACi Murine EAE [57] 

Dimethyl fumarate HDACi Astrocytes [58] 

Vorinostat  HDACi Murine EAE [59] 

Decitabine DNMTi Cell culture [60] 

Decitabine DNMTi Murine EAE [61] 

DNMTi = DNA methyltransferase inhibitor; EAE = Experimental autoimmune encephalitis; HDACi = Histone deacetylase inhibitor 
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showed that the HDACi vorinostat reduced human CD14(+) 
monocyte-derived dendritic cell (DC) differentiation, 
maturation, endocytosis, and decreased DCs’ stimulation of 
allogenic T cell proliferation in vitro. Furthermore, “it 
reduced DC-directed Th1-(Type1T helper) and Th17- 
polarizing cytokine production. Vorinostat also reduced Th1- 
and Th17-mediated EAE by minimizing CNS inflammation 
and demyelination. Th1 and Th17 cell functions were 
inhibited in EAE mice treated with vorinostat [59]. 
Vorinostat also decreased expression of co-stimulatory 
molecules of DC in mice” with EAE [59].  

 DNMTi have also been investigated in preclinical trials 
of epigenetic drugs in MS. Börner and co-workers [60] using 
quantitative RT-PCR showed that cannabinoid and opioid 
receptors are epigenetically regulated in SH SY5Y cells, 
which endogenously express µ opioid receptors and CB1, but 
not CB2, cannabinoid receptors. The authors showed that 
treatment of these cells with the DNMTi decitabine led to de 
novo induction of CB2, while mRNA levels of CB1 and µ 
opioid receptors were unaltered. In comparison, the treating 
of Jurkat lymphocytes, which endogenously express CB2, 
but not CB1 and µ opioid receptors, led to de novo induction 
of CB1 and µ opioid receptors, while mRNA levels of CB2 
were not altered significantly [60]. These data are of interest 
because activation of cannabinoid and opioid neuronal 
pathways in MS is thought to be beneficial in the treatment 
of this disorder. More recently, Mangano et al [61] showed 
in two models of EAE using mice that decitabine 
significantly ameliorated the clinical and histological 
characteristics of EAE. These effects were found in 
prophylactic and therapeutic regimens of this drug. There 
also were raised transcript levels of anti-inflammatory 
cytokines and reduced mRNA expression of pro-
inflammatory mediators [61]. In addition, treatment with 
decitabine increased the proportion of circulating regulatory 
T cells by inducing Foxp3 (a protein involved in immune 
responses and thought to function as a master regulator in the 
development and functioning of regulatory T cells) 
expression by demethylating a CpG island in the gene 
encoding Foxp3. The potential use of HDACi in the 
treatment of MS has been well reviewed in three articles [62-
64].  

IMPLICATIONS OF TRIALS OF EPIGENETIC 
DRUGS FOR MULTIPLE SCLEROSIS 

 Although not many preclinical trials of epigenetic drugs 
for treating MS have been conducted, as discussed above, the 
few that have been conducted have shown promising results. 
More preclinical trials of epigenetic drugs are warranted. The 
currently-available DNMTi [65] and HDACi [66] suffer 
from lack of specificity since they inhibit many isozymes 
instead of one or two isozymes. More isozyme-specific 
DNMTi and HDACi are needed. In addition to this, research 
on the role of epigenetic abnormalities in MS is presently in 
its early stages. More needs to be learnt about the exact 
abnormalities in epigenetic mechanisms of gene expression 
in MS, and how these abnormalities contribute to the 
pathogenesis of MS. Such knowledge would enable more 
targeted epigenetic therapy in the treatment of MS. In 
addition to DNMTi and HDACi, other classes of epigenetic 
drugs like HATi, and HMTi could in the future be 

investigated in preclinical trials for the treatment of MS. As 
mentioned above, patients with MS sometimes have 
psychiatric symptoms and dementia. Epigenetic drugs are 
being evaluated for these conditions [67, 68]. Hence, in the 
future, epigenetic drugs could be of help in the management 
of psychiatric symptoms and dementia in MS patients. 

