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Abstract
Degenerative brain disorders (neurodegeneration) 
can be frustrating for both conventional and 
alternative practitioners. A more comprehensive, 
integrative approach is urgently needed. 
One emerging focus for intervention is 
brain energetics. Speci�cally, mitochondrial 
insuf�ciency contributes to the etiopathology 
of many such disorders. Electron leakages 
inherent to mitochondrial energetics generate 
reactive oxygen �free radical� species that may 
place the ultimate limit on lifespan. Exogenous 
toxins, such as mercury and other environmental 
contaminants, exacerbate mitochondrial electron 
leakage, hastening their demise and that of their 
host cells. Studies of the brain in Alzheimer�s 
and other dementias, Down syndrome, stroke, 
Parkinson�s disease, multiple sclerosis, 
amyotrophic lateral sclerosis, Huntington�s 
disease, Friedreich�s ataxia, aging, and 
constitutive disorders demonstrate impairments 
of the mitochondrial citric acid cycle and oxidative 
phosphorylation (OXPHOS) enzymes. Imaging 
or metabolic assays frequently reveal energetic 
insuf�ciency and depleted energy reserve in brain 
tissue in situ. Orthomolecular nutrients involved 
in mitochondrial metabolism provide clinical 
bene�t. Among these are the essential minerals 
and the B vitamin group; vitamins E and K; and the 
antioxidant and energetic cofactors alpha-lipoic 
acid (ALA), ubiquinone (coenzyme Q10; CoQ10), 
and nicotinamide adenine dinucleotide, reduced 
(NADH). Recent advances in the area of stem cells 
and growth factors encourage optimism regarding 
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brain regeneration. The trophic nutrients acetyl L-
carnitine (ALCAR), glycerophosphocholine (GPC), 
and phosphatidylserine (PS) provide mitochondrial 
support and conserve growth factor receptors; 
all three improved cognition in double-blind 
trials. The omega-3 fatty acid docosahexaenoic 
acid (DHA) is enzymatically combined with GPC 
and PS to form membrane phospholipids for 
nerve cell expansion. Practical recommendations 
are presented for integrating these safe and 
well-tolerated orthomolecular nutrients into 
a comprehensive dietary supplementation 
program for brain vitality and productive lifespan.
(Alternative Medicine Review 2005;10(4):268-293)

Introduction
Degenerative brain disorders take away in-

dependence and individuality, strain the fabric of 
relationships, deplete family resources, and place an 
ever-increasing burden on society as a whole. Con-
ventional medicine has made very little progress in 
treating these disorders. A more radical approach 
is called for, one that þrst identiþes root causes (L. 
radix, root),1 then brings to bear the widest range of 
modalities for prevention and medical management. 
One relatively unexplored modality is combination 
treatment with safe and potent dietary supplements, 
targeted at energetic support for the brain.
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O x i d a t i v e 
“free radical” damage 
is generally viewed 
as an etiological fac-
tor in brain degenera-
tion; the literature in 
this area of inquiry 
is extensive. A more 
focused variation 
on this theme is the 
importance of mi-
tochondrial decline 
in energetic failure 
within nerve cells and 
the brain as whole. 
This article marshals 
the evidence for this 
phenomena, exam-
ines the brainõs po-
tential for recovery 
based on its inherent 
plasticity, and delves 
into the rapidly ex-
panding area of stem 
cell and growth factor 
research, which has matured from futuristic specula-
tion into new therapeutics transforming the medical 
paradigm.

The Mitochondria: Cell Powerhouses 
with Design Flaws

Mitochondria are the energy powerhouses of 
the cells. Mitochondria are cellular organelles, inner 
compartments of the cell demarcated by membranes; 
they have an inner microenvironment and perform 
specialized functions.2,3 The unique function of mi-
tochondria is to generate life energy, some of it elec-
trical but most as adenosine triphosphate (ATP), the 
main energy currency of the body. The mitochondria 
generate more than 90 percent of the cellõs supply of 
ATP.

Pyruvate and fatty acids are transported from 
the cell cytosol into the mitochondria and processed 
through the citric acid cycle (tricarboxylic acid cycle; 
Krebõs cycle). The resulting high-energy intermedi-
ates – nicotinamide adenine dinucleotide, reduced 
(NADH) and ÿavin adenine dinucleotide, reduced 

(FADH2) – are utilized in the inner membrane to 
make ATP.

