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Abstract- Multiple sclerosis (MS) is a chronic inflammatory demyelinating disorder of the central nervous 

system (CNS) and is characterized by a high degree of heterogeneity in progression and treatment response. 

Mitochondrial dysfunction is increasingly recognized as an important feature of MS pathology and may be 

relevant for clinical disease progression. This paper systematically reviews published evidence concerning the 

role of mitochondrial abnormalities with MS. Literature searched using the Web of Science, PMC/Medline via 

PubMed and Scopus databases up to May 2017 with no time and language limitation. After quality assessment, 

9 articles were included in the study. All data extraction was conducted by two reviewers independently. Based 

on the results of the studies, it seems that mitochondrial DNA abnormality and mitochondrial dysfunction may 

be due to primary inflammation in MS or may be occurred itself before any inflammation, but definitely 

contributes to axonal degeneration and disease progression. Mitochondrial abnormality contributes to axonal 

degeneration in MS and disease progression.  

© 2019 Tehran University of Medical Sciences. All rights reserved.  

Acta Med Iran 2019;57(1):5-16. 
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Introduction 
 

MS is traditionally considered an inflammatory-

mediated demyelinating disease of the CNS. However, 

MS is increasingly viewed as a neurodegenerative disease 

in which axonal damage, neuronal death, and atrophy of 

the CNS are the principal causes of irreversible 

neurological disability in patients. Although the 

mechanisms of neurodegeneration in MS are poorly 

understood, several lines of evidence point to secondary 

mitochondrial dysfunction as a key player in the process 

(1). 

A number of MS post-mortem studies have now 

reported mitochondrial abnormalities within neurons, 

detailed at the level of enzyme activity, protein, 

transcripts, and DNA. At a functional level, the important 

aspect of mitochondrial abnormalities in MS is their 

consistent impairment of the activity of mitochondrial 

respiratory chain enzymes, namely complex I, complex 

III and complex IV (three of the five complexes that make 

up the mitochondrial respiratory chain). In terms of 

causation of the mitochondrial respiratory chain enzyme 

deficiency in the neuronal cell body, molecular 

explanations include a decrease in a large number of 

nuclear DNA-encoded transcripts of mitochondrial 

respiratory chain complexes and a high level of 

mitochondrial DNA (mtDNA) deletions (2). 

In recent years, it has become increasingly clear that 

dysfunctional mitochondria are important contributors to 

the damage and loss of both axons and neurons, and 

observations in animals and histopathological studies 

have suggested that infiltrating leukocytes and activated 

microglia play a central role in neuronal mitochondrial 

dysfunction (3). 

A systematic review was conducted to have a clear 

answer and deep understanding of the topic of concern. 

  

Materials and Methods 
 

Literature search 

This review was conducted according to the 

Preferred Reporting Items for Systematic Reviews and 

Meta-Analysis (PRISMA) guidelines (4). Web of 

Science, PMC/Medline via PubMed and Scopus 

databases were searched with same search strategies for 

studies published up to May 2017. The search strategy 

using Boolean Operators and keywords was: 

“Mitochondrial Dysfunction” AND “Multiple 

Sclerosis.” Combination of these terms without filters 

regarding time and language limits, study design and 
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type were used to obtain the search results. 

 

Criteria for inclusion 

Studies with human model of MS and any study 

concern of mitochondrial dysfunction or genetic change 

of mitochondrial DNA were considered. 

We appraised titles and abstracts of the retrieved 

articles to determine the initial eligibility; and if 

necessary, the full articles were studied in detail in order 

to be selected for the review. Two reviewers extracted 

data. After a detailed study, the remaining articles were 

included. 

 

Quality assessment 

Assessment of the quality of the articles was 

conducted using the modified quality assessment 

checklist for observational studies (STROBE). The 

checklist was applied to the appraisal of each study by 

two reviewers independently. 

 

Methods for data extraction 

After screening databases, the initial articles were 

selected, and their data were extracted uniformly. All 

data extraction conducted by two reviewers 

independently and any disagreements were resolved by 

discussion. 

 

Results 
 

A total of 874 reports were screened for the analysis of 

patients with MS and Mitochondrial Dysfunction. After 

eliminating the duplicate articles, 433 articles were 

obtained for this review. After removing 409 unrelated 

records (based on the contents of the abstracts for each 

article), 24 full texts were assessed for eligibility. Fifteen 

Full-text articles excluded, with reasons that those were 

Animal model study, Case report, Letter to editor, Review 

article as explained in figure 1. The study selection process 

is described in figure 1. Characteristics of the included 

articles are summarized in table 1.  

 

 
Figure 1. Flow chart of the selection process of eligible studies 
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Table 1. Summary of the included studies 
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Witte et 

al., 

Netherl

ands, 

2009 

Original 33 

SPM

S 
PPM

S 

ND 

 

Case 
group   

(34–80, 

mean 60) 
 

Control 

group: 
(24–84, 

mean 63) 

26 MS 

patients 

7 non-

neurolog

ical 
controls 

-Brain autopsy and frozen in liquid nitrogen 

-Classification of  MS lesions by 
immunohistochemical analysis using 

antibodies against PLP 

-Detection of mitochondrial protein 
expression and enzyme activity using 

immunohistochemical and biochemical 

techniques 
-Quantification of colocalization of 

mitochondria and their co-localization with 

axons and astrocytes within MS lesions and 

NAWM using a standard confocal scanning 

microscope (TCS SP2, Leica Microsystems, 

Heidelberg GmbH, Mannheim, Germany) 

The enhanced density of 

mitochondria in MS lesions 
might contribute to the 

formation of free radicals and 

subsequent tissue damage. 