CONCLUSIONS 

 MS is an important neurological disorder whose exact 
cause is still unclear despite decades of research. There is 
accumulating evidence that abnormalities of epigenetic 
mechanisms of gene expression could contribute to the 
pathogenesis of MS. There are a number of effective drugs 
currently available for the treatment of MS. Since abnormal 
epigenetic mechanisms may underlie MS, epigenetic drugs 
may also prove to be useful in the treatment of MS. Hence, 
epigenetic drugs could be a novel therapeutic option in MS 
treatment. However, much more needs to be learnt about the 
role of epigenetics in MS pathogenesis and more work is 
required in investigating the preclinical use of epigenetic 
drugs for treating MS before we can consider conducting 
clinical trials of these drugs for the treatment of MS. 

CONFLICTS OF INTEREST 

 The author has no conflicts of interest. There were no 
funds used for this work. 

ACKNOWLEDGEMENTS 

 I acknowledge the help of Dr. Ananth P. Abraham, Post-
Graduate Registrar in Neurosurgery, Christian Medical 
College, Vellore during the preparation of the manuscript. 

REFERENCES 
[1] Hauser, S.L.; Goodin, D.S. Multiple sclerosis and other 

demyelinating diseases. In: Harrison’s Principles of Internal Medicine. 
Longo, D.L., Fauci A.S., Kasper, D.L., Hauser S.L., Jameson, J.L., 
Loscaizo, J.Eds; McGraw-Hill, New York, pp 3395-3409. 

[2] Ramagopalan, S.V.; Sadovnick, A.D. Epidemiology of multiple 
sclerosis. Neurol. Clin., 2011, 29, 207-217. http://dx.doi.org/ 
10.1016/j.ncl.2010.12.010 

[3] Koch-Henriksen, N.;Sørensen, P.S. The changing demographic 
pattern of multiple sclerosis epidemiology. Lancet Neurol., 2010, 9, 
520-532. http://dx.doi.org/10.1016/S1474-4422(10)70064-8 

[4] Kurtzke, J.F.; Page, W.F. Epidemiology of multiple sclerosis in US 
veterans: VII. Risk factors for MS. Neurology, 1997, 48, 204-213. 
http://dx.doi.org/10.1212/WNL.48.1.204 

[5] Goodin, D.S. The epidemiology of multiple sclerosis: insights to 
disease pathogenesis. Handb. Clin. Neurol., 2014, 122, 231-266. 
http://dx.doi.org/10.1016/B978-0-444-52001-2.00010-8 

[6] Weiner, H.L. Multiple sclerosis is an inflammatory T-cell-mediated 
autoimmune disease. Arch. Neurol., 2004, 61, 1613-1615. 
http://dx.doi.org/10.1001/archneur.61.10.1613 

[7] Compston, A.; Coles, A. Multiple sclerosis. Lancet, 2008, 372, 
1502-1517. http://dx.doi.org/10.1016/S0140-6736(08)61620-7 

[8] Ontaneda, D.; Hyland, M.; Cohen, J.A. Multiple sclerosis: New 
insights in pathogenesis and noveltherapeutics. Annu. Rev. Med., 
2012, 63, 389-404. http://dx.doi.org/10.1146/annurev-med-042910-
135833 

[9] Popescu, B.F; Lucchinetti, C.F. Pathology of demyelinating 
diseases. Annu. Rev. Pathol., 2012, 7, 185-217. http://dx.doi.org/ 
10.1146/annurev-pathol-011811-132443 

[10] Frohman, E.M.; Racke, M.K.; Raine, C.S. Multiple sclerosis: The 
plaque and its pathogenesis. New. Engl. J. Med., 2006, 354, 942-
955. http://dx.doi.org/10.1056/NEJMra052130 

[11] Calabrese, M.; Filippi, M.; Gallo, P. Cortical lesions in multiple 
sclerosis. Nat. Rev. Neurol., 2010, 6, 438-444. http://dx.doi.org/10. 
1038/nrneurol.2010.93 