Mitochondria are distinct from other cellular 
organelles in having separate genomes, structurally 
and functionally distinct from the chromosomal as-
semblies housed in the cell nucleus. The mitochon-
drial genome is circular, resembling that of bacteria 
and differing from that of the nuclear genome. Cells 
have multiple mitochondria, each of which is derived 
from a pre-existing mitochondrion; they divide by bi-
nary þssion and propagate distinct òlineagesó within 
each cell. In the living cell, mitochondria are dynam-
ic, constantly changing shape, even fusing with one 
another and separating again.2 

These and other unique features of mito-
chondria sparked the idea that they evolved from pro-
karyotic (very simple) cells that took up residence in 
other prokaryotic cells. Margulis hypothesized that 
mitochondria were originally endosymbionts, inter-
nal prokaryotic guest cells that generated energy for 
the host cell in return for shelter and a steady supply 
of food. Margulis suggested that over the eons these 
microscopic houseguests moved in for good.4

Figure 1. The Citric Acid Cycle Occurs Exclusively in the Mitochondrial Matrix
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Whether or not they were ever totally free-
living cells, mitochondria cannot now survive inde-
pendently since many of their proteins are made from 
host (nuclear) genes. The presence of mitochondria in 
human eukaryotic cells provides the capacity to make 
ATP 15 times more efþciently than anaerobic cells 
that rely on glycolysis alone.3

Mitochondrial Metabolism and 
Oxidative Phosphorylation (OXPHOS)2

The cell cytosol metabolizes dietary sub-
stances to pyruvate and fatty acids, which are then 
actively taken up by the mitochondria and processed 
by water-phase enzymes in the citric acid cycle (Fig-
ure 1). This cycle generates the high-energy inter-
mediates NADH and FADH2, which are essentially 
holding molecules for pairs of highly energized elec-
trons.

The action then shifts from the water phase 
of the matrix to the inner mitochondrial membrane, 
which is densely packed with multiple sets of large 
catalytic proteins (Figure 2). Five discrete multipro-
tein complexes, known as complex I, II, III, IV, and 
V,2,3 manage the process called oxidative phosphory-
lation. OXPHOS begins as complex I engages NADH 
and complex II engages FADH2. Each enzyme strips 
away the pair of electrons from its substrate and pass-
es them to coenzyme Q10 (CoQ10).

Coenzyme Q10 is a deceptively simple mol-
ecule. Its small size enables it to rapidly diffuse be-
tween the huge protein assemblies of the inner mito-
chondrial membrane. As CoQ10 moves through the 
phospholipid matrix it relays electrons to complex 
III. This complex extracts additional electron energy 
and passes electrons to cytochrome c, a mobile pro-
tein that transfers electrons to complex IV. At com-
plex IV the last available energy is extracted from the 
electron pair and these electrons are combined with 
molecular oxygen to make water. The net electron 
transfer from complex I through to complex IV is 
“drawn” by the high electron-attracting potential of 
molecular oxygen.

Complexes I, III, and IV siphon electrochem-
ical energy from the electrons they handle, and use it 
to transport positively charged hydrogen ions (pro-
tons) into the mitochondrial inter-membrane space, 
creating a strong proton diffusion potential that drives 

complex V. Also called ATP synthase, this complex is 
actually rotated by the protons passing through it. As 
it rotates it catalyzes the conversion of low-energy 
ADP to high-energy ATP. Complex V is a molecular 
turbine converting electrochemical energy to chemi-
cal bond energy.2

Reactive Oxygen Species: The Price of 
Sophisticated Life

The capability of their mitochondria to pro-
duce large quantities of ATP from the diet likely em-
powered the early single-celled eukaryotes to evolve 
within cellular communities as sophisticated as those 
of the human body. But with this advance came a 
challenge: the erosive effects of the highly reactive 
molecular oxygen on the metabolic apparatus. Di
oxygen, O2, has an avid afþnity for electrons, a prop-
erty that suits it well for use by the mitochondria.5 It 
is this afþnity that drives the entire electron transfer 
gradient of the OXPHOS system. Unfortunately, di-
oxygen has substantial free radical character, and as 
the mitochondria process oxygen, free radicals of ox-
ygen are generated. This is intrinsic to the OXPHOS 
process and has potent potential to destroy cells, usu-
ally beginning with the mitochondria themselves.

