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Abstract

Background

Neuromyelitis Optica (NMO) is an inflammatory demyelinating disease that mainly affects

optic nerves and spinal cord. Besides, loss of motor and cognitive function has been

reported as important symptoms of disease.

Objective

Here we investigated the mitochondrial dysfunction and metabolic alterations in NMO

patients and evaluate their correlation with disease progress, disability and cognitive

impairment.

Methods

The individuals (12 controls and 12 NMO) were assessed for disease severity by expanded

disease status scale (EDSS), cognitive function via symbol digit modalities test (SDMT) and

fine motor disability by 9-hole peg test (9-HPT). We have measured Sirtuin 1 (SIRT1),

SIRT3, mitochondrial complex I, complex IV, aconitase and α-ketoglutarate dehydrogenase

(α-KGD) activity in peripheral blood mononuclear cells (PBMCs). Furthermore, SIRT1, pyru-

vate, lactate and cytochrome c (Cyt c) were determined in plasma.

Results

Our results exhibited increased 9-HPT time in NMO patients. 9-HPT results correlated with

EDSS; and SDMT negatively correlated with disease duration and number of attacks in

patients. Investigation of PBMCs of NMO patients exhibited a decrease of mitochondrial

complex I and IV activity that was significant for complex IV. Besides, complex I activity was

negatively correlated with 9-HPT time in NMO group. In the plasma samples, a correlation

between pyruvate to lactate ratio and EDSS in NMO patients was found and a negative cor-

relation between Cyt c concentration and SDMT was detected.
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Conclusion

Our data support the hypothesis that mitochondrial dysfunction occurred in the CNS and the

peripheral blood may contribute to disease progress, disability level and the cognitive

impairment in NMO patients.

1. Introduction

Neuromyelitis optica (NMO) is known as an autoimmune disorder of the central nervous sys-

tem (CNS) which attack optic nerve and spinal cord. The myelin of axons located at the optic

nerves and spinal cord have been attacked by immune system, thus an extensive inflammation

in the optic nerve and spinal cord happens [1]. However, NMO was traditionally considered as

a variant of Multiple Sclerosis (MS), but after the discovery of a disease-specific immunoglobu-

lin G antibody (NMO-IgG) that selectively binds to aquaporin-4 (AQP4; the most abundant

water channel in the CNS), it is now considered as a distinct disease [2,3]. The most prevalent

form of NMO disease shows the relapsing-remitting (RR) course, and the patients experience

greater number of attacks than RR-MS patients in a similar follow-up duration. The term

NMO spectrum disorders (NMOSDs) was introduced to mention AQP4 IgG-seropositive

patients [1].

Although the major lesions and tissue atrophy of NMO patients is in optic nerve and spinal

cord, regional brain atrophy has also been reported in this disease [4–6]; for instance, investi-

gations demonstrated that NMO patients suffer cognitive dysfunction [6,7]; with main cogni-

tive deficits in long-term memory, speed of information processing, attention and executive

functions.

On the other hand, studies suggested that access of systemic immunoglobulins and lympho-

cytes into the CNS through a disrupted blood brain barrier (BBB) aggravates disease activity

and increases disability and contributes in the CNS lesions in patients [8–10].

Although metabolic profiling can provide an immediate indication of the physiology/

pathology of the biological systems; accordingly several studies have characterized the meta-

bolic changes in the CNS and cerebral spinal fluid (CSF) of NMO patients [11,12]. A compre-

hensive analysis in plasma and peripheral lymphocytes metabolic status and mitochondrial

function parameter as well as their relation with disability level and cognitive impairment have

not been performed.

Mitochondria are the ubiquitous energy-producing organelles that additionally participate

in numerous physiologic and pathologic pathways including apoptosis, reactive oxygen species

(ROS) generation and calcium buffering [13]. The electron transport respiratory chain (ETC)

proteins are embedded in the inner membrane of mitochondria and tricarboxylic acid (TCA)

cycle enzymes activity is located in the organelle matrix provide electrons to drive synthesis of

adenosine triphosphate (ATP) molecules by ETC [13]. Mitochondria have significant impact

in preserving the structural integrity of myelinated axons, [14], and also, their functional

change in peripheral blood mononuclear cells (PBMCs) can influence the fate determination

of cells to pro-inflammatory and/or anti-inflammatory [15]. Studies have showed a close rela-

tionship between the systemic metabolic status and immune function [16].

In this study, to investigate the relationship between the systemic metabolic and NMO

severity; we evaluated the activity of mitochondrial complex I and IV, and also aconitase and

α-ketoglutarate dehydrogenase (α-KGD) as important enzymes to energy production in

PBMCs of NMO patients. Moreover, we measured the level of sirtuin 1 (SIRT1) and 3 in
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PBMCs and SIRT1 in plasma due to their critical roles in the physiology of central nervous sys-

tem, immune system and metabolism [17] and long term changes in gene expression via their

epigenetic modifying role. In addition plasma level of pyruvate and lactate was determined to

show aerobic/nonaerobic metabolism ratio of CNS, and cytochrome c (Cyt c) level as a marker

of apoptosis. Eventually, we assessed the correlation of all results with clinical outcomes to

shed light on pathological pathways involved in disability boost and disease progress.

2. Methods

2.1. Subjects

The study was conducted according to international guidelines and approved by Tarbiat Mod-

ares University Ethics Committee. An informed consent was obtained from all patients. Inclu-

sion criteria for NMO group (n = 12) were age between 18 to 66 years, and NMO diagnosis

based on the 2015 International Panel for NMO diagnosis (IPND) criteria [18]. All NMO

patients were in the remit phase of disease; 8 patients were sero-positive for AQP4 while the

rest of them were sero-negative. Information about their treatment content and AQP4 sero-

positivity are presented as Supporting Information (S1 Table). Exclusion criteria were clinical

relapse, pregnancy, a course of steroids in the last 4 weeks, a history of other autoimmune dis-

orders, vascular disease, or active acute or chronic infections, use of antibiotics in the last 30

days, a history of intracranial or intraspinal tumor, Diabetes or other metabolic disease, or a

history of smoking and alcohol or drug abuse. The control group consisted of 12 healthy sub-

jects, matched for age and gender. Exclusion criteria for control group were same as men-

tioned for NMO patients.

2.2. Clinical scales

All subjects were clinically assessed for physical disability using the Extended Disability Status

Scale score (EDSS) [19]. For this scale, a higher score indicates more disability. Also upper

extremity function and fine motor skills were evaluated with the 9-Hole Peg Test (9-HPT).

The test was carried out by having the participant pick up pegs one at a time and place them

into the one of the nine holes as quickly as possible. Once all pegs were placed, the pegs must

be quickly removed one by one and placed back in the holding place. The test score reflects the

time from start of the test to the time the last peg is placed back into the container. Separate tri-

als were held for the dominant and non-dominant hand.

