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Abstract
To investigate the possibility that mitochondrial oxidative damage or oxidative DNA damage or both contribute to the
neurodegenerative process of sporadic amyotrophic lateral sclerosis (sALS), this study used high-performance liquid
chromatography with an electrochemical detector to measure the concentrations of the reduced and oxidized forms of
coenzyme Q10 (CoQ10) and 8-hydroxy-2?-deoxyguanosine (8-OHdG) in the cerebrospinal fluid (CSF) of 17 patients with
sALS and 17 age-matched controls with no neurological diseases. The percentage of oxidized CoQ10 in the CSF of sALS
patients was greater than that in the CSF of controls (pB0.002) and was negatively correlated with the duration of illness
(r��0.61, pB0.01). The concentration of 8-OHdG in the CSF of sALS patients was greater than that in the CSF of
controls (pB0.005) and was positively correlated with the duration of illness (r�0.53, pB0.005). The percentage of
oxidized CoQ10 was correlated with the concentrations of 8-OHdG in the CSF of sALS patients (r��0.53, pB0.05).
These results suggest that both mitochondrial oxidative damage and oxidative DNA damage play important roles in the
pathogenesis of sporadic amyotrophic lateral sclerosis.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive

neurodegenerative disorder caused by the degenera-

tion and eventual death of motor neurons in the

brainstem, spinal cord, and motor cortex. The

disease was first described by Charcot in 1869, but

its cause remains unknown and there is still no way to

prevent or cure it. In 1993 attention was drawn to the

possible participation of a free radical in the aetiology

of ALS by the discovery that point mutations in the

gene that produces Cu/Zn-binding superoxide dis-

mutase (SOD) are associated with the familial ALS

inherited as an autosomal dominant trait [1,2,3].

Several recent studies have also established that

oxidative stress is associated with ALS. They found

familial and sporadic ASL (sALS) patients to have

increased levels of nuclear 8-hydroxy-2?-deoxyguano-

sine (8-OHdG) in the motor cortex [4] and lower

glutathione peroxidase activity in the precentral gyrus

[5]. Plasma levels of 8-OHdG are higher in sALS

patients than in healthy controls [6], but plasma and

serum levels of the antioxidants vitamin E [7�9],

ascorbic acid [10], and coenzyme Q10 (CoQ10)

[9,11] do not differ between sALS patients and

healthy controls. Moreover, the levels of nitrate and

3-nitrotyrosine in the cerebrospinal fluid (CSF) of

sALS patients are significantly higher than those in
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the CSF of healthy controls [12], whereas the levels

of a-tocopherol quinine are remarkably lower than

those in the CSF of healthy controls [13].

There has been recent interest in the role that

mitochondria might play in the pathogenesis of sALS.

Coenzyme Q10 (CoQ10)*associated with the activ-

ity of mitochondria complexes I, II and III [14]*is an

enzyme cofactor in the mitochondrial electron trans-

port chain and thus plays an important role in cellular

respiration. It also promotes bio-oxidation reactions

and in its reduced form is an antioxidant protecting

cells from the destructive effects of free radicals.

Because vitamin C and the reduced form of CoQ10

are among the first antioxidants lost when plasma is

under oxidative stress, the redox status of CoQ10 (the

ratio of the oxidized form to the total CoQ10) should

be an early marker of oxidative stress [13].

Superoxide dismutase catalyses the conversion of

reactive oxygen to oxygen and hydrogen peroxide,

which is usually decomposed to oxygen and water by

the enzymes catalase and glutathione peroxidase. In

the presence of ferrous iron, however, hydrogen

peroxide generates hydroxyl radicals by the Fenton

reaction and these extremely reactive free radicals

generate 8-OHdG by oxidizing the guanine of DNA.

The concentrations of 8-OHdG in plasma and CSF

also increased with age, providing evidence for a role

of oxidative damage in normal ageing. The plasma,

urine and cerebrospinal fluid concentrations of 8-

OHdG in sALS patients are significantly higher than

those in controls [5].

In the present study, investigating the possibility

that mitochondrial oxidative damage or oxidative

DNA damage or both contribute to the neurodegen-

erative process in the patient of sporadic amyotrophic

lateral sclerosis, we measured the concentrations of

the reduced and oxidized forms of CoQ10 and 8-

OHdG, DNA oxidative stress markers, in the CSF of

patients with sALS.

Subjects and methods

Subjects

The subjects were 17 untreated patients with sALS

(aged 63.7912.2 years [mean9SD]) and 17 con-

trols (63.8916.4 years). The controls were neurolo-

gically normal patients who underwent lumbar

anaesthesia for minor surgery. The clinical diagnosis

of sALS was based on the WFN diagnostic criteria

and the severity of the disease was evaluated using the

ALS index developed by Jableki et al. [15], which is

derived by adding disability scores in 12 areas to

obtain an ALS score between 0�40. The patients had

ALS scores ranging from 2.0�23.0 (12.396.8) and

their illness durations ranged from 0.3�3.0 (1.190.7)

years. All patients were admitted to a hospital and

maintained on a standard diet and informed consent

was obtained from the patients or their families.