Oxygen is said to have a Janus face: good on 
one side, bad on the other.5 The good side includes 
numerous enzyme-catalyzed reactions that use mo-
lecular oxygen for normal metabolism. The bad side 
encompasses deleterious effects on structure and 
function from oxygen-derived free radicals, more ac-
curately termed reactive oxygen species (ROS). Their 
ultimate source is the intense metabolism of oxygen 
by the mitochondria.5

Every living organism has antioxidant de-
fense enzymes to cope with the ROS òsparks of me-
tabolism” continually being generated within our 
cells, mostly by the mitochondria.2,3,5 However, since 
no enzyme defense system is 100-percent efþcient, 
the entire array of available endogenous antioxidant 
enzymes cannot fully neutralize the ROS being emit-
ted from the mitochondria. Exogenous antioxidants 
derived from the diet help þll this gap, but inevitably 
some proportion of ROS escape control and damage 
the cell, including its mitochondria. Cumulative dam-
age from ROS over decades may well be the þnal de-
terminant of maximum lifespan. 
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In 1956, Harman proposed the free radical 
theory of aging: òFree radical reactions are involved 
in the aging changes associated with the environ-
ment, disease, and intrinsic aging processes.”6 Of the 
many existing theories for aging, this one remains the 
most rational and credible. In 1972, Harman wrote 
“The Biologic Clock: The Mitochondria?” in which 
he proposed that the mitochondria, by generating the 
bulk of the cellsõ free radicals, set the ultimate limit 
on lifespan.7 Today, with subsequent contributions 
and reþnements from Harman and many others, the 
“free radical” theory of aging has evolved into the 
“free radical-mitochondrial” theory of aging.8

The Free Radical-Mitochondrial (FRM) 
Theory of Aging

As articulated by Schipper, aging represents 
a progressive decline in the efþciency of physiologi-
cal processes subsequent to the reproductive phase 
of life, and a tendency for diminished recovery fol-
lowing insult.8 The FRM theory essentially asserts 
that cumulative oxidative injuries to the mitochon-
dria, triggered by endogenous metabolic processes 
and/or by exogenous oxidative inÿuences, cause the 
mitochondria to progressively become less efþcient. 
They have more trouble handling the “hot” electrons 
traversing their membranes, become damaged, and 
consequently produce less energy. A vicious cycle 
develops as functional damage and impaired energy 
production feed on each other.

As the mitochondria progressively lose their 
functional integrity, ever-greater proportions of oxy-
gen molecules reaching them are converted to ROS. 
Because free radical reactions self-propagate, ad-
ditional reactive species are produced downstream, 
including reactive carbon species (RCS; e.g., from 
unsaturated fatty acids of cell membranes), reactive 
nitrogen species (RNS), and reactive sulfur species 
(RSS). Fatty acids and cell-membrane phospholipids, 
DNA, RNA, and the cellõs entire metabolic apparatus 
are subject to attack. Antioxidant enzymes, as well 
as the DNA and protein repair enzymes themselves, 
can become damaged and no longer provide protec-
tion. Mutations accumulate along with malfunction-
ing molecules and other debris. Eventually the cell 
is either crippled, killed outright (necrosis), commits 

suicide (apoptosis), or loses growth control and be-
comes cancerous.

Besides modeling aging, the FRM theory also 
predicts degenerative disease. Exogenous factors that 
damage the mitochondria would tend to accelerate 
cellular deterioration. It is likely that exogenous oxi-
dative stressors contribute markedly to this process 
of mitochondrial decline over time. Industrial chemi-
cals, pharmaceuticals, other chemicals often assumed 
safe, and increasingly toxic food, air, and water sup-
plies all have oxidative potential.9 These exogenous 
oxidants exacerbate the endogenous oxidant burden 
from electron leakage by the mitochondria.

Numerous estimates concur that when mi-
tochondria function optimally they convert up to 95 
percent of the oxygen they handle into water (see 
Floyd and Hensley for a review10). The remaining 
þve percent is converted to ROS, even under the most 
favorable conditions. Excluding other relatively mi-
nor metabolic sources, this is the minimum free radi-
cal production intrinsic to human metabolism. In a 
healthy individual this degree of oxygen leakage is 
manageable, at least for several decades. This en-
dogenous ROS production is thought to interact with 
other oxidative susceptibilities of the living system to 
set the ultimate limit on lifespan for each species.10

In todayõs world a considerable oxidative bur-
den from exogenous toxins undoubtedly accelerates 
the oxidative aging process. The cells progressively 
accumulate end products of biological oxidation, pro-
gressively depleting the organ reserves.8 Animal ex-
periments conþrm that the greater the oxidative stress 
burden the more rapid is the loss of function; in no 
organ is this more evident than the brain.