8    Current Neuropharmacology, 2016, Vol. 14, No. 1 Jacob Peedicayil 

[12] Geurts, J.J.; Barkhof, F. Grey matter pathology in multiple 
sclerosis. Lancet. Neurol., 2008, 7, 841-851. http://dx.doi.org/10. 
1016/S1474-4422(08)70191-1 

[13] Peterson, J.W.; Bö, L.; Mörk, S., Chang, A., Trapp, B.D. 
Transected neurites, apoptotic neurons, and reduced inflammation in 
cortical multiple sclerosis lesions. Ann. Neurol., 2001, 50, 389-400. 
http://dx.doi.org/10.1002/ana.1123 

[14] Pirko, I.; Lucchinetti, C.F.; Sriram, S.; Bakshi, R.Gray matter 
involvement in multiple sclerosis. Neurology, 2007, 68, 634-642. 
http://dx.doi.org/10.1212/01.wnl.0000250267.85698.7a 

[15] Popescu, B.F.; Pirko, I.; Luccinetti, C.F. Pathology of multiple 
sclerosis: where do we stand? Continuum (MinneapMinn) 2013, 19, 
901-921. http://dx.doi.org/10.1212/01.CON.0000433291.23091.65 

[16] Siegert, R.J.; Abernethy, D.A. Depression in multiple sclerosis: A 
review. J. Neurol. Neurosurg.Psychiatry., 2005, 76, 469-475. 
http://dx.doi.org/10.1136/jnnp.2004.054635 

[17] Kosmidis, M. h.; Giannakou, M.; Messinis, L. Papathanasopoulos, 
P. Psychotic features associated with multiple sclerosis. Int.  
Rev. Psychiatry, 2010, 22, 55-66. http://dx.doi.org/10.3109/ 
09540261003589612 

[18] Filippi, M.; Rocca, M.A. MR imaging of multiple sclerosis. 
Radiology, 2011, 259, 659-681. http://dx.doi.org/10.1148/radiol. 
11101362 

[19] Montalban, X.; Tintoré M.; Swanton, J.; Barkhof, F., Fazekas, F., 
Filippi, M., Frederiksen, J., Kappos, L., Palace, J., Polman, C., 
Rovaris, M., de Stefano, N., Thompson, A., Yousry, T., Rovira, A., 
Miller, D. h.  MRI criteria for MS in patients with clinically 
isolatedsyndromes. Neurology, 2010, 74, 427-434. http://dx. 
doi.org/10.1212/WNL.0b013e3181cec45c 

[20] Polman, C. h.; Reingold, S.C.; Banwell, B.; Clanet, M., Cohen, 
J.A., Filippi, M., Fujihara, K., Havrdova, E., Hutchinson, M., 
Kappos, L., Lubin, F.D., Montalban, X., O’Connor, P., Sandberg-
Wollheim, M., Thompson, A.J., Waubant, E., Weinshenker, B., 
Wolinsky, J.S.  Diagnostic criteria for multiple sclerosis: 2010 
revisions to the McDonald criteria. Ann. Neurol., 2011, 69, 292-
302. http://dx.doi.org/10.1002/ana.22366 

[21] Kupersmith, M.J.; Kaufman, D.; Paty, D, W.; Ebers, G., 
McFarland, H., Johnson, K., Reingold, S., Whitaker, J. Megadose 
corticosteroids in multiple sclerosis. Neurology, 1994, 44, 1-4. 
http://dx.doi.org/10.1212/WNL.44.1.1 

[22] Murray, T.J. Diagnosis and treatment of multiple sclerosis. BMJ, 
2006, 332, 525-527. http://dx.doi.org/10.1136/bmj.332.7540.525 

[23] Filippini, G., Brusaferri, F., Sibley, W.A., Citterio, A., Ciucci, G., 
Midgard, R., Candelise, L.  Corticosteroids or ACTH for acute 
exacerbationsin multiple sclerosis. Cochrane Database Syst. Rev., 
2000, CD001331. 