CSF analysis

Four-millilitre samples of CSF were obtained, by

lumbar puncture with the subjects in a lateral

decubitus position, between 9:00 and 10:00 am after

overnight bed-rest and before breakfast. The first 3

ml was used for general examination and the next 1

ml was rapidly frozen and stored at �808C until its

concentrations of CoQ10 and 8-OHdG were mea-

sured.

The concentrations of the reduced and oxidized

forms of CoQ10 were measured using a modified

version of the method used by Yamashita and

Yamamoto [16]. Briefly, 200 ml of CSF was com-

bined with 200 ml of ethanol, mixed with 1 ml of n-

hexane and centrifuged. An 800-ml sample was

removed from the top hexane layer, dried under a

stream of nitrogen and reconstituted with ethanol.

The ethanol solution was analysed using a high-

performance liquid chromatography column (MCM

C18 reversed-phase column, 250�4.6 mm; MC

Medical, Tokyo, Japan) with an electrochemical

detector (Coulochem II Model 5200; ESA Inc.,

Bedford, MA). The mobile phase consisted of 50

mm sodium perchlorate in methanol. The electrode

potentials were maintained at 0.4 V for the guard

cell, 0.4 V for electrode I and 0.3 V for electrode II.

The flow rate was 1.0 ml/min and the column

temperature was kept at 258C. The detection limit

for CoQ10 was 0.2 nm.

The concentration of 8-OHdG was determined

using a modified version of the method used by

Shigenaga et al. [17]. Briefly, 1 ml of CSF was

absorbed in a solid-phase extraction cartridge (Bond

Elut C18, Varian Inc., Harbor City, CA) and eluted

with 1.5 ml of methanol. The eluent was concen-

trated with a centrifugal evaporator and dissolved in

100 ml of distilled water. After filtration with a 0.45-

mm membrane filter, 40 ml of the solution was

analysed using high-performance liquid chromato-

graphy (MCM C18 reversed-phase column, 250�
4.6 mm; MC Medical, Tokyo, Japan) with an

electrochemical detector (Coulochem II Model

5200; ESA Inc., Bedford, MA). The mobile phase

consisted of 10 mm NaH2PO4 and 6% methanol.

The electrode potentials were maintained at 0.3 V for

the guard cell, 0.15 V for electrode I and 0.25 V for

electrode II. The flow rate was 1.0 ml/min and the

column temperature was kept at 208C. The limit of

detection for 8-OHdG was 20 pm.

Statistical analysis

The Mann-Whitney U-test and Spearman’s rank

correlation coefficient r were used for statistical

analyses in which the significance level was set at

pB0.05.
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Results

The CSF concentration of reduced CoQ10 did not

differ significantly between sALS patients and con-

trols, but the percentage of oxidized CoQ10 in the

CSF of sALS patients was significantly greater than

that in the CSF of controls (85.7%94.6% vs

68.2%920.4%; pB0.002) (Figure 1). The percen-

tage of oxidized CoQ10 in the CSF of sALS patients

was inversely correlated with the duration of illness

(r��0.61, pB0.01) but was not significantly

correlated with the ALS score (Figure 2).

The CSF concentration of 8-OHdG, on the other

hand, was significantly greater in sALS patients than

in controls (5.193.4 pg/ml vs 1.791.3 pg/ml; pB

0.005) (Figure 3). The concentration of 8-OHdG in

the CSF of sALS patients was correlated with the

duration of illness (r�0.53, pB0.005) but was not

significantly correlated with the ALS score (Figure 4).

Furthermore, the percentage of oxidized CoQ10 in

the CSF of sALS patients was inversely correlated

with the concentration of 8-OHdG there (r��
0.53, pB0.05).

Discussion

Mitochondria play an important role in a production

of ATP and the control of apoptosis. Normal

mitochondria produce ATP by oxidative phosphor-

ylation, but when the function is lost reactive oxygen

leaks from the membranes lining the mitochondria

and causes cytotoxicity. When mitochondrial DNA

(mtDNA) is injured by reactive oxygen, the synthesis

of the enzymes in the electron transport chain is

impaired, reducing the production of ATP and

increasing the leakage of reactive oxygen. mtDNA is

unstable because it does not have protection proteins

like the histones protecting nuclear DNA and because

the mechanisms repairing mitochondrial DNA are

weaker than those repairing nuclear DNA [18]. In

addition, mtDNA is particularly susceptible to oxida-

tive damage because it contacts the internal mem-

branes of mitochondria, which produce the most

reactive oxygen in a cell. On the other hand, a

motoneuron has a very long axon in comparison

with the axon of other central neurons and requires a

constant supply of energy to produce action poten-

tials. Motoneurons are therefore thought to be easily

affected by mitochondrial abnormalities.

Most of the toxic superoxide produced in the

mitochondrial electron transport chain is formed in

Complex III and Complex I and mitochondria

contain a form of superoxide dismutase with manga-

nese called superoxide dismutase 2 (SOD2). The

SOD1 in cells was first thought to be present only in

Figure 1. Percentage of the total CoQ 10 in the cerebrospinal

fluid that is oxidized in controls and in patients with sporadic

amyotrophic lateral sclerosis (sALS). Open circles with bars show

mean9SEM. * pB0.002 compared with controls by using the

Mann-Whitney U-test.