The Brain is Highly Vulnerable to 
Oxidative Stress8,10 

The human brain uses more oxygen and pro-
duces more energy per unit mass than any other or-
gan. Both features of brain metabolism translate into 
extremely high OXPHOS activity, accompanied by 
correspondingly high electron leakage. Furthermore, 
the brain has high iron content (mostly in OXPHOS 
proteins) that can catalyze oxidation. The brain is 
also particularly loaded with unsaturated fatty acids 
in the myelin sheath, and long-chain fatty acids of the 
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cell membranes highly susceptible to peroxidation. 
Finally, the brain is poorly equipped with antioxidant 
enzyme defenses. These factors make this organ ex-
ceptionally vulnerable to oxidative degeneration.10

Evidence is mounting that the mitochondria 
are the most vulnerable functional subset of brain tis-
sue. The mitochondria have antioxidant defenses in-
ferior to the greater cell, making mitochondrial DNA 
10-100 times more likely to become damaged than 
nuclear DNA.10 Neurons also have constant calcium 
ÿux, and the mitochondria provide backup for calci-
um homeostasis.11 Thus, mitochondrial insufþciency 
could tip the delicate intracellular calcium balance 
toward cell death.

For some neurodegenerative disorders (e.g., 
Alzheimerõs disease and other dementias), the avail-
able evidence falls short of proving that mitochondri-
al abnormality is the primary etiologic mechanism. 
For others (e.g., Down syndrome and Parkinsonõs 
disease), the evidence is persuasive that mitochon-
drial inadequacies play a major role. In the case of 
stroke, the mitochondrial contribution may be over-
whelming. The ÿood of ROS generated in the neuro-
nal and glial mitochondria during hypoxic-hyperoxic 
ischemic insult can be acutely devastating to brain 
tissue.12 

Whatever the extent of the mitochondrial 
contribution to the etiology of these disorders, cur-
rent evidence indicates mitochondrial impairment is 
a universal contributor to neurodegeneration. Given 
the extreme impacts of these disorders on lifespan 
and life quality, the prospects for their successful 
medical management hinge on comprehensive brain 
support. Orthomolecular nutritional support of mito-
chondrial performance and structural integrity offers 
a nontoxic, well tolerated, and rational option.

One integrative physician taking the lead 
is David Perlmutter, MD, Medical Director for the 
Perlmutter Health Center of Naples, Florida. In his 
practice and educational activities he convincingly 
justiþes the rationale for using energizing and pro-
tective, orthomolecular nutrients.13 His successful 
management of Parkinsonõs disease with a compre-
hensive protocol, including injected glutathione, is a 
major contribution to the management of this difþcult 
disease.

Alzheimerõs and Mitochondrial 
Failure ð Strength of the Evidence

A consensus is emerging that Alzheimerõs 
disease (AD) and the other dementias have multi-
factorial etiologies.8,13,14 In contrast to normal aging, 
which features very little cell death, the extent of 
nerve cell and whole circuit dropout in AD is wide-
spread and sometimes catastrophic. During normal 
aging, the brain suffers morphological and functional 
modiþcations affecting dendritic trees and synapses, 
neurotransmitters, tissue perfusion and metabolism, 
motor and sensory systems, sleep, memory and learn-
ing, and demonstrates lipofuscin accumulation with 
moderate amounts of amyloid. Many studies impli-
cate ROS and mitochondrial decline as the basis for 
these changes (see Barja, 2004 for a comprehensive 
review15). AD manifests as an exaggeration of these 
changes – and more.

Progressive formation of neuroþbrillary tan-
gles and the secretion of beta-amyloid that condenses 
to form plaques characterize the pathology of AD. 
Amyloid formation has been convincingly linked to 
oxidative damage.16 Energetic decline is one of the 
earliest changes evident in the AD brain, and mito-
chondrial abnormalities have been detected all across 
the brain cortical zones.

Energetic Impairments in Alzheimerõs 
Disease 

Some of the most direct evidence for mito-
chondrial abnormalities in AD comes from non-in-
vasive, in vivo, positron emission tomography (PET) 
imaging. These þndings were reviewed in 2005 by 
Sullivan and Brown.16 In particular, the temporal and 
parietal cortical zones consistently exhibit metabolic 
abnormalities. Some PET reports document abnor-
mally high oxygen utilization in comparison to the 
amounts of glucose utilized, indicating impairment of 
the OXPHOS process in the mitochondria.

