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ABSTRACT: The mitochondrion is an

essential organelle central to a num-

ber of biochemical processes in the

cell. Since we know the functional

efficiency of mitochondria declines

with age, and since aging is a risk

factor common to a number of neu-

rodegenerative diseases, including

Alzheimer disease, Parkinson dis-

ease, and amyotrophic lateral scle-

rosis, researchers have proposed

that secondary mitochondrial failure

may be the common pathway in-

volved in degenerative processes.

Given the evidence suggesting that

mitochondrial dysfunction and oxida-

tive damage play a role in neurode-

generation, researchers are looking

at antioxidant therapies. Although

there is no evidence supporting the

use of common over-the-counter

antioxidants such as vitamins C and 

E in the treatment or prevention of

neurodegenerative diseases, other

thera peutic agents aimed at re -

storing or preserving mitochondrial

health hold promise for treating

these diseases in the future.

A ging is natural to all of us,

and can be defined as a time-

dependent degenerative pro -

cess that ultimately leads to death. The

idea that free radicals and oxidative

damage might lead to aging and pre-

mature cell death has been around

since our early understanding of the

biochemistry involved in energy pro-

duction in organisms. Harman first

suggested that oxidative damage to

cellular components produced by free

radicals is the underlying cause of

aging, based on the observation that

ionizing radiation and oxygen pres-

sures decrease life span.1 He later

specified that oxidative damage to

mitochondria is the determining fac-

tor, and suggested that mitochondria

might be the “biological clock” that

governs longevity.2

A number of observations have led

researchers to speculate that mito-

chondrial dysfunction may be a com-

mon denominator in neurodegenera-

tive processes that ultimately lead to

cell death. First, the most important

risk factor common to neurodegen -

erative diseases such as Alzheimer

disease (AD), Parkinson disease (PD),

and amyotrophic lateral sclerosis (ALS)

is aging, and we know mitochondrial

efficiency declines with age. Second,

many mitochondrial proteins possess

iron-sulfur clusters for oxidation-

reduction reactions and are constantly

under the threat of oxidative damage.

Third, unpaired electrons generated 

in binding sites of complex I, II, and

III of the electron transport chain can

produce superoxide radicals, which

do not easily pass though biological

membranes and thus must be inacti-

vated within the mitochondrion itself,

causing local damage. Fourth, mito-

chondrial DNA (mtDNA) lacks pro-

tective histones, and is particularly

vulnerable to the attack of reactive

oxygen species (ROS), leading to long-

term damage of the organelle.3 These

aspects of mitochondrial function

have led researchers to hypothesize

that antioxidants may be helpful in

managing neurodegenerative disor-

ders ( ). Table
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Alzheimer disease
Alzheimer disease is the most com-

mon cause of dementia, and is also the

most common neurodegenerative dis-

ease in humans. It is characterized by

progressive decline in memory and

other cognitive functions. The neuro -

pathological hallmarks of AD include

senile plaques formed by the aggrega-

tion of beta amyloid (Aβ) peptides,

and neurofibrillary tangles made up

mainly of tau protein from micro-

tubules in neurons. The development

of plaques and tangles is followed by

loss of synapses, depletion of neuro-

transmitters, and, ultimately, neuronal

cell death and cerebral atrophy. Exact-

ly how Aβ causes brain cell death con-

tinues to be an area of in tense research.

A number of recent studies have

demonstrated a connection between

mitochondrial dysfunction and AD.