Figure 2. Percentage of the total CoQ 10 in the cerebrospinal

fluid that is oxidized vs the duration of illness for patients with

sporadic amyotrophic lateral sclerosis.

Figure 3. The concentration of 8-OHdG in the cerebrospinal

fluid that is oxidized in controls and in patients with sporadic

amyotrophic lateral sclerosis (sALS). Open circles with bars show

mean9SEM. * pB0.005 compared with controls by using the

Mann-Whitney U-test.
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the cytoplasm, but 1�5% of it has recently been found

to be between the internal and external membranes of

mitochondria and to protect mitochondria from

oxidative stress [19,20]. Mitochondria with abnor-

mally swollen christae and torn external membranes

are found in motoneurons before the clinical mani-

festations of ALS appear [21�23]. Furthermore, a

mutant SOD1 has been found in the degenerated

mitochondria of transgenic mouse and it is supposed

that mutated SOD1 contributes to mitochondrial

abnormality in ALS [24]. It has been reported that

the progression of ALS can be slowed by massive

doses of CoQ10 [25], so the relation between ALS

and mitochondria dysfunction is important. While

the total CoQ10 in the serum of sALS patients has

been reported to differ insignificantly from that in the

serum of controls [10], the percentage of oxidized

CoQ10 in the serum of sALS patients has been

reported to be significantly greater than in the serum

of controls [26]. Thus, a consensus has not been

obtained.

In this study, the percentage of oxidized CoQ10 in

the CSF of sALS patients was significantly greater

than that in the CSF of the controls. The percentage

of oxidized CoQ10 in the CSF of sALS patients was

not significantly correlated with the ALS score, but

the percentage of oxidized CoQ10 in the CSF of

sALS patients was significantly inversely correlated

with the duration of illness. These findings suggest

that an oxidation disorder of mitochondria occurred

in the early stage of sALS and they are consistent

with the conventional view that mitochondrial oxi-

dative damage might contribute to the onset of

sALS.

Since 8-OHdG is generated by oxidizing the

guanine of DNA, 8-OHdG is regarded as one of the

best indexes of DNA disorder due to oxidative stress.

8-OHdG is found in the anterior horn neurons of

G93A SOD1 transgenic mice when they are 25 weeks

old, before these neurons are lost and ALS-like

symptoms appear, and it progressively accumulates

until at 35 weeks symptoms appear and it is found in

both the anterior and posterior horns [27]. Since 8-

OHdG is not found in the anterior horn neurons of

wild-type mice, the mitochondrial abnormality in a

G93A SOD1 transgenic mouse seems to be an early

marker of eventual onset of symptoms. Furthermore,

immunohistochemical studies showed increased neu-

ronal staining for 8-OHdG in the spinal cord of sALS

patients [27] and the concentrations of 8-OHdG have

been found to be increased in the motor cortex

(Brodmann area 4) and spinal cord of sALS [3,28].

The plasma, urine and cerebrospinal fluid concentra-

tions of 8-OHdG in sALS patients are significantly

higher than those in controls [5]. The concentrations

of 8-OHdG in plasma and CSF also increased with

age, providing evidence for a role of oxidative damage

in normal ageing. These findings suggest that oxida-

tive DNA damage accompanies the neurodegenera-

tive process in sALS.

In this study, the concentrations of 8-OHdG in the

CSF of sALS patients were significantly higher than

those in the CSF of the controls. The 8-OHdG

concentrations in the CSF of sALS patients were not

correlated with the ALS scores of those patients, but

they were positively correlated with the durations of

illness. These findings suggest that the oxidation of

DNA and the production of 8-OHdG are enhanced

in sALS. They support the conventional view that

oxidative DNA damage might contribute to the onset

of sALS.

These results suggested that both mitochondrial

oxidative damage and oxidative DNA damage play

important roles in the neurodegenerative process of

sALS. Which mitochondrial oxidative damage or

oxidative DNA damage is the primary event in the

pathogenesis of sALS, however, is unknown. Since

we do not yet know where 8-OHdG is produced in

the patients with sALS, we surmise but can not yet

prove that mitochondrial turnover lead to 8-OHdG

release by digestion of DNA. There is no evidence

that 8-OHdG in cerebrospinal fluid can come from

mitochondria, although it has been suggested. More-

over, there is no known DNA repair mechanism at

least in mitochondria that could give rise to such an

excretion. At present, the hydroxylation of guanine,

which is one of the frequent DNA base modifications

following oxidative stress, is thought to be generated

either by direct oxidation of the base in DNA, by

hydroxyl radicals or peroxynitrite or by incorporation

of the oxidized nucleoside triphosphate into DNA

during synthesis or repair. However, it cannot be

Figure 4. The concentration of 8-OHdG in the cerebrospinal

fluid vs the duration of illness for patients with sporadic amyo-

trophic lateral sclerosis.
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determined whether accumulation of DNA is due to

increased oxidative stress, to decreased repair or to

decreased transport over the blood�brain barrier.
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