2.3. Cognitive function assessment

Cognitive assessment was performed by Symbol Digit Modalities Test (SDMT). This test takes

about 5 minutes to administer and is designed to assess speed of information processing [20].

For this test, participants used a key of 9 symbols that each of them was correlated with a single

digit. They were asked to write down the digit associated with this symbol as quickly as possi-

ble in the page contains symbols with an empty box next to them. Digits and symbols were

chosen based on patient’s native speaking language. The outcome score is equal to the number

of symbols correctly decoded into the corresponding number within the time permitted.

2.4. Collection of plasma and PBMCs

Just after of the clinical assessment, subjects were asked to undergo to a venipuncture for the

blood samples. Blood samples were drawn from patients and controls using ethylenediamine-

tetraacetic acid (EDTA)-containing tubes. Fresh blood samples were processed for isolation of
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plasma and PBMCs by density gradient centrifuge using Ficoll-Paque (Lymphodex, Inno-

Train, Germany).

2.5. Measurement of SIRT1 and 3 protein

Total protein was isolated from cells via buffer containing 10 mM HEPES (pH 7.9), 10 mM

KCl, and 1.5 mM MgCl2 supplemented with 1 mM PMSF, 2 mM DTT, and 1X proteinase

inhibitor. Then protein concentration of samples were determined using Bradford method

[21]. SIRT1 level was evaluated from total protein of PBMCs and plasma samples by ELISA

kits according to the manufacturer’s guidelines (Abcam, Cambridge, UK). Also, SIRT3 level

was determined in extracted protein of PBMCs using commercial ELISA kits (MyBioSource,

San Diego, USA).

2.6. Mitochondria isolation from PBMCs

PBMCs isolated from patients and the controls were homogenized in buffer containing 20

mM HEPES pH 7.4, 0.2 mM PMSF, 1 mM DTT, 10% glycerol, 2 mM sodium citrate, 1X pro-

teinase inhibitor. For mitochondrial isolation, each samples were homogenized in ice-cold

buffer (0.2 mM sodium citrate, 50 mM Tris-HCl, pH 7.4) for 40 s at 210 rpm. Cell homogenate

was centrifuged for 10 min (800× g, 4˚C). After transferring the supernatant into a new tube,

samples centrifuged for 10 min (20,000× g, 4˚C). The resulting pellet was re-suspended in ice-

cold 0.2 mM sodium citrate and then sonicated for 20 s [22]. Before the enzymatic assays, the

extract was further diluted and protein concentration of samples were determined using Brad-

ford method [21].

2.7. Complex I activity assay

Mitochondrial complex I activity was assayed according to standard method [23] in KH2PO4

buffer (50mM, pH 7.5), containing 3.75 mg/ml fatty acid-free BSA and 0.1mM decylubiqui-

none. To initiate the reaction 0.1 mM NADH was added. To determine the background rate,

parallel measurements in presence of Rotenone (5μM) were used. The absorbance was moni-

tored at 340 nm (ε = 6.22mM-1.cm-1).

2.8. Complex IV activity assay

For assessment of complex IV activity, the oxidation of Cyt c was monitored at 550 nm

(ε550 = 18.5 mM-1.cm-1) according to the method described by Spinazzi et al. [24]. The reac-

tion buffer was composed of 50 mM potassium phosphate, pH 7.0, and homogenate proteins.

The reaction was initiated at 37˚C by the addition of 60 μM reduced Cyt c.

2.9. Aconitase activity assay

Aconitase catalyzes an equilibrium between aconitate, cis-aconitate and iso-citrate, and cis-

aconitate production is proportional to aconitase activity. The activity of aconitase in PBMCs

was measured using a Tris-HCL buffer (pH 8.0, 100 mM) supplemented with 20 mM D,L-tri-

sodium isocitrate, and 0.6 mM fresh MnCl2. The reaction was initiated by the addition of

mitochondria. Changes in the absorbance were monitored at 240 nm using a microplate

reader (Biotek, Synergy HTX) and calculated by an extinction coefficient of 3.6 mM-1.cm-1

[25].
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2.10. Alpha-ketoglutarate dehydrogenase activity assay

Alpha-ketoglutarate dehydrogenase (α-KGD) is a Krebs cycle enzyme, which catalyses the

non-equilibrium reaction converting α-ketoglutarate, coenzyme A and NAD+ to succinyl-

CoA, NADH and CO2, requiring thiamine pyrophosphate as a cofactor. α-KGD activity was

measured based on method by Gibson and colleagues [26]. The reaction medium included

assay buffer containing 50 mM Tris (pH 7.0), 1 mM MgCl2, 1 mM CaCl2, 0.5 mM K-EDTA, 1

mM dithiothreitol, 1% triton X-100, and also 0.3 mM thiamine pyrophosphate, 1 mM NAD,

0.163 mM coenzyme A and the sample (25–30 μg protein). Then 1.25 mM 2-ketoglutarate was

added to the reaction medium, when the baseline stabilized at 37˚C. The formation of NADH

was monitored at 340 nm (ε340 = 6.23 mM-1.cm-1).

2.11. Determination of pyruvate level

Plasma samples were mixed to assay buffer containing 0.25 M Tris buffer (pH 7.5) and 0.25

mM NADH. Baseline absorbance of samples was measured at 340 nm. After that, 3μl LDH (3

mg/ml) was added to each sample and incubate for 2 min. finally, absorbance was re-measured

at 340 nm. Calculation was done by a standard curve [27].

2.12. Measurement of lactate level

The determination of lactate was carried out following the method described by Marbach and

Weil [27]. Plasma samples were added to assay mixture containing 0.43 M glycine-hydrazine

buffer, 2.5 mM NAD and 3μl lactate dehydrogenase (LDH) (3 mg/ml). Then the mixture was

left to stand at ambient temperature for 14 min and the absorbance was read at 340 nm. The

level of lactate was calculated by a standard curve.

2.13. Detection of Cyt c level

Level of cytochrome c was estimated based on a method introduced by Williams [28]. Each

sample was loaded in 2 separate wells. One well was oxidized by hydrogen peroxide and the

other was reduced by sodium dithionate. Finally the spectrum of well 2 vs. 1 was recorded from

535 to 550 nm and the results were calculated by the extinction coefficient of 19 mM-1cm-1.

2.14. Statistical analysis

The Kolmogorov–Smirnov Test was used to assess the normal distribution of data. For nor-

mally distributed data, groups difference significance was assessed by Student’s t-test for

unpaired observations and presented as mean±SEM. Nonparametric data were analyzed and

presented as median±IQR. In order to explore correlation between variables, Pearson’s corre-

lation (r) for parametric data and Spearman’s correlation (r) for nonparametric results were

used. The statistical significance was established when p-value was less than 0.05.