The decrements in brain metabolism seen 
with non-invasive imaging tend to precede both 
the neuropsychological impairment and anatomical 
changes of AD, such as atrophy. The frontal cortex 
and middle temporal gyrus, areas that manifest the 
most prominent metabolic abnormalities via PET, 
are also the areas that most strongly exhibit synaptic 
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dysfunction and circuit loss seen in AD brains on 
morphological examination.

The brainõs ongoing viability is dramatically 
dependent on energy from glucose. In both AD and 
the closely related vascular dementia (VD), bioen-
ergetic impairment can appear early and progress 
rapidly, consistent with a primary defect.17 A similar 
pattern is evident in Wernicke-Korsakoff syndrome, a 
dementia associated with thiamine depletion and of-
ten seen in alcoholics.18

Alterations in mitochondrial enzymes are 
consistently linked to dementia. As early as 1980, 
enzyme assays using tissue homogenates from au-
topsied AD brain revealed decreases of pyruvate de-
hydrogenase (PDH) activity in the frontal, temporal, 
and parietal cortex.19 PDH, the enzyme crucial to 
driving the citric acid cycle (CAC), is markedly af-
fected in vascular dementia as well as in Alzheimerõs 
dementia.17

Alpha-ketoglutarate dehydrogenase (KGD) 
is the probable rate-limiting enzyme of the citric acid 
cycle. Gibson and coworkers found KGD signiþcantly 
decreased in the AD temporal and parietal cortex.20,21 
Other CAC enzymes are also found impaired in AD, 
and the overall degree of metabolic impairment tends 
to correlate with clinical status.22

Beyond the water-phase CAC enzymes of 
the mitochondrial matrix, the enzymes that make up 
complexes I-V in the inner mitochondrial membrane 
are indispensable for ATP generation. Various studies 
have catalogued impairments of all þve complexes 
in multiple zones of the AD brain.16,23-26 Most widely 
involved was complex IV (cytochrome c oxidase), 
for which the enzyme activity was found signiþcant-
ly decreased in the frontal, temporal, parietal, and 
occipital cortex from AD brains compared to age-
matched controls.25,26 Complex I protein levels were 
signiþcantly reduced in the temporal, parietal, and oc-
cipital zones;24 complex III protein was signiþcantly 
reduced in the temporal cortex;25 and complex V pro-
teins were signiþcantly reduced in the hippocampus 
(reviewed in Kim et al25). Kim et al also demonstrated 
lowered biosynthesis of one subunit of complex I in 
the temporal and occipital cortices, and of a different 
complex I subunit in the parietal cortex.24

It is unclear to what extent these marked en-
ergetic impairments of AD could be constitutive, ver-
sus secondarily acquired (from heavy metal or other 
toxic cumulative damage, for example). After much 
investigation, no abnormal mitochondrial genes or 
gene clusters have been identiþed for later-onset AD, 
which represents the majority of cases. A recent study, 
however, reported mitochondrial DNA from the brain 
tissue of AD patients had signiþcantly greater dam-
age compared to controls.27

Although there still is no “smoking gun,” 
it is tempting to speculate that exogenous oxida-
tive toxins play a role in AD. Especially worthy of 
investigation is mercury. This toxic heavy metal has 
a continued presence in dental amalgams throughout 
the population, is still being added to vaccines and 
other injectable preparations, and has a ubiquitous 
environmental presence from industrial emissions. 
Mercury is uniquely toxic to nerve cells, with its ac-
cumulation in the mitochondria linked to cell destruc-
tion.28 Elevated blood mercury levels in childhood 
correlate with lifelong cognitive impairment.29 While 
still not providing deþnitive proof, a small German 
study found blood mercury levels were signiþcantly 
elevated more than two-fold in AD patients compared 
to age-matched, non-AD controls.30 Early-onset AD 
patients demonstrated a signiþcant three-fold higher 
mercury elevation.

Down Syndrome May Model 
Mitochondrial Dementia

Down syndrome (DS) is a highly heritable 
disease that begins prior to birth. By the third decade, 
subjects with DS typically exhibit neuronal pathol-
ogy resembling Alzheimerõs;31 many develop frank 
dementia.