[24] Goldenberg, M.M. Multiple sclerosis review. Pharmacol. Ther., 
2012, 37, 175-184 

[25] Krensky, A.M., Bennet, W.M., Vincenti, F. Immunosupressants, 
tolerogens, and immunostimulants. In: The Pharmacological Basis 
of Therapeutics. Brunton, L.L., Chabner, B.A., Knollman, B.C., 
Eds, McGraw-Hill, New York, pp.1005-1029. 

[26] Peedicayil, J. Epialleles and common disease. Med. Hypotheses., 
2005, 64, 215. http://dx.doi.org/10.1016/j.mehy.2004.09.003 

[27] Peedicayil, J. Genes underlying common complex diseases. Int. J. 
Epidemiol., 2006, 35, 490-491. http://dx.doi.org/10.1093/ije/dyi297 

[28] Ober, C., Vercelli, D. Gene-environment interactions in human 
disease: Nuisance or opportunity? Trends Genet., 2011, 27, 107-
115. http://dx.doi.org/10.1016/j.tig.2010.12.004 

[29] Zhou, Y., Simpson, S., Holloway, A.F., Charlesworth, J., van der 
Mei, I., Taylor, B.V. The potential role of epigenetic modifications 
in the heritability of multiple sclerosis. Mult.Scler., 2014, 20, 135-
140. http://dx.doi.org/10.1177/1352458514520911 

[30] Kürtüncü, M., Tüzün, E. Multiple sclerosis: Could it be an 
epigenetic disease? Med. hypotheses, , 2008, 71, 945-947. 
http://dx.doi.org/10.1016/j.mehy.2008.06.034 

[31] Chao, M.J., Herrera, B.M., Ramagopalan, S.V., Deluca, G., 
Handunetthi, L., Orton, S.M., Lincoln, M.R., Sadovnick, A.D., Ebers, 
G.C. Parent-of-origin effects at the major histocompatability complex 
in multiple sclerosis. Hum. Mol. Genet., 2010, 19, 3679-3689. 
http://dx.doi.org/10.1093/hmg/ddq282 

[32] Petronis, A. human morbid genetics revisited: Relevance of 
epigenetics. Trends. Genet., 2001, 17, 142-146. http://dx.doi.org/ 
10.1016/S0168-9525(00)02213-7 

[33] Casaccia-Bonnefil, P., Pandozym, G., Mastronardim, F. Evaluating 
epigenetic landmarks in the brain of multiple sclerosis patients: A 
contribution to the current debate on disease pathogenesis. Prog. 
Neurobiol., 2008, 86, 368-378. 

[34] Renaudineau, Y., Youinou, P. Epigenetics and autoimmunity, with 
special emphasis on methylation. Keio. J. Med., 2011, 60, 10-16. 
http://dx.doi.org/10.2302/kjm.60.10 

[35] Burrell, A.M., Handel, A.E., Ramagopalan, S.V., Ebers, G.C., 
Morahan, J.M. Epigenetic mechanisms in multiple sclerosis and the 
major histocompatibility complex (MHC). Discov. Med., 2011, 11, 
187-196. 

[36] Koch, M.W., Metz, L.M., Kovalchuk, O. Epigenetic changes in 
patients with multiple sclerosis. Nat. Rev. Neurol., 2013, 9, 35-43. 
http://dx.doi.org/10.1038/nrneurol.2012.226 

[37] Huynh, J.L., Casaccia, P. Epigenetic mechanisms in multiple 
sclerosis: Implications for pathogenesis and treatment. Lancet. 
Neurol., 2013, 12, 195-206. http://dx.doi.org/10.1016/S1474-
4422(12)70309-5 

[38] Kücükali, C.İ., Kürtüncu, M., Coban, A., Cebi, M., Tüzün, E. 
Epigenetics of multiple sclerosis: An updated review. Neuromol. 
Med., 2015; (In Press). http://dx.doi.org/10.1007/s12017-014-8298-
6 