3. Results

3.1. Clinical variables of subjects

The demographic and clinical features of control healthy subjects and NMO patients are sum-

marized in Table 1. In NMO patients, the female to male ratio was 8:4, the mean age of patients

was 40.1 ± 2.7, the mean duration of disease was 7 ± 1.2, the number of attacks was 2.2 ± 0.3,

and mean EDSS score was 1.6 ± 0.6. The Mean age of control subjects was 38.7 ± 2.4.

Seven patients were lesion free in their MRI, 5 patients had lesions characteristically

occurred in the deep white matter, periventricular and Juxtacortical regions that were non-
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specific for MS. The presence and/or absence of brain lesions for each patient are shown in

Supporting Information (S1 Table).

3.2. Fine motor function but not cognitive function was affected by NMO

disease

9-HPT was done to measure disability level in fine motor function. A comparison between

control group and patients showed a significant increase in dominant hand and non-dominant

hand time to finish the task in NMO group (Fig 1A). The time performance of NMO patients

revealed an increase about 1.6 and 1.5 fold, in dominant hand and non-dominant hand,

respectively. 9-HPT results were significantly correlated with some clinical scales (Fig 1C). The

correlation was stronger with EDSS (DH R = 0.59, P = 0.06; NDH R = 0.68, P = 0.01) followed

by number of attacks (DH R = 0.68, P = 0.02; NDH R = 0.49, P = 0.12); but no significant cor-

relation with the disease duration (DH R = 0.06, P = 0.84; NDH R = -0.02, P = 0.95) was

observed.

SDMT assesses key neurocognitive functions that underlie many tasks, including attention,

visual scanning, and motor speed [29]. Our results in Fig 1B showed that cognitive function

does not significantly impaired in NMO group. The number of correct answer in an interval

of 90 s decreased by 83.8% in NMO patients. Based on cognitive assessment of NMO patients

(Fig 1D), number of correct answers were negatively correlated with the number of attacks (R
= -0.83, P = 0.002) and disease duration (R = -0.66, P = 0.02), but the result did not show any

significant correlation with EDSS (R = -0.33, P = 0.24).

3.3. The level of SIRT1 and SIRT3 in were not affected by NMO disease

SIRT1 is a histone deacetylase that regulates the acetylation of a number of cellular substrates,

resulting in modification of pathways involved in gene expression and DNA damage repair

[30]. As we shown in Fig 2A and 2C the level of SIRT1 in protein extract of PBMCs and

plasma, respectively, did not show any changes in NMO group compared to control.

Furthermore, SIRT3 as a mitochondrial deacetylase controls many aspects of mitochondrial

function by deacetylating a number of mitochondrial matrix proteins, including anti-oxidant

effectors and proteins involved in the ETC, thus limiting the production of ROS [31]. We

monitored the level of this protein in PBMCs and the comparison of control and patient sam-

ples didn’t show any changes (Fig 2B).

3.4. The mitochondrial complexes activity decreased in NMO patients

Complex I is a large size enzyme that catalyze the first step of the mitochondrial ETC. The

enzyme oxidizes NADH transferring electrons to Ubiquinone, a lipid soluble electron carrier

Table 1. Clinical neurological data of neuromyelitis optica (NMO) patients and age-matched controls.

Controls (n = 12) NMO (n = 12)

Gender F 9: M 3 F 8: M 4

Age (years) 38.7 ± 2.4 (29–54) 40.1 ± 2.7 (26–58)

Disease duration (years) N/A 7 ± 1.2 (1–15)

Number of attacks N/A 2.2 ± 0.3 (1–5)

EDSS N/A 1.6 ± 0.6 (0–6)

Values are expressed as mean ± SEM. NMO = Neuromyelitis optica; F = female; M = male; EDSS = Expanded

disability status scale; N/A = Not Applicable.

https://doi.org/10.1371/journal.pone.0230691.t001
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embedded in the lipid bilayer of the inner mitochondrial membrane [32]. Besides, Mitochon-

drial complex IV or Cyt c Oxidase (COX) is the last electron acceptor of the respiratory chain

which reduces oxygen to water [33]. Fig 3A and 3B show the mitochondrial complex I and IV

activity for mitochondria isolated from PBMCs of subjects. The activity of both complex I and

IV were decreased about 76.3% and 68.6%, respectively, in NMO patients. However, just the

reduction of mitochondrial complex IV activity was statistically significant.

As shown in Fig 3C and 3D, in order to investigate the correlation of mitochondrial complex

I and IV activity with disease progression, we used EDSS and 9-HPT results. The results showed

a weak correlation of complex I activity with some of these clinical scales. The correlation was

significant with 9-HPT (DH R = -0.66, P = 0.01; NDH R = -0.51, P = 0.07) and insignificant

with EDSS (R = -0.39, P = 0.11). The activity of complex IV didn’t show any correlation with

EDSS (R = 0.15, P = 0.62) and 9-HPT (DH R = 0.15, P = 0.61; NDH R = 0.09, P = 0.77).

3.5. TCA cycle enzymes activity and Cyt c level didn’t change in NMO

patients, although the level of Cyt c correlated with cognitive function

Because of the majority role of TCA cycle enzymes in ATP production and cell metabolism,

any changes in its elements’ activity could affect cell function, widely. Aconitase enzyme is the

most sensitive enzyme to ROS [34]. Also, Alpha-KGDH is a highly regulated enzyme, which

could determine the metabolic flux through the Krebs cycle [35]. Based on Fig 4A and 4B,

there were no significant differences in aconitase and α-KGD activity in NMO patients com-

pared to healthy controls.

On the other hand, since Cyt c releases from dying cells, we measured the level of this

marker as an indicator of neuronal death in NMO (Fig 4C). The level of Cyt c elevated in the

plasma of NMO when compared with control group, but non-significantly. As we shown in

Fig 4D, the level of Cyt c didn’t correlate with EDSS (R = 0.1, P = 0.75), while negatively corre-

lated with number of correct answers of SDMT (R = -0.83, P = 0.001) during NMO disease

(Fig 4E).

3.6. The ratio of pyruvate to lactate correlated with EDSS

The blood pyruvate to lactate ratio reflects the equilibrium between substrate and product of

the reaction catalyzed by lactate dehydrogenase. This ratio is correlated with the cytoplasmic

NAD+: NADH ratio and is used as a surrogate measure of the cytosolic oxido-reduction state

[36]. We monitored the level of lactate and pyruvate in plasma of all individuals and based on

Fig 5A, 5B and 5C, the level of this agents did not show any significant changes in NMO

group. However, an insignificant increased in plasma level of lactate and decreased in pyruvate

to lactate ratio were indicated in NMO patients. As we shown in Fig 5D, plasma ratio of pyru-

vate to lactate was correlated with EDSS (R = -0.56, P = 0.04) in NMO patients. However, there

wasn’t any significant relationship between this ratio and number of attacks (R = -0.03,

P = 0.79) (Fig 5E) and 9-HPT (DH R = -0.37, P = 0.23; NDH R = -0.56, P = 0.05) (Fig 5F).