Defective glucose util ization is an

early event in AD, suggesting possi-

ble abnormalities in mitochondrial

function. It has also been shown that

Aβ can generate free radicals in vitro,

which can directly disrupt mitochon-

drial function by inhibiting several

key enzymes in the mitochondrial

energy production path way.4 In addi-

tion, cyto chrome c oxidase activity is

reduced in postmortem brain tissue of

AD patients.5 Moreover, animal mod-

els of AD have dem onstrated that

mitochondrial im pairment can lead to

disruption of calcium homeostasis in

the neuron, further implicating mito-

chondrial dysfunction in the patho-

genesis of AD.6

Another way mitochondria may be

involved in the pathogenesis of AD is

through apoptosis, or programmed cell

death. A number of studies suggest

that Aβ can induce apoptosis in neu-

rons directly, and increase their vul-

nerability to cell death by increasing

oxidative stress and reducing energy

availability.7 Beta amyloid can also

inhibit alcohol dehydrogenase activi-

ty, which in turn leads to upstream

accumulation of toxic meta bolites,

and ultimately causes leakage of mito-

chondrial oxygen free radicals and

impaired cellular energy production.8

Some recent studies have also found

that excessive tau, the major compo-

nent of neurofibrillary tangles in AD

brains, can also lead to mitochondrial

dysfunction. NADH-CoQ oxidore-

ductase (complex I) activity is reduced

in transgenic mice overexpressing

tau.9 Taken together, these findings

suggest mitochondria play an impor-

tant role, directly or indirectly, in the

pathogenesis of AD, and treatment

that preserves mitochondrial function

and integrity may extend the remain-

ing neuronal life in patients with AD.

Parkinson disease
Parkinson disease is a common move-

ment disorder and the second most

common neurodegenerative disease.

Prevalence rates of 1% in the 60-plus

age group and 4% among those 80 and

over suggest that aging is an impor-

tant risk factor.10 The diagnosis of PD

is typically based on the clinical signs

of resting tremor, bradykinesia, rigid-

ity, and postural instability. Various

nonmotor features may also develop,

such as autonomic dysfunction, cog-

nitive impairment, and sleep distur-

bances, suggesting a more widespread

process of neurodegeneration. PD is

characterized by loss of dopa minergic

neurons in the substantia nigra lead-

ing to dopamine deficiency in the

striatum. The pathological hallmark

of PD is the presence of Lewy bodies,

protein deposits composed mainly of

α-synuclein, within neurons in the

substantia nigra. The cause of PD is

unknown, but like AD, it is a complex

multifactorial disorder likely to be

associated with environmental risk

factors and genetic susceptibility. 

In the 1970s, a parkinsonian syn-

drome was observed in number of
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Table. Proposed mechanisms of mitochondrial involvement in major neurodegenerative
disease, and potential antioxidant therapies under investigation.

Disease
Proposed mechanism of
mitochondrial involvement in
pathogenesis

Agents that 
have been
investigated, but
not proven in
clinical trials

Novel
interventions
under
investigation

Alzheimer
disease

• Aβ inhibit mitochondrial enzymes   
• Reduction of cytochrome c oxidase

activity
• Impaired neuronal calcium homeo -

stasis

Vitamin E,
idebenone,
clioquinol

Calorie-
restricted diet

Parkinson
disease

• Endogenous or exogenous toxic
meta bolite generated in dopaminer-
gic neurons

• Secondary mitochondrial dysfunc-
tion due to toxic effects of genetic
mutations

Vitamins C and E,
beta carotene

CoQ, creatine

Amyotrophic
lateral sclerosis

• Reactive oxygen radicals generated
in SOD1 mutations

• Loss of mitochondrial membrane
potential mtDNA deletions

Vitamins C and E Creatine, CoQ

Friedreich
ataxia

• Impaired iron metabolism in 
mitochondria

• Loss of activities of iron-sulfur 
containing enzymes

Deferoxamine,
clioquinol

CoQ, histone
deacetylase
inhibitors,
idebenone
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intravenous drug users. Subsequently,

the causative agent was found to be

MPTP, a contaminant in the illegal

production of meperidine, a narcotic

related to heroin.11 The autopsy of a

patient with MPTP-induced parkin-

sonism revealed dopaminergic neu-

ronal loss in the substantia nigra as in

idiopathic PD, although Lewy bodies

were not seen. Animal studies later

demonstrated that within neurons a

toxic metabolite of MPTP is gener -

ated in mitochondria and inhibits nor-

mal electron transport, resulting in de -

creased adenosine triphosphate (ATP)