[39] Mastronardi, F.G., Wood, D.D., Mei, J., Raijmakers, R., Tseveleki, 
V., Dosch, H-M., Probert, L., Casaccia-Bonnefil, P., Moscarello, 
M.A. Increased citrullination of histone H3 in multiple sclerosis 
brain and animal models of demyelination: A role for tumor 
necrosis factor-induced peptidylarginine deiminase 4 translocation. 
J. Neurosci., 2006, 26, 11387-11396. http://dx.doi.org/10.1523/ 
JNEUROSCI.3349-06.2006 

[40] Junker, A., Krumbholz, M., Eisele, S., Mohan, H., Augstein, F., 
Bittner, R., Lassmann, H., Wekerle, H., Hohlfeld, R., Meinl, E. 
MicroRNA profiling of multiple sclerosis lesions identifies 
modulators of the regulatory protein CD47.  Brain, 2009, 132, 
3342-3352. http://dx.doi.org/10.1093/brain/awp300 

[41] Pedre, X., Mastronardi, F., Bruck, W., López-Rodas, G., 
Kuhlmann, T., Casaccia, P. Changed histone acetylation patterns in 
normal-appearing white matter and early multiple sclerosis lesions. 
J. Neurosci., 2011, 31, 3435-3445. http://dx.doi.org/10.1523/ 
JNEUROSCI.4507-10.2011 

[42] Noorbakhsh, F., Ellestad, K.K., Maingat, F., Warren, K.G., Han, 
M. h., Steinman, L., Baker, G.B., Power, C. Impaired neurosteroid 
synthesis in multiple sclerosis. Brain, 2011, 134, 2703-2721. 
http://dx.doi.org/10.1093/brain/awr200 

[43] Huynh, J.L., Garg, P., Thin, T. h., Yoo, S., Dutta, R., Trapp, B.D., 
Haroutunian, V., Zhu, J., Donovan, M.J., Sharp, A.J., Casaccia, P. 
Epigenome-wide differences in pathology-free regions of multiple 
sclerosis-affected brains. Nat. Neurosci., 2014, 17, 121-130. 
http://dx.doi.org/10.1038/nn.3588 

[44] Tegla, C.A., Azimzadeh, P., Andrian-Albescu, M., Martin, A., 
Cudrici, C.D., Trippe, R., Sugarman, A., Chen, H., Boodhoo, D., 
Vlaicu, S.I., Royal W., Bever, C., Rus, V., Rus, H. SIRT1 is 
decreased during relapses in patients with multiple sclerosis. Exp. 
Mol. Pathol., 2014, 96, 139-148. http://dx.doi.org/10.1016/j.yexmp. 
2013.12.010 

[45] Ramagopalan, S.V., Dyment, D.A., Morrison, K.M., Herrera, B.M., 
Deluca, G.C., Lincoln, M.R., Orton, S.M., Handunnetthi, L.,  
Chao, M.J., Sadovnik, A.D., Ebers, G.C. Methylation of class II 
transactivator gene promoter IV is not associated with 
susceptibility to multiple sclerosis. BMC. Med. Genet, 2008, 9, 63. 
http://dx.doi.org/10.1186/1471-2350-9-63 

[46] Baranzini, S.E., Mudge, J., van Velkinburgh, J.C., Khankhanian, 
P., Khrebtukova, I., Miller, N.A., Zhang, L., Farmer, A.D., Bell, 
C.J., Kim, R.W., May, GD, Woodward J.E., Caillier, S.J., McElroy, 
J. P., Gomez, R., Pando, M.J., Clendenen, L.E., Ganusova, E.E., 
Schilkey, F.D., Ramaraj, T., Khan, O.A., Huntley, J.J., Luo, S., 
Kwok, P-Y., Wu, F.D., Schroth, G.P., Oksenberg, J.R., Hauser, 
S.L., Kingsmore, S.F. Genome, epigenome and RNA sequences of 
monozygotic twins discordant for multiple sclerosis. Nature, 2010, 
464, 1351-1356. http://dx.doi.org/10.1038/nature08990 