Campb

ell et 

al., 

UK, 

2012 

Original 19 - - - 

10 

patients 
with 

MS 

9 

-Autopsy using Snap frozen blocks of CP 

epithelium 

-A histochemical assay of Complex 
IV/complex II. 

-Immunofluorescent histochemistry 

-Immunohistochemistry 
-DNA extraction by Laser microdissection 

and real-time PCR 

-A two-step long-range PCR was carried out 
on the major arc of the mitochondrial 

genome using the Expand Long Template 

PCR System to detect D-mtDNA. 
-Electrophoresis with agarose gels using the 

Qiagen gel extraction kit 

-Sequencing the mtDNA 

-Clonally expanded D-mtDNA in single 

respiratory enzyme-deficient CP epithelial 

cells using single-molecule PCR 
-Determination the extent of respiratory 

enzyme deficiency and D-mtDNA at a single 

cell level 

Clonal expansion of  
mitochondrial DNA deletions 

(Δ-mtDNA) is  prominent 

within the choroid plexus 
epithelium in MS. 

Andalib 

et al., 

Iran, 

2017 

Original 

200 

Femal

e: 126 
Male: 

74 

RRM

S 
 

- 

Case 

group 

(32.47 ± 
8.13 ) 

Control 

group 
(30.24 ± 

15.49) 

100 

RRMS 

100 
unrelated 

healthy 

controls 

-DNA extraction by salting-out method 

-Amplification of mtDNA fragment with 

PCR 
-RFLP by Mva I for PCR products 

-Electrophoresis with 3% agarose gel 

-Imaged restriction products in a UV 
transilluminator 

-Genotyping by sequencing 

The G13708A mtDNA 
variation is not associated 

with MS in the selected 

Iranian population. 

Andalib 

et al., 

Iran, 

2015 

Original 

200 

Femal

e: 126 
Male: 

74 

RRM

S 
 

- 

Case 

group 

(32.47 ± 

8.13 ) 

Control 

group 
(30.24 ± 

15.49) 

100 

RRMS 

100 

unrelated 

healthy 

controls 

-DNA extraction by salting-out method 
-Amplification of mtDNA fragment with 

PCR 

-RFLP by Nla III and Acc I restriction 

endonuclease enzymes for mtDNA T4216C 

and A4917G variations 

-Electrophoresis with 3% agarose gel 
-Imaged restriction products in a UV 

transilluminator 
-Genotyping by sequencing 

The mtDNA T4216C 
variation in mitochondrial 

ND1 gene and 

mtDNAA4917T in 
mitochondrial ND2 gene are 

not associated with MS in 
selected Iranian population. 

Andalib 

et al., 

Iran, 

2015 

Original 

200 
Femal

e: 126 

Male: 
74 

RRM

S 

 

- 

Case 
group 

(32.47 ± 

8.13 ) 
Control 

group 

(30.24 ± 
15.49) 

100 

RRMS 

 

100 

unrelated 
healthy 

controls 

-DNA extraction by salting-out method 

-Amplification of mtDNA fragment with 
PCR 

-RFLP by Acc I and Rsa I restriction 

endonuclease enzymes for mtDNA 
G15257A and G15812A variations 

-Electrophoresis with 3% agarose gel 

-Imaged restriction products in a UV 
transilluminator 

-Genotyping by sequencing 

The G15257A and G15812A 

variations in the mtDNA 

tRNA(Thr) gene are 
associated with susceptibility 

to MS in the selected Iranian 

population. 
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Discussion 
 

Mitochondria DNA can be possessed independently. 

Mitochondria provide energy for cells by synthesizing 

adenosine triphosphate (ATP). Moreover, they play a role 

in programmed cell death (apoptosis). The mitochondrial 

respiratory chain on its inner membrane consists of four 

complexes (complex I–IV), the fifth complex contributes 

directly to ATP synthesis (5 -7). These complexes are built 

of multiple subunits, most parts are proteins coded by 

mitochondrial DNA (mtDNA), and only complex II is 

encoded by nuclear DNA. The most amount of ATP is 

produced by oxidative phosphorylation; in which large 

amounts of reactive oxygen (ROS) and nitrogen species 

(RNS) are formed. Production of cellular antioxidants is 

defense against this process. Mitochondrial dysfunction 

resulted in a decrease in ATP synthesis impaired Ca2+ 

content and increased ROS and RNS at the same time. Due 

to increased lipid peroxidation as a result of elevated ROS 

levels, membrane injuries occur, secondary failures 

accumulate in mtDNA (as secondary de novo mutations). 

Mitochondrial damage in MS was found to play an 

Continuance of Table 1 

Leurs et 

al., 

Netherl

ands, 

2017 

Original 187 

RRM

S 
SPM

S 

PPM
S 

RRMS 

(3.0 

(2.5–
4)) 

SPMS 

(6.0 (4–
7)) 

PPMS 

(4.0 
(3.5–

6)) 

... 

(45.5 ± 
11.0) 

92 

RRMS 
27  

SPMS 

13  
PPMS 

50 

various 

neurolog
ic 

disease 

controls 
5 healthy 

controls 

Digital PCR 

No significant difference 

between the concentration of 
mtDNA in CSF between 

RRMS and SPMS and 

significantly decreased in 
RRMS patients 

A non-specific elevation of 

concentration of mtDNA in 
PMS patients. 