4. Discussion

In this study we measured different read outs in NMO patients including disease severity

(EDSS), fine motor function (9-HPT) and cognitive performance (SDMT). A significant

Fig 1. Dominant hand and non dominant hand time of 9-Hole Peg Test (9-HPT) (a) and Symbol Digits Modalities Test (SDMT) scores (b) of Neuromyelitis

Optica (NMO) patients compared to control group. Each point shows the median ± IQR. (���P<0.001 different from the control group). The correlation of

9-HPT (c) and SDMT (d) with the expanded disease status scale (EDSS), disease duration and number of attacks in NMO patients.

https://doi.org/10.1371/journal.pone.0230691.g001
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decrease in fine motor performance and a trend for declined SDMT was observed. These find-

ing may be explained by lesion distribution in spinal cord of NMO patients but not extensive

lesion in cerebral cortex [37,38].

EDSS was correlated with the number of attacks but not with the disease duration which

may imply for the importance of attack prevention in NMO to prevent the disease progression.

In a same observation, both 9-HPT and SDMT were also correlated with number of attacks,

but not with disease duration. Again it suggests that preventing disease attacks may contribute

to better motor and cognitive outcomes in NMO. This will be more notable in the light of the

fact that the NMO patients experienced greater attacks in number and severity even compared

to MS patients [39]. Several studies have revealed cognitive impairment in NMO patients

[6,39]. Here, the decline in SDMT as an indicator of cognitive function was not statistically sig-

nificant, however, the significant relationship between number of correct answer of SDMT

and the number of attacks may indicate a performance reduction in some tasks including

attention, visual scanning, and motor speed during the disease progression. These finding may

also imply for the significance of cognitive impairment and restorative strategies in NMO

patients with higher number of attacks.

Unlike number of attacks, EDSS did not have a significant correlation with SDMT that may

suggest cognitive dysfunction may proceed independent of EDSS by recurrent attacks of dis-

ease. In the other word cognitive dysfunction may progress while EDSS seeds to be well con-

trolled. Our results corroborate the findings observed in previous studies that demonstrated a

relationship between number of relapses and brain tissue volume in NMO disease [40,41].

Both motor dysfunction and cognitive impairment have major impact on life quality of NMO

patients; therefore regular evaluation of cognitive performance in NMO patients as like as the

EDSS seems required.

Additionally in the present study, metabolic alteration in peripheral lymphocytes, plasma

and mitochondria of PBMCs was compared between NMO patients and healthy controls.

NMO like other CNS autoimmune diseases, shows different aspects of immune cell activation,

BBB disruption and immune cell infiltration into the CNS, evaluation of this cells may be an

important approach to study disease pathology and find potential therapeutic targets. With

this purpose, we studied metabolic changes in PBMCs and also plasma samples as body fluid

that exposed to both neurons and immune cells. We also checked how this measurable bio-

chemical factors may correlate with motor and cognitive dysfunctions. Exploring biomarkers

that might correlate with patient’s disability and cognitive impairment in NMO, will help to

predict motor and cognitive function separately. Therefor we assessed the correlation of each

marker with clinical results.

The crucial role of SIRTs as a family of histone deacetylase that can modulate the activity of

numerous proteins and transcriptional activities for long term, has been demonstrated in

immune system, metabolism and CNS physiology. SIRTs are known as a molecular link

between immunity and metabolic pathways [42]. Although pervious experiments in MS

patients, as most close disease to NMO, displayed an elevated level of SIRT1 in the plasma and

a decreased level of this protein in PBMCs of MS patients [43,44], our investigation didn’t

show any changes in the level of this protein during NMO disease. We measured the level of

SIRT1 as suppressor of transcriptional activity of NF-κB [45,46] in plasma and PBMCs, and

also SIRT3 as a major mitochondrial deacetylase and metabolic sensor responding to the

Fig 2. Sirtuin 1 (SIRT1) (a) and SIRT3 (b) level in peripheral blood mononuclear cells (PBMCs) and SIRT1 level in

plasma (c) of Neuromyelitis Optica patients compared to control group. Each point shows the median ± IQR (a) and/

or mean ± SEM (b and c).

https://doi.org/10.1371/journal.pone.0230691.g002
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alteration of energy status in the PBMCs. However, we did not observe a correlation of SIRT1

and SIRT3 level with none of EDSS, number of attacks, 9-HPT and SDMT. Therefore, other

mechanisms might be involved in the failure of both motor and cognitive function.

For more specific evaluation of metabolic status in PBMCs, we assessed the activity of mito-

chondrial complex I and IV, and also aconitase and α-KGD in these cells. Our data suggested

a reduction in mitochondrial complexes activity but not in TCA enzymes. The failure of activ-

ity in mitochondrial complexes leads to decreased ATP production that might be correlated

with pathogenesis activity of lymphocytes. Additionally, the results showed a slight correlation

Fig 3. Mitochondrial complex I (a) and complex IV (b) activity in peripheral blood mononuclear cells (PBMCs) of Neuromyelitis Optica (NMO)

patients compared to control group. Each point shows the mean ± SEM. (����P<0.0001 different from the control group). The correlation of

Complex I (c) and Complex IV (d) activity in PBMCs with the expanded disability status scale (EDSS) and 9-Hole Peg Test (9-HPT) in dominant

hand and non dominant hand of NMO patients.

https://doi.org/10.1371/journal.pone.0230691.g003

Fig 4. Aconitase (a) and α-ketoglutarate dehydrogenase (b) activity in peripheral blood mononuclear cells (PBMCs), and Plasma level of Cytochrome c (Cyt c) (c) of

Neuromyelitis Optica (NMO) patients compared to control group. Each point shows the mean ± SEM. The correlation of Cyt c level in plasma with the EDSS (d) and

Symbol Digit Modalities Test (SDMT) (e) in NMO patients.

https://doi.org/10.1371/journal.pone.0230691.g004
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between the reduction of mitochondrial complex I activity and increased time of 9-HPT. One

recent study indicated a decreased protein level of mitochondrial complexes in PBMCs iso-

lated from MS patients [47]. It seems that decrease in available energy in cells can affect the

pro-inflammatory activity of lymphocytes. Clinical and laboratory-based evidence has shown

Fig 5. Level of pyruvate (a), lactate (b) and pyruvate to lactate ratio (c) in Plasma of Neuromyelitis Optica (NMO) patients compared to control group. Each

point shows the mean ± SEM. The correlation of Pyruvate to lactate ratio in plasma with the expanded disease status scale (EDSS) (d), number of attacks (e)

and 9-Hole Peg Test (9-HPT) in dominant hand and non dominant hand (f) of NMO patients.