[47] Cox, M.B., Cairns, M.J., Gandhi, K.S., Carroll, A.P., Moscovis, S., 
Stewart, G.J., Broadley, S., Scott. R.J., Booth, D.R., Lechner-Scott, 
J. MicroRNAs miR-17 and miR-20a inhibit T cell activation genes 
and are under-expressed in MS whole blood. PLoS One,  2010, 5, 
e12132. http://dx.doi.org/10.1371/journal.pone.0012132 



Epigenetic Drugs for Multiple Sclerosis Current Neuropharmacology, 2016, Vol. 16, No. 1    9 

[48] Calabrese, R., Zampieri, M., Mechelli, R., Annibali, V., 
Guastafierro, T., Ciccarone, F., Coarelli, G., Umeton, R., Salvetti, M., 
Caiafa, P. Methylation-dependent PAD2 upregulation in multiple 
sclerosis peripheral blood. Mult. Scler., 2012, 18, 299-304. 
http://dx.doi.org/10.1177/1352458511421055 

[49] Kumagai, C., Kalman, B., Middleton, F.A., Vyshkina, T., Massa, 
P.T. Increased promoter methylation of the immune regulatory 
gene SHP-1 in leukocytes of multiple sclerosis subjects. J. 
Neuroimmunol., 2012, 246, 51-57. http://dx.doi.org/10.1016/j. 
jneuroim.2012.03.003 

[50] Graves, M., Benton, M., Lea, R., Boyle, M., Talouri, L., Macartney-
Coxson, D., Scott, R., Lechner-Scott, J. Methylation differences at 
the HLA-DRB1 locus in CD4+T-cells are associated with multiple 
sclerosis. Mult. Scler., 2013, 20, 1033-1041. http://dx.doi.org/10. 
1177/1352458513516529 

[51] Calabrese, R., Valentini, E., Ciccarone, F., Guastafierro, T., 
Bacalini, M.G., Ricigliano, V.A.G., Annibali, V., Mechelli, R., 
Franceschi, C., Salvetti, M., Caiafa, P. TET2 gene expression and 
5-hydroxymethylcytosine level in multiple sclerosis peripheral 
blood cells. Biochim. Biophys. Acta., 2014, 1842, 1130-1136. 

[52] Peedicayil, J. Pharmacoepigenetics and pharmacoepigenomics. 
Pharmacogenomics, 2008, 9, 1785-1786. http://dx.doi.org/10.2217/ 
14622416.9.12.1785 

[53] Peedicayil, J. The epigenome in personalized medicine. Clin. 
Pharmacol. Ther., 2013, 93, 149-150. http://dx.doi.org/10.1038/ 
clpt.2012.177 

[54] Peedicayil, J. Epigenetic therapy – A new development in 
pharmacology. Indian J. Med. Res., 2006, 123, 17-24. 

[55] Karberg, S. Switching on epigenetic therapy. Cell, 2009, 139, 
1029-1031. http://dx.doi.org/10.1016/j.cell.2009.11.038 

[56] Ransohoff, R.M. Animal models of multiple sclerosis: The good, 
the bad and the bottom line. Nat. Neurosci., 2012, 15, 1074-1077. 
http://dx.doi.org/10.1038/nn.3168  

[57] Camelo, S., Iglesias, A.H., Hwang, D., Due, B., Ryu, H., Smith, K., 
Gray, S.G., Imitola, J., Duran, G., Assaf, B., Langley, B., Khoury, 
S.J., Stephanopoulos, G., De Girolami, U., Ratan, R.R., Ferrante, 
R.J., Dangond, F. Transcriptional therapy with the histone 
deacetylase inhibitor trichostatin A ameliorates experimental 
autoimmune encephalomyelitis. J. Neuroimmunol., 2005, 164, 10-21. 
http://dx.doi.org/10.1016/j.jneuroim.2005.02.022 