production and increased generation

of ROS. A number of subsequent stud-

ies confirmed that the toxic metabo-

lite inhibits complex I activity and

induces proteasomal deregulation,

and in turn exacerbates protein aggre-

gation and ultimate demise of the sub-

stantia nigral dopaminergic neurons.12

In addition to studies describing the

role of MPTP in neurodegeneration,

epidemiological studies have linked

pesticide exposure to higher risk of

developing PD. In particular, rotenone,

a naturally occurring common pesti-

cide, is a highly potent inhibitor of

complex I, and many of the features of

PD associated with degeneration of

dopaminergic neurons have been

reproduced in rat models.13

Recent genetic studies also sug-

gest that mitochondrial dysfunction

may play a central role in the patho-

genesis of PD. For instance, the parkin

gene mutations account for the major-

ity of autosomal recessive PD.14 Parkin

protects neurons against a wide spec-

trum of stressors, including excito -

toxicity, mitochondrial dysfunction,

and overexpression of α-synuclein. A

more recent large-scale genome-wide

meta-analysis found a number of

gene sets associated with PD, sug-

gesting that defects in mitochondrial

electron transport and glucose metab-

olism are involved.15

Amyotrophic lateral
sclerosis 
After AD and PD, amyotrophic later-

al sclerosis is the third most common

adult-onset neurodegenerative dis-

ease in humans. It is a progressive,

severely debilitating disease charac-

terized by muscle weakness, muscle

atrophy, spasticity, and eventual paral-

ysis and death, typically within 3 to 5

years of symptom onset. It is still not

clear why the anterior horn cells of the

spinal cord and cortical motor neurons

are selectively vulnerable in ALS.

While previously felt to be mostly a

“pure motor” disease, ALS is now rec-

ognized to affect frontal lobe execu-

tive function as well in a significant

proportion of patients, with 5% hav-

ing an overt frontotemporal demen-

tia.16 Other than age, the only indis-

putable risk factor for ALS is genetic

susceptibility, with familial cases

occurring in about 10% of most case

series. 

The first gene identified for famil-

ial ALS is the copper-zinc superoxide

dismutase 1 (SOD1), responsible for

15% to 20% of all familial ALS cases.

SOD1 is an endogenous free radical

scavenger that detoxifies and main-

tains intracellular concentration of the

reactive superoxide radical at low

level by catalyzing its dismutation.

SOD1 is ubiquitous in most tissues,

with possibly the highest levels with-

in neurons. Expression of mutant

SOD1 in cell culture results in abnor-

mal mitochondria with decreased

activities of complex II and IV of the

electron transport chain. In addition,

motor neurons expressing mutant

SOD1 show accelerated cell death

when exposed to oxidative stress.17

Mitochondrial vaculolization has

been observed as an early pathologi-

cal feature before neuronal death in

transgenic mice with mutant SOD1.

In addition, elevated calcium levels

can prevent anterograde axonal trans-

port by preventing proper kinesin

binding to microtubules.18 Further-

more, aggregation of mutant SOD1

along microtubules may interfere with

both anterograde and retrograde trans-

port by acting like a blockade. Other

mitochondrial changes associated with

ALS include diminished levels or

multiple deletions of mtDNA in skele-

tal muscle biopsies of ALS patients. 

Other neurodegenerative
diseases
In addition to AD, PD, and ALS, other

neurodegenerative diseases have been

linked to secondary mitochondrial

dysfunction in their pathogenesis.
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Mitochondria play an

important role, directly or

indirectly, in the pathogenesis

of Alzheimer disease.
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Fried reich ataxia is the most common

neurodegenerative genetic progres-

sive ataxia with autosomal recessive

inheritance. The mutation occurs in a

protein called frataxin, which is now

known to be essential for mitochondr-

ial oxidative phosphorylation and iron

homeostasis.19 The genetic defect

impairs incorporation of iron into

iron-sulfur clusters, which leads to

iron accumulation in mitochondria

and subsequent impairment of activi-

ties involving enzymes containing

iron-sulfur in complex I and II of the

electron transport chain. 