Haile et 

al., 

Canada

, 

2017 

Original 

12 
Femal

e: 9 

Male: 
3 

RRM

S 

SPM

S 

PPM

S 

- ???? 

Dead 

patient 

with 

MS 

Dead 
persons 

who had 

not been 
affected 

by 

disease 
(7) and 2 

Parkinso

n 
patients 

-Autopsy using Snap frozen blocks of 

postmortem cerebral sub-ventricular deep 

white matter samples 
-Preparing tissue lysates from the human 

frozen brain as well as from the spinal cords 

of EAE mice and producing cell lines 
-Immunohistochemistry 

-Extraction of total RNA by RT-PCR. 

-Assessing the Rab32 expression 

Rab32 links endoplasmic 

reticulum (ER) stress and 

mitochondrial dysfunction. 
ER stress is strongly 

associated with Rab32 

upregulation in the 
progression of MS, leading to 

mitochondrial dysfunction 

and neuronal death 

Witte et 

al., 

Netherl

ands, 

2013 

Original 

24 

Femal

e: 10 
Male: 

14 

SPM

S 
PPM

S 

NA 
ND 

 

Case 
group 

(40-88) 

The 
control 

group 

(51-78) 

15 

progres
sive 

MS 

patients 
(dead) 

9 

-Brain autopsy 

-Immunohistochemistry 

-Isolation of mRNA from frozen tissue 
blocks byReal-time quantitative PCR 

-Protein analysis by Western blot 

Neuronal loss in NAGM of 

MS patients significantly 
correlated with the extent of 

PGC-1a decrease. Reduced 

neuronal PGC-1a expression 
in MS cortex partly underlies 

mitochondrial dysfunction 

and neurodegeneration in MS 
cortex. 

Zambo

nin et 

al., 

UK, 

2011 

 

Original 

15 

Femal
e: 7 

Male: 

8 

RPM
S 

SPM
S 

PPM

S 
NA 

- 

Case 

group 
(34-84) 

Control 
group 

(57-95) 

10 

patient 
with 

MS 
(dead) 

 

5 

-Brain autopsy 
-Immunohistochemistry 

-Immunofluorescently labeled axons 

(SMI31-positive) and mitochondria 
identified using porin and myelin (myelin 

basic protein for remyelinated regions in MS 

tissue) were imaged on a Leica scanning 
fluorescent microscope with an oil 

immersion lens at x63 (Confocal 
microscopy) 

-Detection of mitochondrial respiratory 

chain complex IV active elements in unfixed 
cryostat sections from snap frozen tissue 

blocks, and Sequential complex IV 

histochemistry and immunofluorescent 
labeling of axons 

-Mitochondrial content within 

remyelinated axons was 
significantly less than in 

acutely and chronically 

demyelinated axons but more 
numerous than in myelinated 

axons. 

-The number of mobile 
mitochondria in remyelinated 

axons was similar to 
myelinated axons, although 

significantly greater than in 

demyelinated axons. 
-Demyelination increases the 

energy demand of axons. But 

remyelination partially 
ameliorates the energy 

demand of axons. 

RRMS: relapsing-remitting MS; SPMS: secondary progressive MS; RPMS: relapsing progressive MS; PPMS: primary progressive MS; CIS: clinically isolated syndrome; 

ND: not determined; NA: not applicable; LBSL: Leukoencephalopathy with brain stem and spinal cord involvement and high brain lactate; CP: choroid plexus EAE: 
experimental autoimmune encephalomyelitis; NAWM: normal-appearing white matter; PLP: proteolipid protein 
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important role in the progression of the disease (8). Energy 

deficits and mitochondrial dysfunction due to 

inflammation involved in neuronal degeneration in MS. 

Mancini et al., showed that during the acute relapsing 

phase of experimental autoimmune encephalomyelitis 

(EAE), neuronal vulnerability to mitochondrial complex 

IV inhibition is enhanced, and the activation of NO 

pathway and microglia lead to an increased neuronal 

susceptibility to this kind of inhibition (9). The 

neurotoxicity of NO is more likely mediated by 

peroxynitrite rather than NO itself, Lan et al., hypothesize 

that NO takes part in MS through impairing the function of 

monocarboxylate transporter 1, to cause axonal 

degeneration (10). 

Krištofiková et al., for the first one reported the 

enhancement of the mitochondrial enzyme 17b-

hydroxysteroid dehydrogenase type 10 (17b-HSD10) in 

the CSF of patients with MS up to 179%. The result is not 

especially surprising since recent research shows the 

involvement of mitochondria in the development of the 

disease, e.g. via mutations in mitochondrial 

deoxyribonucleic acid (11). 

Witte et al., claimed that mitochondrial alterations 

might occur as a response to demyelination and 

inflammation. Since demyelination leads to increased 

energy demand in axons and could thereby affect the 

number, distribution, and activity of mitochondria. The 

number of mitochondria and their co-localization with 

axons and astrocytes within MS lesions and adjacent 

normal-appearing white matter (NAWM) was 

quantitatively assessed. In both active and inactive lesions, 

an increase in mitochondrial protein expression, as well as 

a significant increase in the number of mitochondria, was 

found. Mitochondrial density in axons and astrocytes was 

significantly enhanced in active lesions compared to 

adjacent NAWM, whereas a trend was observed in inactive 

lesions. Complex IV activity was strikingly up-regulated in 

MS lesions compared to control white matter and, to a 

lesser extent, NAWM. Finally, they demonstrated 

increased immunoreactivity of the mitochondrial stress 

protein mtHSP70 in MS lesions, particularly in astrocytes 

and axons (12,13). 