[58] Kalinin, S., Polak, P.E., Lin, S.X., Braun, D., Guizzetti, M., Zhang, 
X., Rubinstein, I., Feinstein, D.L. Dimethyl fumarate regulates 
histone deacetylase expression in astrocytes.  J. Neuroimmunol., 
2013, 263, 13-19. http://dx.doi.org/10.1016/j.jneuroim.2013.07.007 

[59] Ge, Z., Da, Y., Xue, Z., Zhang, K., Zhuang, H., Peng, M., Li, Y., 
Li, W., Simard, A., Hao, J., Yao, Z., Zhang, R. Vorinostat, a 
histone deacetylase inhibitor, suppresses dendritic cell function and 
ameliorates experimental autoimmune encephalomyelitis. Exp. 
Neurol., 2013, 241, 56-66. http://dx.doi.org/10.1016/j.expneurol. 
2012.12.006 

[60] Börner , C.; Martella, E.; Höllt, V.; Kraus, J. Regulation of opioid 
and cannabinoid receptor genes in human neuroblastoma and T 
cells by the epigenetic modifiers trichostatin A and 5-aza-2’-
deoxycytidine. Neuroimmunomodulation, 2012, 19, 180-186. http:// 
dx.doi.org/10.1159/000331474 

[61] Mangano, K., Fagone, P., Bendtzen, K., Meroni, P.L., Quattrocchi, 
C., Mammana, S., Rosa, M.D., Malaguarnera, L., Coco, M., Magro, 
G., Marco, R.D., Nicoletti, F. Hypomethylating agent 5-aza-2’-
deoxycytidine (DAC) amelioarates multiple sclerosis in mouse 
models. J. Cell. Physiol., 2014, 229, 1918-1925. http://dx.doi.org/ 
10.1002/jcp.24641 

[62] Gray, S.G.; Dangond, F. Rationale for the use of histone 
deacetylase inhibitors as a duel therapeutic modality in multiple 
sclerosis. Epigenetics, 2006, 1, 67-75. http://dx.doi.org/10.4161/ 
epi.1.2.2678 

[63] Shuttleworth, S.J.; Bailey, S.G.; Townsend, P.A. Histone 
deacetylase inhibitors: New promise in the treatment of immune 
and inflammatory diseases. Curr. Drug Targets, 2010, 11, 1430-
1438. http://dx.doi.org/10.2174/1389450111009011430 

[64] Faraco, G.; Cavone, L.; Chiarugi, A. The therapeutic potential of 
HDAC inhibitors in the treatment of multiple sclerosis. Mol. Med., 
2011, 17, 442-447. http://dx.doi.org/10.2119/molmed.2011.00077 

[65] Kundakovic, M. DNA methyltransferase inhibitors and psychiatric 
disorders. In: Epigenetics in Psychiatry. Peedicayil, J., Grayson, 
D.R., Avramopoulos, D., Eds; Elsevier: Waltham, MA, USA, 2014, 
pp 497-514. http://dx.doi.org/10.1016/b978-0-12-417114-5.00024-
3 

[66] Chakravarty, S.; Bhat, U.A.; Reddy. R.J.; Gupta, P.; Kumar, A. 
histone deacetylase inhibitors and psychiatric disorders. In: 
Epigenetics in Psychiatry. Peedicayil, J., Grayson, D.R., 
Avramopoulos, D. Eds; Elsevier: Waltham, MA, USA, 2014, pp 
515-544. http://dx.doi.org/10.1016/b978-0-12-417114-5.00025-5 

[67] Peedicayil, J. Epigenetic management of major psychosis. Clin. 
Epigenetics, 2011, 2, 249-256. http://dx.doi.org/10.1007/s13148-
011-0038-2 

[68] Peedicayil, J. Epigenetic drugs in cognitive disorders. Curr.  
Pharm. Des., 2014, 20, 1840-1846. http://dx.doi.org/10.2174/ 
13816128113199990526 

 
 
Received: November 30, 2014 Revised: January 19, 2015 Accepted: February 09, 2015 
 
 