https://doi.org/10.1371/journal.pone.0230691.g005
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that in contrast to MS disease, B cells play a prominent role in NMO pathogenesis. B cell or

plasma cell-produced NMO-IgG binding to astrocytic AQP4 activates complement deposition

[48–50], leading to astrocyte damage and inflammatory reaction [51] with leukocyte infiltra-

tion [50] and cytokine release [52], thus resulting in disease development. Therefore, the

observed mitochondrial failure worth to be evaluated in different cell types. Some treatments

of NMO patients such as steroids and immunosuppressants may affect mitochondrial func-

tion; all NMO patients in this study were prescribed azathioprine and mycophenolate mofetil

at least for 3 months prior to sampling (see Supporting Information, S1 Table). These drugs

are mainly known to inhibit lymphocyte proliferation via purine synthesis prevention [53,54].

In order to test the hypothesis that mitochondrial dysfunction and metabolic changes

might be involved in neuronal death and increased disability in NMO patients, we chose some

body fluid biomarkers including pyruvate, lactate and Cyt c. Monitoring the mentioned mark-

ers may reflect the metabolic changes from an aerobic to a nonaerobic status and also the rate

of cell death. Although our investigation didn’t show any significant changes neither in pyru-

vate nor in lactate level, we found an insignificant increase in lactate level and decrease in

pyruvate to lactate ratio of plasma in NMO patients. In addition, the reduction of pyruvate to

lactate ratio was negatively correlated with increase of EDSS in NMO group. This related

changes and shift from aerobic to anaerobic metabolism may be a reflection of balance

destruction in metabolic status of mitochondria in the CNS and its association with neuronal

loss. Previous investigations showed a direct relationship between neuronal lose and dysfunc-

tion of aerobic energy metabolism [55]. Although, the exact source of these changes is not

clear, a previous study has showed an elevated level of lactate in CSF of NMO patients as well

[12]. Furthermore, measurement of plasma level of Cyt c displayed an slight but non-signifi-

cant increase in NMO group, while the level of this protein was in normal range (<25 ng/ml)

[56] in both normal and NMO individuals. Interestingly, results analysis displayed a signifi-

cant negative correlation between elevated level of Cyt c and decreased number of correct

answers in SDMT by NMO patients. It has been previously described that Cyt c is not only

released from mitochondria, but also, it leaves the cell and can be considered as a biochemical

indicator of apoptosis [57,58]. So this slight elevation in the plasma level of Cyt c might be

attributed to demyelinated neurons that triggered for apoptosis and led to both brain and spi-

nal cord atrophy reported in NMO disease [6,37,39]. On the other hand, astrocytic damage in

the CNS of NMO patients was reported; even it was reported that it to be more severe than

demyelination [59]. So it’s worth noting that some parts of these metabolic changes, mitochon-

drial dysfunctions and elevated apoptosis be related to astrocytes damage in NMO patients.

5. Conclusion

Taken together, our results may help to shed light on important change in metabolic status, cogni-

tive impairment and mitochondrial dysfunction in NMO pathogenesis, in both side of the NMO

pathology, neuronal loss and inflammatory activity of lymphocytes. In addition, our data indi-

cated the correlation of some mentioned markers with disability and cognitive status that have

profound impact on life quality of NMO patients. Also presented data may help to find biomark-

ers for clinical monitoring and potential therapeutic targets. Although, it seems that metabolic

changes can influence disease course, further studies especially in acute stage of NMO are needed

to introduce reliable biomarkers for disease course monitoring including the cognitive aspects.

Supporting information

S1 Table. Clinical neurological data of all neuromyelitis optica (NMO) patients.

(PDF)

PLOS ONE Mitochondrial dysfunction in NMO

PLOS ONE | https://doi.org/10.1371/journal.pone.0230691 March 26, 2020 14 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0230691.s001
https://doi.org/10.1371/journal.pone.0230691


S1 Fig. The correlation Symbol Digits Modalities Test with the presence or absence of

brain lesions in NMO patients. 0 = Absence of brain lesions, 1 = Presence of brain lesions.

(PDF)

S2 Fig. Device prepared for nine hole peg test (9-HPT) as set for checking the patient per-

formance with right hand.

(PDF)

S3 Fig. A picture from form prepared for Symbol Digit Modalities Test (SDMT). The num-

bers (1 to 9) in patients native language, Persian, were matched with different symbols.

(PDF)

Author Contributions

Conceptualization: Mohammad Javan.

Formal analysis: Forough Foolad, Fariba Khodagholi, Seyed Massood Nabavi, Mohammad

Javan.

Funding acquisition: Mohammad Javan.

Investigation: Forough Foolad, Seyed Massood Nabavi, Mohammad Javan.

Methodology: Forough Foolad, Fariba Khodagholi, Seyed Massood Nabavi, Mohammad

Javan.

Project administration: Fariba Khodagholi, Seyed Massood Nabavi, Mohammad Javan.

Resources: Fariba Khodagholi, Mohammad Javan.

Supervision: Fariba Khodagholi, Seyed Massood Nabavi, Mohammad Javan.

Validation: Mohammad Javan.

Writing – original draft: Forough Foolad.

Writing – review & editing: Fariba Khodagholi, Seyed Massood Nabavi, Mohammad Javan.

References

1. Wingerchuk DM, Lennon VA, Lucchinetti CF, Pittock SJ, Weinshenker BG. The spectrum of neuromye-

litis optica. Lancet Neurol. 2007; 6: 805–815. https://doi.org/10.1016/S1474-4422(07)70216-8 PMID:

17706564

2. Lennon VA, Wingerchuk DM, Kryzer TJ, Pittock SJ, Lucchinetti CF, Fujihara K, et al. A serum autoanti-

body marker of neuromyelitis optica: distinction from multiple sclerosis. Lancet (London, England).

2004; 364: 2106–2112. https://doi.org/10.1016/S0140-6736(04)17551-X

3. Lennon VA, Kryzer TJ, Pittock SJ, Verkman AS, Hinson SR. IgG marker of optic-spinal multiple sclero-

sis binds to the aquaporin-4 water channel. J Exp Med. 2005; 202: 473–477. https://doi.org/10.1084/

jem.20050304 PMID: 16087714

4. Duan Y, Liu Y, Liang P, Jia X, Yu C, Qin W, et al. Comparison of grey matter atrophy between patients

with neuromyelitis optica and multiple sclerosis: a voxel-based morphometry study. Eur J Radiol. 2012;

81: e110–4. https://doi.org/10.1016/j.ejrad.2011.01.065 PMID: 21316170

5. Calabrese M, Oh MS, Favaretto A, Rinaldi F, Poretto V, Alessio S, et al. No MRI evidence of cortical

lesions in neuromyelitis optica. Neurology. 2012; 79: 1671–1676. https://doi.org/10.1212/WNL.