Current research revealed that the following 

mitochondrial abnormalities are involved in the 

development and progression of multiple sclerosis: 1) 

mitochondrial DNA defects, 2) abnormal mitochondrial 

gene expression, 3) defective mitochondrial enzyme 

activities, 4) deficient mitochondrial DNA repair activity, 

and 5) mitochondrial dysfunction. 

Mao and Reddy (14) proposed that abnormal 

mitochondrial dynamics (increased fission and decreased 

fusion in neurons) are affected by MS. Further, they also 

propose that mitochondrial abnormalities and 

mitochondrial energy failure may impact other cellular 

pathways, including increased demyelination and 

inflammation in neurons and tissues that are affected byMS  

 

Mitochondrial DNA alternations in MS 

The mtDNA mutations may increase the risk of MS 

(14). Campbell et al., proposed the clonally expanded 

mitochondrial DNA deletions within the choroid plexus in 

MSpatients by studying on snap frozen blocks of CP 

(Cerebral palsy) from 10 autopsied MS patients 5 PD 

(Parkinson's disease), 5 AD (Alzheimer's disease) and 9 

control cases. Clonal expansion of D-mtDNA is the 

process by which a mutant mtDNA molecule increases to 

high levels within a single cell containing both wild-type 

and mutant mtDNA. Unlike in AD and PD, the diffuse 

inflammatory process in MS involves the choroid plexus, 

and mitochondria are exposed to reactive oxygen and 

nitrogen species over a prolonged period. They determined 

the extent of respiratory enzyme deficiency and D-mtDNA 

at a single cell level within choroid plexus epithelial cells 

in MS as well as in AD, PD, and controls. The respiratory 

enzyme-deficient (lacking complex IV and with intact 

complex II activity) cells were more prevalent within the 

choroid plexus in AD, MS and PD compared with controls. 

The main catalytic subunit of complex IV (subunit-I of 

cytochrome c oxidase) lacked in significantly more 

respiratory enzyme-deficient cells in MS compared with 

AD, PD, and controls. The single cell analysis showed a 

fourfold increase in the percentage of respiratory enzyme 

deficient choroid plexus epithelial cells harboring clonally 

expanded D-mtDNA in MS. Our findings establish clonal 

expansion of D-mtDNA as a feature relatively more 

prominent within the choroid plexus epithelium in MS than 

AD, PD or controls. We propose clonal expansion of D-

mtDNA as a molecular link between inflammation and 

Campbell et al., (2012) proposed the clonally expanded 

mitochondrial DNA deletions within the choroid plexus in 

multiple sclerosis patients by studying on snap frozen 

blocks of CP from 10 autopsied MS patients 5 PD, 5 AD 

and 9 control cases. Clonal expansion of D-mtDNA is the 

process by which a mutant mtDNA molecule increases to 

high levels within a single cell containing both wild-type 

and mutant mtDNA. Unlike in AD and PD, the diffuse 

inflammatory process in MS involves the choroid plexus, 

and mitochondria are exposed to reactive oxygen and 

nitrogen species over a prolonged period. They determined 

the extent of respiratory enzyme deficiency and D-mtDNA 

at a single cell level within choroid plexus epithelial cells 

in MS as well as in AD, PD, and controls. The respiratory 
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enzyme-deficient (lacking complex IV and with intact 

complex II activity) cells were more prevalent within the 

choroid plexus in AD, MS and PD compared with controls. 

The main catalytic subunit of complex IV (subunit-I of 

cytochrome c oxidase) lacked in significantly more 

respiratory enzyme-deficient cells in MS compared with 

AD, PD and controls. The single cell analysis showed a 

fourfold increase in the percentage of respiratory enzyme 

deficient choroid plexus epithelial cells harboring clonally 

expanded D-mtDNA in MS. Our findings establish clonal 

expansion of D-mtDNA as a feature relatively more 

prominent within the choroid plexus epithelium in MS than 

AD, PD or controls. We propose clonal expansion of D-

mtDNA as a molecular link between inflammation and part 

of a delayed cellular energy failure in MS (15). 

Mao and Reddy reviewed some studies which consider 

mitochondrial structural and functional changes in the 

pathogenesis of MS as follow. SNP analysis has shown that 

genetic variants of complex I genes may influence the 

response of tissues to inflammation in the CNS (16). 

Further, genetic alterations in uncoupling proteins are 

reported to be implicated in patients with MS. Uncoupling 

protein 2 (UCP2) is a member of the mitochondrial proton 

transport family that uncouples proton entry to the 

mitochondria from ATP synthesis. Vogler et al., reported 

that the UCP2 common−866G/A promoter polymorphism 

is associated with susceptibility to MS in a German 

population. In a study of 1097 MS patients and 462 control 

subjects, they found the common G allele associated with 

disease susceptibility (P=0.0015). The UCP2 −866G allele 

was correlated with lower levels of UCP2 expression in 

vitro and in vivo. Thus, UCP2 may contribute to MS 

susceptibility by regulating the level of UCP2 protein in the 

CNS and/or in the immune system (17). Defects in mtDNA 

have been associated with late-onset MS. Ban et al., (18) 

sequenced the mtDNA from 159 patients with MS and 

completed a haplogroup analysis of 835 MS patients and 

1506 controls. They found a trend towards over-

representation of super-haplogroup U as the only evidence 

for association with MS. In a parallel analysis of nuclear-

encoded mitochondrial protein genes in the same subjects, 

they also found a trend towards association with the 

complex I gene, NDUFS2 (18). 