Huntington’s disease (HD) is an

autosomal dominant neurodegenera-

tive disease characterized by chorea

and cognitive impairment. Biochemi-

cal studies showing reduction in com-

plex II, complex III, and aconitase

activity in the basal ganglia of HD

patients suggest mitochondrial dys-

function may play an important role.20

Furthermore, systemic administration

of mitochondrial toxin reproduces HD

pathology in animals. 

Antioxidant therapy
Given the evidence indicating that

mitochondrial dysfunction plays a

role in neurodegeneration, therapeu-

tic approaches targeting mitochondri-

al dysfunction and oxidative damage

in neurodegenerative diseases look

promising. A number of antioxidants,

including beta carotene and vitamins

C and E, have been examined. Sever-

al bioenergetic therapies believed to

improve mitochondrial function,

including therapies based on creatine,

coenzyme Q10 (CoQ), idebenone, and

calorie-restricted diets are being test-

ed for their neuroprotective efficacy

in these disorders. 

Vitamin E, or α-tocopherol, is a

fat-soluble antioxidant that stops the

production of ROS when fat under-

goes oxidation. Preclinical studies in

animals and cell models have found

more promising for the treatment of

Friedreich ataxia, especially in young -

er patients, and phase 3 clinical trials

are underway. The calorie-restricted

diet is emerging as another novel way

to affect mitochondrial function, with

mice on calorie-restricted diets show-

ing diminished Aβ production and

reduced amyloid plaque deposition. 

The efficacy of these and other

therapies designed to enhance mito-

chondrial function will be known

when results of ongoing clinical stud-

ies become available. 

Conclusions
There is mounting evidence that 

secondary mitochondrial dysfunction

occurs in a number of major neuro -

degenerative diseases, including Alz -

heimer disease, Parkinson disease,

amyotrophic lateral sclerosis, Hunt-

ington disease, and Friedreich ataxia.

As these diseases bring devastation

and despair to the patient and family,

even small improvements in symp-

toms can be of significant clinical ben-

efit. In the future, well-designed and

well-executed clinical trials will pro-

vide more definitive information on

the therapeutic efficacy of agents

aimed at improving mitochondrial

health. As research in the metabolic

field advances, we can look forward

that oral supplementation of vitamin

C (ascorbic acid) and vitamin E alone

and in combination decrease oxida-

tive DNA damage. Unfortunately, sys-

tematic reviews of observational stud-

ies have not found any consistent

benefit with vitamin C or beta caro -

tene in AD or PD, and evidence in ALS

is lacking.21 Only vitamin E has been

examined in randomized clinical trials

for use in AD, but to date there is no

conclusive evidence suggesting any

significant benefits in symptomatic

treatment or prevention of progres-

sion in AD.22

Creatine, a naturally occurring ni -

tro genous organic acid, has shown

promising neuroprotective effects in

animals and is being studied for treat-

ing PD, HD, and ALS. CoQ is a lipid-

soluble endogenous compound that

serves as a cofactor for the electron

transport chain by accepting electrons

from complex I, II, and III. It serves as

a potent free radical scavenger in the

mitochondria. Clinical trials of CoQ

as a treatment option for PD are under-

way based on promising results in

pilot studies. A synthetic analog of

CoQ, idebenone, was found to protect

neurons from beta-amyloid-induced

toxicity in preclinical studies, but the

results in a large-scale AD treatment

trial were negative.23 Idebenone looks
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Therapeutic approaches targeting

mitochondrial dysfunction and oxidative

damage in neurodegenerative 

diseases look promising.
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to improved understanding and better

interventions for these debilitating

diseases.
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