0b013e31826e9a96 PMID: 22993282

6. Blanc F, Noblet V, Jung B, Rousseau F, Renard F, Bourre B, et al. White matter atrophy and cognitive

dysfunctions in neuromyelitis optica. PLoS One. 2012; 7: e33878. https://doi.org/10.1371/journal.pone.

0033878 PMID: 22509264

PLOS ONE Mitochondrial dysfunction in NMO

PLOS ONE | https://doi.org/10.1371/journal.pone.0230691 March 26, 2020 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0230691.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0230691.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0230691.s004
https://doi.org/10.1016/S1474-4422(07)70216-8
http://www.ncbi.nlm.nih.gov/pubmed/17706564
https://doi.org/10.1016/S0140-6736(04)17551-X
https://doi.org/10.1084/jem.20050304
https://doi.org/10.1084/jem.20050304
http://www.ncbi.nlm.nih.gov/pubmed/16087714
https://doi.org/10.1016/j.ejrad.2011.01.065
http://www.ncbi.nlm.nih.gov/pubmed/21316170
https://doi.org/10.1212/WNL.0b013e31826e9a96
https://doi.org/10.1212/WNL.0b013e31826e9a96
http://www.ncbi.nlm.nih.gov/pubmed/22993282
https://doi.org/10.1371/journal.pone.0033878
https://doi.org/10.1371/journal.pone.0033878
http://www.ncbi.nlm.nih.gov/pubmed/22509264
https://doi.org/10.1371/journal.pone.0230691


7. Blanc F, Zephir H, Lebrun C, Labauge P, Castelnovo G, Fleury M, et al. Cognitive functions in neuro-

myelitis optica. Arch Neurol. 2008; 65: 84–88. https://doi.org/10.1001/archneurol.2007.16 PMID:

18195143

8. Kim S-M, Waters P, Vincent A, Go MJ, Park KS, Sung J-J, et al. Cerebrospinal fluid/serum gradient of

IgG is associated with disability at acute attacks of neuromyelitis optica. J Neurol. 2011; 258: 2176–

2180. https://doi.org/10.1007/s00415-011-6086-x PMID: 21594697

9. Bradl M, Misu T, Takahashi T, Watanabe M, Mader S, Reindl M, et al. Neuromyelitis optica: pathogenic-

ity of patient immunoglobulin in vivo. Ann Neurol. 2009; 66: 630–643. https://doi.org/10.1002/ana.

21837 PMID: 19937948

10. Varrin-Doyer M, Spencer CM, Schulze-Topphoff U, Nelson PA, Stroud RM, Cree BAC, et al. Aquaporin

4-specific T cells in neuromyelitis optica exhibit a Th17 bias and recognize Clostridium ABC transporter.

Ann Neurol. 2012; 72: 53–64. https://doi.org/10.1002/ana.23651 PMID: 22807325

11. Duan Y, Liu Z, Liu Y, Huang J, Ren Z, Sun Z, et al. Metabolic changes in normal-appearing white matter

in patients with neuromyelitis optica and multiple sclerosis: a comparative magnetic resonance spec-

troscopy study. Acta Radiol. 2017; 58: 1132–1137. https://doi.org/10.1177/0284185116683575 PMID:

28173728

12. Kim H-H, Jeong IH, Hyun J-S, Kong BS, Kim HJ, Park SJ. Metabolomic profiling of CSF in multiple scle-

rosis and neuromyelitis optica spectrum disorder by nuclear magnetic resonance. PLoS One. 2017; 12:

e0181758. https://doi.org/10.1371/journal.pone.0181758 PMID: 28746356

13. DiMauro S, Schon EA. Mitochondrial respiratory-chain diseases. N Engl J Med. 2003; 348: 2656–2668.

https://doi.org/10.1056/NEJMra022567 PMID: 12826641

14. Zambonin JL, Zhao C, Ohno N, Campbell GR, Engeham S, Ziabreva I, et al. Increased mitochondrial

content in remyelinated axons: implications for multiple sclerosis. Brain. 2011; 134: 1901–1913. https://

doi.org/10.1093/brain/awr110 PMID: 21705418

15. Tannahill GM, Iraci N, Gaude E, Frezza C, Pluchino S. Metabolic reprograming of mononuclear phago-

cytes in progressive multiple sclerosis. Front Immunol. 2015; 6: 106. https://doi.org/10.3389/fimmu.

2015.00106 PMID: 25814990

16. La Rocca C, Carbone F, De Rosa V, Colamatteo A, Galgani M, Perna F, et al. Immunometabolic profil-

ing of T cells from patients with relapsing-remitting multiple sclerosis reveals an impairment in glycolysis

and mitochondrial respiration. Metabolism. 2017; 77: 39–46. https://doi.org/10.1016/j.metabol.2017.08.

011 PMID: 29132538

17. Foolad F, Khodagholi F, Javan M. Sirtuins in Multiple Sclerosis: The crossroad of neurodegeneration,

autoimmunity and metabolism. Mult Scler Relat Disord. 2019; 34: 47–58. https://doi.org/10.1016/j.

msard.2019.06.004 PMID: 31228716

18. Wingerchuk DM, Banwell B, Bennett JL, Cabre P, Carroll W, Chitnis T, et al. International consensus

diagnostic criteria for neuromyelitis optica spectrum disorders. Neurology. 2015; 85: 177–189. https://

doi.org/10.1212/WNL.0000000000001729 PMID: 26092914

19. Kurtzke JF. Rating neurologic impairment in multiple sclerosis: an expanded disability status scale

(EDSS). Neurology. 1983; 33: 1444–1452. https://doi.org/10.1212/wnl.33.11.1444 PMID: 6685237

20. Smith A. Symbol digit modalities test. Los Angeles, CA: Western Psychological Services; 1982.

21. Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utiliz-

ing the principle of protein-dye binding. Anal Biochem. 1976; 72: 248–254. https://doi.org/10.1006/abio.

1976.9999 PMID: 942051

22. Chen C-M, Wu Y-R, Chang K-H. Altered Aconitase 2 Activity in Huntington’s Disease Peripheral Blood

Cells and Mouse Model Striatum. Int J Mol Sci. 2017; 18. https://doi.org/10.3390/ijms18112480 PMID:

29160844

23. Medja F, Allouche S, Frachon P, Jardel C, Malgat M, Mousson de Camaret B, et al. Development and

implementation of standardized respiratory chain spectrophotometric assays for clinical diagnosis. Mito-

chondrion. 2009; 9: 331–339. https://doi.org/10.1016/j.mito.2009.05.001 PMID: 19439198

24. Spinazzi M, Casarin A, Pertegato V, Salviati L, Angelini C. Assessment of mitochondrial respiratory

chain enzymatic activities on tissues and cultured cells. Nat Protoc. 2012; 7: 1235–1246. https://doi.org/

10.1038/nprot.2012.058 PMID: 22653162

25. Vásquez-Vivar J, Kalyanaraman B, Kennedy MC. Mitochondrial aconitase is a source of hydroxyl radi-

cal an electron spin resonance investigation. J Biol Chem. 2000; 275: 14064–14069. https://doi.org/10.