A study of MS patients in Europe showed that a 

potentially functional mtDNA SNP, nt13708 G/A, was 

significantly associated with an increased risk of MS 

(P=0.0002). The study identified the nt13708A variant as 

an allele susceptible to MS, which may suggest a role in 

MS pathogenesis (19). An increasing number of case 

reports on Leber's hereditary optic neuropathy (LHON) 

associated mtDNA point mutations, and some patients 

with MS and LHON share the same mtDNA mutation, 

suggesting that mitochondrial determinants may contribute 

to genetic susceptibility in MS and LHON (20). In a recent 

study, 58 unrelated Bulgarian patients with RRMS and 104 

randomly selected healthy individuals were analyzed for 

the presence of 14 mtDNA polymorphisms determining 

major European haplogroups as well as three (4216, 14798, 

13708) secondary LHON mutations. However, 21 of the 

58 patients (36.2%) were positive for the T4216C 

mutation, while only 11.3% of the controls carried this 

mutation (P=0.01; OR=4.38), suggesting that the 4216C 

base substitution may be a predisposing marker for MS. 

These findings also supported the hypothesis that particular 

mtDNA variants may contribute to the genetic 

susceptibility of some people with MS (14). 

Andalib et al., (21) investigated mtDNA G13708A 

variation by PCR–RFLP and restriction enzyme of Mva Iw 

and it was identified that there is no significant association 

between MS and G13708A variation (P=0.7, OR=0.8). 

Mayr-Wohlfart et al., (22) and Hanefeld et al., (23) with 

the same restriction enzyme in two different German 

populations and a study by Mihailova on a Bulgarian 

population (24) with restriction enzyme BstN I also found 

the same results. The results of 4 above mentioned studies 

are based on the small sample size populations, but Yu et 

al., (19) based on six European case-control cohorts and a 

total of approximately 5000 participants resulted 

differently. In three well-matched cohorts; G13708A was 

found to be significantly associated with susceptibility to 

MS (OR:1.71, P=0.0002). But the interesting finding by 

subsequent mtDNA sequencing of 50 subjects was that the 

association depended on a nucleotide at position 13708 

rather than the variations (21). 

Andalib in another study (25) assessed T4216C 

variation in the ND1 mtDNA gene in an Iranian population 

and found no association between MS and these variations 

[(P=0.61, OR=1.1 (95% CI:0.5-2.4) and P=0.637, OR=1.2 

(95% CI:0.4-3.5) respectively]. 

Yu et al., (19) by pooled analysis of previously mention 

cohort studies found no association between MS and the 

mtDNA T4216C variation (P=0.078, OR=1.06, 95% 

CI=0.70-1.01). Such that of Penissen-Besnier et al., in a 

Caucasian population (26) and Chalmers et al., (27) 

Vyshkina et al., (28) in Caucasian population by using 

Sequenom Mass ARRAY System also reported no 

association between mtDNA T4216C variation and MS. 

But T4216C mtDNA variation was seen to be a 

predisposing marker for MS in a study by Mihailova et al., 

in a Bulgarian population (P=0.01; OR=4.38) (24). In a 

German study, Mayr-Wohlfart et al., (22) found that 

mtDNA T4216C variation frequency in MS subjects (18%) 
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was higher than in the controls (11%). 

Andalib in the same study (25) assessed A4917G 

variation in the mtDNA ND2 gene and found no 

association between MS and this variation [P=0.637, 

OR=1.2 (95% CI:0.4-3.5)]. Such as the results of Penissen-

Besnier et al., in a Caucasian population (24) and Chalmers 

et al., (27). However, Vyshkina et al., (28) in the Caucasian 

population found that mtDNA A4917G variation was 

associated with MS (P=0.006). In a German study, Mayr-

Wohlfart et al., found a high frequency of the A4917T 

variation in MS cases (11%), compared to controls (4%) 

(22). Therefore, the relation with no mutation is conclusive. 

No association was seen between T14798C variations, and 

MS. T14798C variations were found to be less in MS 

subjects (10%) than in the controls (6.9%) by Mihailova et 

al., (24). 

Andalib in his third study assessed mtDNA G15257A 

and mtDNA G15812A variation in MS in an Iranian 

population and did not found any association. Interestingly 

only one patient in each case and control group 

demonstrated mtDNA G15257A variation (P=0.637, 

OR=1, 95% CI:0.0-79.2) and no patient in each studied 

groups had mtDNA G15812A variation. (P=1, OR=1, 95% 

CI:0.0-79.2) (25). Such that of Hwang et al., (29) who 

found no association between MS and the LHON 

mutations (including mtDNA mutations at nucleotide (nt) 

11778, and nt 14484, 3460, and 15257) in a Korean 

population by analyzing 12 MS subjects. Such that of 

Japanese MS patients (30). 

Moreover, the mtDNA G15257A variation was shown 

to have no pathogenetic significance in Italian MS subjects 

(31). 5.4% of the MS subjects presenting with early and 

prominent optic nerve involvement and 5 out of 99 (5.1%) 

healthy controls had the mtDNA G15257A variation in a 

homoplasmic state. According to these studies, it can be 

concluded that these variations are not associated with MS. 

On the other hand, Mayer-Wohlfart et al., (22) found a 

possible association of mtDNA variations in MS with optic 

nerve involvement. Also, Kalman et al., (32) investigated 

LHON associated mtDNA mutations in MS patients in the 

USA and concluded that certain sets of the mtDNA 

variations are associated with, and predispose to, MS, in 

which that 53 MS subjects (20.8%) were shown to be 

positive for at least two (4216 and 4917 or 13,708) or three 

(4216,13,708, 15,257) simultaneous secondary LHON 

mutations, along with 7(9.5%) controls (P=0.036). 

Additional evidence was provided by Schoenfeld et al., 

, who demonstrated through microarray analysis that both 

mtDNA content and mitochondrial gene expression were 

significantly increased during oligodendrocyte 

differentiation in rats and humans (33). 

Some human studies proposed abnormal mtDNA as a 

marker of MS and disease progression or response to 

medication: 

Leurs et al., in a study assessed 2 cohort studies in 

Deutschland and Sweden. Patients with PMS showed a 

significant increase in CSF mtDNA compared to non-

inflammatory neurologic disease controls. In the Dutch 

cohort, mtDNA concentration was found to have 

significant increased level in progressive MS cases. 

Patients with higher T2 lesion volumes (ratio=2.13, 

P=0.03) and lower normalized brain volumes (ratio=0.42, 

P=0.02) showed increased concentration of mtDNA. But 

T1-hypointense lesion volumes (black hole lesion volume 

(BHLV)) and gadolinium-enhanced lesions on MRI did 

not relate to mtDNA concentration in Dutch cohort. Also, 

EDSS was not related to mtDNA copies/μL.in Swedish 

cohort, Patients treated with fingolimod had significantly 

lower mtDNA copy levels at follow-up compared to 

baseline. For fingolimod users, mtDNA copy number 

concentrations were almost 50% lower on follow-up 

(median=9.6 copies/μL) compared to baseline 

(median=17.9 copies/μL), z=−2.52, P=0.012, r=−0.37). 

There was no significant difference in mtDNA copy levels 

in the fingolimod-RRMS patients (n=23) compared to the 

RRMS group using other DMT (dimethyl fumarate: n=7, 

interferon-beta: n=12; ratio=1.65, P=0.089). But in the 

Dutch cohort, there was no significant difference in the 

concentration of mtDNA copies between the groups with 

and without DMT (ratio=1.12, P=0.624). The median CSF 

mtDNA concentration was16 copies/μL (IQR, 7.75-65.25) 

in the group without DMT and 18 copies/μL (IQR, 12-77) 

in the interferon using groups. It can be concluded that 

mitochondrial dysfunction has a role in MS and its clinical 

progression (34). 

 

Mitochondrial dysfunction in MS 

Zambonin et al., the study determined the 

mitochondrial content within demyelinated, remyelinated 

and myelinated axons in post-mortem tissue from patients 

with multiple sclerosis. The following demyelination both 

in acute and chronic phase, the number of mitochondria 

which was labeled by Immunofluorescence increases in the 

axons in the CNS, maybe due to the increase in energy 

needs. In the remyelination phase, its number decreases but 

is yet more than normal myelinated axons. It is due to an 

increase in mitochondrial respiratory chain complex IV 

activity. Although according to this study the total 

mitochondrial number increases in demyelinated fibers, the 

number of mobile mitochondria in remyelinated and 

myelinated axons is similar and, significantly greater than 

in demyelinated axons (35). 
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In the other studies, ultrastructural analysis of 

demyelinated spinal cord lesions showed dramatically 

reduced numbers of mitochondria and microtubules and 

demonstrated Ca2+-mediated destruction of chronically 

demyelinated axons and axonal swelling (36,37). As 

reduced energy production is a major contributor to Ca2+-

mediated axonal degeneration, authors focused on changes 

in oxidative phosphorylation and inhibitory 

neurotransmission. Compared with controls, 488 

transcripts were decreased, and 67 were increased in the 

MS cortex. Twenty-six nuclear-encoded mitochondrial 

genes and the functional activities of mitochondrial 

respiratory chain complexes I and III were decreased in the 

MS motor cortex. Reduced mitochondrial gene expression 

was specific for neurons. In addition, synaptic components 

of GABAergic neurotransmission and the density of 

inhibitory interneuron processes also were decreased in the 

MS cortex. In addition, recently a number of mitochondrial 

respiratory chain proteins in active lesions from acute MS 

were analyzed using immunohistochemistry (38). 

Functionally important defects of mitochondrial 

respiratory chain complex IV [cytochrome c oxidase 

(COX)] including its catalytic component (COX-I) are 

present in some active MS lesions (Pattern III) (39). The 

lack of immunohistochemically detected COX-I is 

apparent in oligodendrocytes, hypertrophied astrocytes, 

and axons, but not in microglia. These findings suggest that 

hypoxia-like tissue injury in Pattern III MS lesions may be 

initiated from mitochondrial impairment. On the other 

hand, in inactive areas of chronic MS lesions the complex 

IV activity and mitochondrial mass, judged by porin 

immune reactivity, are increased within approximately half 

of large chronically demyelinated axons compared with 

large myelinated axons in the brain and spinal cord. 