1074/jbc.275.19.14064 PMID: 10799480

26. Gibson GE, Sheu KF, Blass JP, Baker A, Carlson KC, Harding B, et al. Reduced activities of thiamine-

dependent enzymes in the brains and peripheral tissues of patients with Alzheimer’s disease. Arch Neu-

rol. 1988; 45: 836–840. https://doi.org/10.1001/archneur.1988.00520320022009 PMID: 3395256

PLOS ONE Mitochondrial dysfunction in NMO

PLOS ONE | https://doi.org/10.1371/journal.pone.0230691 March 26, 2020 16 / 18

https://doi.org/10.1001/archneurol.2007.16
http://www.ncbi.nlm.nih.gov/pubmed/18195143
https://doi.org/10.1007/s00415-011-6086-x
http://www.ncbi.nlm.nih.gov/pubmed/21594697
https://doi.org/10.1002/ana.21837
https://doi.org/10.1002/ana.21837
http://www.ncbi.nlm.nih.gov/pubmed/19937948
https://doi.org/10.1002/ana.23651
http://www.ncbi.nlm.nih.gov/pubmed/22807325
https://doi.org/10.1177/0284185116683575
http://www.ncbi.nlm.nih.gov/pubmed/28173728
https://doi.org/10.1371/journal.pone.0181758
http://www.ncbi.nlm.nih.gov/pubmed/28746356
https://doi.org/10.1056/NEJMra022567
http://www.ncbi.nlm.nih.gov/pubmed/12826641
https://doi.org/10.1093/brain/awr110
https://doi.org/10.1093/brain/awr110
http://www.ncbi.nlm.nih.gov/pubmed/21705418
https://doi.org/10.3389/fimmu.2015.00106
https://doi.org/10.3389/fimmu.2015.00106
http://www.ncbi.nlm.nih.gov/pubmed/25814990
https://doi.org/10.1016/j.metabol.2017.08.011
https://doi.org/10.1016/j.metabol.2017.08.011
http://www.ncbi.nlm.nih.gov/pubmed/29132538
https://doi.org/10.1016/j.msard.2019.06.004
https://doi.org/10.1016/j.msard.2019.06.004
http://www.ncbi.nlm.nih.gov/pubmed/31228716
https://doi.org/10.1212/WNL.0000000000001729
https://doi.org/10.1212/WNL.0000000000001729
http://www.ncbi.nlm.nih.gov/pubmed/26092914
https://doi.org/10.1212/wnl.33.11.1444
http://www.ncbi.nlm.nih.gov/pubmed/6685237
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.1006/abio.1976.9999
http://www.ncbi.nlm.nih.gov/pubmed/942051
https://doi.org/10.3390/ijms18112480
http://www.ncbi.nlm.nih.gov/pubmed/29160844
https://doi.org/10.1016/j.mito.2009.05.001
http://www.ncbi.nlm.nih.gov/pubmed/19439198
https://doi.org/10.1038/nprot.2012.058
https://doi.org/10.1038/nprot.2012.058
http://www.ncbi.nlm.nih.gov/pubmed/22653162
https://doi.org/10.1074/jbc.275.19.14064
https://doi.org/10.1074/jbc.275.19.14064
http://www.ncbi.nlm.nih.gov/pubmed/10799480
https://doi.org/10.1001/archneur.1988.00520320022009
http://www.ncbi.nlm.nih.gov/pubmed/3395256
https://doi.org/10.1371/journal.pone.0230691


27. Marbach EP, Weil MH. Rapid enzymatic measurement of blood lactate and pyruvate. Use and signifi-

cance of metaphosphoric acid as a common precipitant. Clin Chem. 1967; 13: 314–325. PMID:

6036716

28. Williams JNJ. A method for the simultaneous quantitative estimation fo Cytochromea A, B, C1, and C in

mithochondria. Arch Biochem Biophys. 1964; 107: 537–543. https://doi.org/10.1016/0003-9861(64)

90313-3 PMID: 14234506

29. Sheridan LK, Fitzgerald HE, Adams KM, Nigg JT, Martel MM, Puttler LI, et al. Normative Symbol Digit

Modalities Test performance in a community-based sample. Arch Clin Neuropsychol. 2006; 21: 23–28.

https://doi.org/10.1016/j.acn.2005.07.003 PMID: 16139470

30. Sauve AA, Wolberger C, Schramm VL, Boeke JD. The biochemistry of sirtuins. Annu Rev Biochem.

2006; 75: 435–465. https://doi.org/10.1146/annurev.biochem.74.082803.133500 PMID: 16756498

31. Yang Y, Cimen H, Han M-J, Shi T, Deng J-H, Koc H, et al. NAD+-dependent deacetylase SIRT3 regu-

lates mitochondrial protein synthesis by deacetylation of the ribosomal protein MRPL10. J Biol Chem.

2010; 285: 7417–7429. https://doi.org/10.1074/jbc.M109.053421 PMID: 20042612

32. Schultz BE, Chan SI. Structures and proton-pumping strategies of mitochondrial respiratory enzymes.

Annu Rev Biophys Biomol Struct. 2001; 30: 23–65. https://doi.org/10.1146/annurev.biophys.30.1.23

PMID: 11340051

33. Pierron D, Wildman DE, Huttemann M, Markondapatnaikuni GC, Aras S, Grossman LI. Cytochrome c

oxidase: evolution of control via nuclear subunit addition. Biochim Biophys Acta. 2012; 1817: 590–597.

https://doi.org/10.1016/j.bbabio.2011.07.007 PMID: 21802404

34. Gardner PR, Raineri I, Epstein LB, White CW. Superoxide radical and iron modulate aconitase activity

in mammalian cells. J Biol Chem. 1995; 270: 13399–13405. https://doi.org/10.1074/jbc.270.22.13399

PMID: 7768942

35. Tretter L, Adam-Vizi V. Alpha-ketoglutarate dehydrogenase: a target and generator of oxidative stress.

Philos Trans R Soc Lond B Biol Sci. 2005; 360: 2335–2345. https://doi.org/10.1098/rstb.2005.1764

PMID: 16321804

36. Kruse O, Grunnet N, Barfod C. Blood lactate as a predictor for in-hospital mortality in patients admitted

acutely to hospital: a systematic review. Scand J Trauma Resusc Emerg Med. 2011; 19: 74. https://doi.

org/10.1186/1757-7241-19-74 PMID: 22202128

37. Liu Y, Wang J, Daams M, Weiler F, Hahn HK, Duan Y, et al. Differential patterns of spinal cord and

brain atrophy in NMO and MS. Neurology. 2015; 84: 1465–1472. https://doi.org/10.1212/WNL.