Mitochondria are generated in the cell body and 

transported to the axon (anterograde movement) to replace 

those that are worn out. In turn, the damaged axonal 

mitochondria are transported back to the cell body 

(retrograde movement) for degradation. Furthermore, 

nuclear DNA encodes both the majority of mitochondrial 

proteins and the superfamily of motor proteins required for 

transport of mitochondria along the axon: kinesins for 

anterograde movement and dyneins for retrograde 

transport back to the cell body. Both kinesins and dyneins 

bind to microtubules, which form the tracks for 

mitochondrial transport among other functions. The 

targeting of motile mitochondria to high energy-

demanding sites and the maintenance of stationary 

mitochondrial sites require docking proteins. In 

progressive MS, Kinesins are decreased at the protein 

(KIF5A) and transcript levels (KIF1B, KIF5A, and 

KIF21B) in the deep layers (layer V–VI) of the non-

lesional cortex. This effect is most prominent in cases with 

short disease duration. A recently identified protein is 

syntaphilin, a member of the syntaxin family of proteins 

encoded by nuclear DNA, as an axon-specific 

mitochondrial docking protein. Overexpression of 

syntaphilin in neurons leads to the cessation of 

mitochondrial movement and their docking in the axon (2). 

Campbell et al., have detected increased syntaphilin in 

surviving chronically demyelinated axons from MS cases, 

suggesting increased mitochondrial docking and stationary 

mitochondria (2). Mahad et al., also found syntaphilin and 

phosphorylated neurofilament -H were increased in 

chronic lesions (40). 

Recently, Regenold et al., investigated the relationship 

between disturbed CNS mitochondrial energy metabolism 

and MS disease progression by measuring cerebrospinal 

fluid (CSF) concentrations of sorbitol, fructose, and lactate, 

all metabolites of extra-mitochondrial glucose metabolism 

(41). They found that concentrations of all three 

metabolites, but not concentrations of glucose or 

myoinositol, were significantly increased in CSF from 

secondary progressive and, to a lesser degree, relapsing-

remitting patients, compared to healthy controls. 

Furthermore, CSF concentrations of sorbitol and fructose 

(polyol pathway metabolites), but not lactate (anaerobic 

glycolysis metabolite), correlated positively and 

significantly with Expanded Disability Status Scale 

(EDSS) score, an index of neurologic disability in MS 

patients. These findings suggest that abnormal 

mitochondrial glucose metabolism is increased in MS 

patients and is associated with disease progression (41). 

Interestingly, analysis of mitochondrial enzymes on 

human muscle showed that in people with MS, there were 

fewer type I fibers, and that fibers of all types were smaller 

and had lower succinate dehydrogenase (SDH, component 

of the respiratory chain complex II) and SDH/alpha-

glycerol-phosphate dehydrogenase (GPDH) but not GPDH 

activities, suggesting that muscle in this disease is smaller 

and relies more on anaerobic than aerobic-oxidative energy 

supply than does muscle of healthy individuals (42). 

Similar to the brain, muscles are also highly dependent on 

mitochondrial oxidative energy metabolism, so it is 

reasonable that there is a weaker muscle in MS patients, 

indicating muscle is also one of the targets of MS. In some 

rare cases, MS could have a mitochondrial myopathy 

combination, in which MRI showed widespread white 

matter lesions, muscle biopsy showed ragged red fibers and 

COX (complex IV) deficiency, Southern blot analysis 

revealed a large deletion of mtDNA (43). Probably the 

severe mitochondrial genomic deletion is the key cause or 
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initiation factor for this special case. 

Another interesting key issue of mitochondria must be 

discussed below. The mitochondrial permeability 

transition leads to mitochondrial swelling, outer membrane 

rupture and, enhances ROS generation, induces 

mitochondrial calcium perturbation and facilitates 

mitochondrial pro-apoptotic molecule release. The 

mitochondrial permeability transition pore (PTP) is 

thought to consist of the adenine nucleotide translocator, a 

voltage-dependent anion channel, and cyclophilin D 

(CyPD, the Ppif gene product), a prolyl isomerase located 

within the mitochondrial matrix. CyPD is a key regulator 

of the PTP, and they are required for mediating Ca2+- and 

oxidative damage-induced cell death (44,45). In 

experimental animal MS disease model, EAE mice lacking 

CyPD showed that neurons missing CyPD, are resistant to 

oxidative agents thought to be the mediators of axonal 

degeneration observed in both EAE and MS and have 

mitochondria that are able to more effectively handle 

elevated Ca2+. Consistent with this neuronal resistance, 

animals missing CyPD are able to recover, clinically, 

following the induction of EAE (46). These results directly 

implicate pathological activation of the mitochondrial PTP 

in the axonal damage occurring during MS, in another 

word, PTP and mitochondria are the critical target of EAE, 

perhaps multiple sclerosis (47,14,8). 

Patergnani et al., showed that oligodendrocyte 

differentiation is particularly sensitive to mitochondrial 

toxins, and this observation corroborated the importance of 

mitochondria for proper oligodendrocyte maturation and 

consequent myelination. They additionally assessed the 

other aspects of mitochondrial abnormalities in MS (48). 

mtDNA mutations, the expression of key nuclear-and 

mitochondrial-encoded subunits of the ETC has been 

linked to MS susceptibility. Peroxisome proliferator-

activated receptor (PPAR) gamma coactivator-1α (PGC-

1α) is a transcription factor that regulates the expression of 

OxPhos subunits and mitochondrial defense. The latter 

function is achieved by controlling the expression of 

mitochondrial antioxidant proteins. Interestingly, the 

mRNA levels of PGC-1α were found to be significantly 

reduced in cortical samples from MS patients, and this 

reduction was associated with a significant loss of 

pyramidal neurons in deep cortical layers and with an 

increase in ROS production (49). Thus, the reduction of the 

neuronal PGC-1α levels may contribute to neuronal loss 

via impairment of OxPhos and mitochondrial redox 

imbalance. Furthermore, recent findings indicate that 

altered expression of nuclear respiratory factor1/2 (NRF-

1/2), estrogen-related receptor α (ESR1), and PPARs affect 

the expression of OxPhos genes and cause oxidative as 

well as nitrosative damage. In particular, changes in NRF-

2 associated with down-regulation of mETC genes and 

increased production of ROS have been found in 

postmortem MS brains (50). As the binding of NRF-2 to 

DNA is redox-regulated (51), the overall increment in 

oxidative damage could affect NRF-2 outcomes. As a 

consequence, NRF-2 fails to bind to the promoter region of 

mETC genes, and the transcription and production of 

protein subunits of the mETC complexes are consequently 

affected (48). 

In EAE, it has been found that nitric oxide, superoxide, 

and peroxynitrite can impair mitochondrial function, 

thereby inhibiting mitochondrial complexes I to V, 

aconitase, manganese superoxide dismutase, and creatine 

kinase, which can lead to damage of mtDNA, lipid 

peroxidation and increased mitochondrial proton 

permeability (52-54). It has been reported in EAE, that 

mitochondrial dysfunction can be found in the early stage 

of MS disease (55). In a recent study (based on histological 

evidence), the excessive production of nitric oxide by 

activated microglia and macrophages can be a cause of 

reversible conduction block, which is observed in 

demyelinated axons (56,57). A new study found that 

mitochondrial damage can precede inflammation in EAE, 

suggesting that mitochondrial dysfunction is primary in the 

disease (58). 

Endoplasmic reticulum (ER) stress is a hallmark of 

neurodegenerative diseases such as multiple sclerosis 

(MS). However, this physiological mechanism has 

multiple manifestations that range from impaired clearance 

of unfolded proteins to altered mitochondrial dynamics and 

apoptosis. The membranous contacts between the ER and 

mitochondria, called the mitochondria-associated 

membrane (MAM), could provide a functional link 

between these two mechanisms. Haile et al., found that the 

induction of guanosine triphosphatase (GTPase) Rab 32 a 

known regulator of the MAM correlates with ER stress 

proteins in MS brain, as well as in EAE, and occurs in 

multiple CNS cell types. They identified Rab 32, known to 

increase in response to acute brain inflammation, as a novel 

unfolded protein response (UPR) target. High Rab32 

expression shortens neurite length, alters mitochondria 

morphology, and accelerates apoptosis/necroptosis of 

human primary neurons and cell lines and lead to the 

progression of MS (59). 

 

Mitochondrial medicine for neurodegenerative 

diseases 

A study has been done by utilizing electrophysiological 

techniques in brain striatal slices, to evaluate the potential 

protective effects of interferon β-1a against acute neuronal 
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dysfunction induced by mitochondrial toxins. Interferon β-

1a was found to exert a dose-dependent protective effect 

against the progressive loss of striatal field potential 

amplitude induced by the mitochondrial complex I 

inhibitor rotenone. Interferon β1a also reduced the 

generation of the rotenone-induced inward current in 

striatal spiny neurons. Conversely, interferon β1a did not 

influence the electrophysiological effects of the 

mitochondrial complex II inhibitor 3-nitropropionic acid. 

The protective effect of interferon β1a against 

mitochondrial complex I inhibition was found to be 

dependent on the activation of STAT1 signaling. 

Conversely, endogenous dopamine depletion and the 

modulation of the p38 MAPK and mTOR pathways did not 

influence the effects of interferon β1a. During EAE striatal 

rotenone toxicity was enhanced but the protective effect of 

interferon β1a was still evident (60). 

Du et al., focused on mitochondrial permeability 

transition pore (mPTP) for the treatment of MS. The 

protective effects of mPTP blockade have been studied in 

animal models of a variety of neurodegenerative diseases, 

and current studies are focusing on inhibition on 

cyclophilin D (CypD) or voltage-dependent anion channel 

(VDAC). In experimental MS mouse model, it has been 

shown that CypD depletion ameliorates the severity of 

symptoms and preserves axonal functions. Several CypD 

inhibitors such as cyclosporine A (CsA), Sanglifehrin A 

(SfA), and FK506 have been developed and are reported to 

be capable of inhibiting mPTP formation and its 

consequent damages. Cyclosporine A (CsA) has been 

experienced inAmyotrophic lateral sclerosis (ALS), 

FK506, in an MS and HD animal models, and VDAC in 

ALS mice (47). 

Based on the results of the studies, it seems that 

mitochondrial DNA abnormality and mitochondrial 

dysfunction may be due to primary inflammation in MS or 

may occur itself before any inflammation, but definitely 

contribute to axonal degeneration and disease progression. 
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