0000000000001441 PMID: 25762714

38. Liu Y, Duan Y, Huang J, Ren Z, Liu Z, Dong H, et al. Different patterns of longitudinal brain and spinal

cord changes and their associations with disability progression in NMO and MS. Eur Radiol. 2018; 28:

96–103. https://doi.org/10.1007/s00330-017-4921-x PMID: 28667482

39. Meng H, Xu J, Pan C, Cheng J, Hu Y, Hong Y, et al. Cognitive dysfunction in adult patients with neuro-

myelitis optica: a systematic review and meta-analysis. J Neurol. 2017; 264: 1549–1558. https://doi.org/

10.1007/s00415-016-8345-3 PMID: 27909800

40. Sanchez-Catasus CA, Cabrera-Gomez J, Almaguer Melian W, Giroud Benitez JL, Rodriguez Rojas R,

Bayard JB, et al. Brain Tissue Volumes and Perfusion Change with the Number of Optic Neuritis Attacks

in Relapsing Neuromyelitis Optica: A Voxel-Based Correlation Study. PLoS One. 2013; 8: e66271.

https://doi.org/10.1371/journal.pone.0066271 PMID: 23824339

41. Papadopoulou A, Oertel FC, Gaetano L, Kuchling J, Zimmermann H, Chien C, et al. Attack-related

damage of thalamic nuclei in neuromyelitis optica spectrum disorders. J Neurol Neurosurg Psychiatry.

2019; 90: 1156–1164. https://doi.org/10.1136/jnnp-2018-320249 PMID: 31127016

42. Preyat N, Leo O. Sirtuin deacylases: a molecular link between metabolism and immunity. J Leukoc Biol.

2013; 93: 669–680. https://doi.org/10.1189/jlb.1112557 PMID: 23325925

43. Pennisi G, Cornelius C, Cavallaro MM, Salinaro AT, Cambria MT, Pennisi M, et al. Redox regulation of

cellular stress response in multiple sclerosis. Biochem Pharmacol. 2011; 82: 1490–1499. https://doi.

org/10.1016/j.bcp.2011.07.092 PMID: 21824468

44. Li R, Sun X, Shu Y, Wang Y, Xiao L, Wang Z, et al. Serum CCL20 and its association with SIRT1 activity

in multiple sclerosis patients. J Neuroimmunol. 2017; 313: 56–60. https://doi.org/10.1016/j.jneuroim.

2017.10.013 PMID: 29153609

45. Huang W, Shang W, Wang H, Wu W, Hou S. Sirt1 overexpression protects murine osteoblasts against

TNF-alpha-induced injury in vitro by suppressing the NF-kappaB signaling pathway. Acta Pharmacol

Sin. 2012; 33: 668–674. https://doi.org/10.1038/aps.2011.189 PMID: 22447223

46. Lei M, Wang J, Xiao D, Fan M, Wang D, Xiong J, et al. Resveratrol inhibits interleukin 1beta-mediated

inducible nitric oxide synthase expression in articular chondrocytes by activating SIRT1 and thereby

PLOS ONE Mitochondrial dysfunction in NMO

PLOS ONE | https://doi.org/10.1371/journal.pone.0230691 March 26, 2020 17 / 18

http://www.ncbi.nlm.nih.gov/pubmed/6036716
https://doi.org/10.1016/0003-9861(64)90313-3
https://doi.org/10.1016/0003-9861(64)90313-3
http://www.ncbi.nlm.nih.gov/pubmed/14234506
https://doi.org/10.1016/j.acn.2005.07.003
http://www.ncbi.nlm.nih.gov/pubmed/16139470
https://doi.org/10.1146/annurev.biochem.74.082803.133500
http://www.ncbi.nlm.nih.gov/pubmed/16756498
https://doi.org/10.1074/jbc.M109.053421
http://www.ncbi.nlm.nih.gov/pubmed/20042612
https://doi.org/10.1146/annurev.biophys.30.1.23
http://www.ncbi.nlm.nih.gov/pubmed/11340051
https://doi.org/10.1016/j.bbabio.2011.07.007
http://www.ncbi.nlm.nih.gov/pubmed/21802404
https://doi.org/10.1074/jbc.270.22.13399
http://www.ncbi.nlm.nih.gov/pubmed/7768942
https://doi.org/10.1098/rstb.2005.1764
http://www.ncbi.nlm.nih.gov/pubmed/16321804
https://doi.org/10.1186/1757-7241-19-74
https://doi.org/10.1186/1757-7241-19-74
http://www.ncbi.nlm.nih.gov/pubmed/22202128
https://doi.org/10.1212/WNL.0000000000001441
https://doi.org/10.1212/WNL.0000000000001441
http://www.ncbi.nlm.nih.gov/pubmed/25762714
https://doi.org/10.1007/s00330-017-4921-x
http://www.ncbi.nlm.nih.gov/pubmed/28667482
https://doi.org/10.1007/s00415-016-8345-3
https://doi.org/10.1007/s00415-016-8345-3
http://www.ncbi.nlm.nih.gov/pubmed/27909800
https://doi.org/10.1371/journal.pone.0066271
http://www.ncbi.nlm.nih.gov/pubmed/23824339
https://doi.org/10.1136/jnnp-2018-320249
http://www.ncbi.nlm.nih.gov/pubmed/31127016
https://doi.org/10.1189/jlb.1112557
http://www.ncbi.nlm.nih.gov/pubmed/23325925
https://doi.org/10.1016/j.bcp.2011.07.092
https://doi.org/10.1016/j.bcp.2011.07.092
http://www.ncbi.nlm.nih.gov/pubmed/21824468
https://doi.org/10.1016/j.jneuroim.2017.10.013
https://doi.org/10.1016/j.jneuroim.2017.10.013
http://www.ncbi.nlm.nih.gov/pubmed/29153609
https://doi.org/10.1038/aps.2011.189
http://www.ncbi.nlm.nih.gov/pubmed/22447223
https://doi.org/10.1371/journal.pone.0230691


suppressing nuclear factor-kappaB activity. Eur J Pharmacol. 2012; 674: 73–79. https://doi.org/10.

1016/j.ejphar.2011.10.015 PMID: 22044919

47. Gonzalo H, Nogueras L, Gil-Sánchez A, Hervás JV, Valcheva P, González-Mingot C, et al. Impairment
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