DS subjects have inherited an extra copy of 
part or all of chromosome 21, resulting in an extra 
gene for copper-zinc superoxide dismutase (cyto-
plasmic SOD), often also associated with premature 
accumulation of beta-amyloid in the brain.31 SOD 
metabolizes superoxide to hydrogen peroxide, which 
normally would then be detoxiþed by other antioxi-
dant enzymes. However, DS subjects do not seem 
equipped to metabolize this elevated hydrogen per-
oxide ÿux. As a result, their tissues are abnormally 
vulnerable to oxidative damage from high ambient 
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peroxide levels and neuronal mitochondria likely fall 
victim to this hostile intracellular environment. Ex-
periments with transgenic mice, engineered to carry 
extra human SOD genes, conþrm this probable sce-
nario.32

There is credible evidence for mitochondrial 
impairment in DS. When þbroblasts were cultured 
from DS subjects and exposed to an experimental mi-
tochondrial toxin, they showed poor capacity for mi-
tochondrial-DNA repair.33 Platelets drawn from adult 
and juvenile DS subjects showed a one-third reduced 
activity in two mitochondrial enzymes.34 Using new 
proteomic technology, Kim et al were able to track 
the biosynthesis of a large number of proteins in DS-
brain homogenate and compare it with AD homog-
enate. They found protein levels for two subunits of 
complex I were reduced in DS brains ð the very same 
subunits they found reduced in AD brains, albeit with 
a slightly different cortical distribution. Also different 
from AD, DS brains showed complex I reduction in 
the deeper thalamus and caudate nucleus zones,24 and 
a complex V subunit was reduced in the DS frontal 
cortex.25

Mitochondrial dysfunction in DS likely be-
gins prior to birth. When Kim et al cultured cerebral 
cortex from fetal DS brain, they found deþciencies of 
a complex I protein.35 Lee et al cultured fetal amni-
otic cells from DS and non-DS fetuses and found low 
messenger RNA levels for yet another mitochondrial 
OXPHOS gene.36 Busciglio et al cultured astrocytes 
from fetal DS brain and found abnormal beta-amy-
loid processing with premature accumulation of beta-
amyloid aggregates.37 They could duplicate this pat-
tern in normal fetal astrocytes by adding OXPHOS 
mitochondrial inhibitors, suggesting that DS-mito-
chondrial impairment prior to birth increases the risk 
for its Alzheimerõs-like, degenerative pathology that 
typically manifests by age 30.

The most obvious difference between DS 
and AD is that DS has earlier onset. DS is heavily 
genetically determined, while most AD is not, which 
might help explain why aging is the most consistent 
risk factor for AD. It may well be that in DS the sys-
temic oxidative stress from elevated SOD activity is 
so high that mitochondrial performance is already 
compromised at birth. In AD, the genetic burden is 
seemingly less severe, but the passage of time allows 

for cumulative oxidative inÿuences to initiate and 
drive a degenerative progression that eventually af-
ÿicts the mitochondria. Speculatively, mitochondrial 
destruction would promote a downward spiral of bio-
energetic capacity that progressively contributes to 
disease progression.

Parkinsonõs Disease, Mitochondrial 
Compromise, and Neuronal Death

As reviewed by Eriksen, two of the four prin-
cipal genes implicated in familial Parkinsonõs disease 
(PD) are of mitochondrial origin.38 The gene DJ1 
protects against mitochondrial damage and oxidative 
stress, and (in cell cultures) its experimental deletion 
sensitizes cells to these effects. The gene PINK1 like-
ly has a role in mitochondrial homeostasis. Mutations 
in this gene increase cell susceptibility to stressful 
conditions, inducing mitochondrial dysfunction and 
cellular apoptosis. Still, only about 10 percent of all 
PD cases are familial. Investigators tend to concur 
that the large majority of non-familial cases require 
environmental triggers to clinically manifest.

In 2000, this reviewer summarized integra-
tive management of PD.39 At that time there was 
already compelling evidence for mitochondrial con-
tributions to the initiation and progression of the dis-
ease. That review presented substantial evidence for 
the following:

		 t Constitutive mitochondrial abnormalities in 	
			   the brainõs substantia nigra (SN), but also in 	
			   extra-cerebral tissues

		 t Mitochondrial complex I impairment in the 	
			   SN, ranging from 16-54 percent

		 t The SN as a unique concentrator of iron 		
			   (redox-active free radical generator), 
			   monoamine oxidase enzymes (also free-		
			   radical generating), and dopamine and 
			   melanin (both with an exquisite tendency to 	
			   auto-oxidize to reactive free radicals)

		 t Progressive depletion (by 40-90%) of 		
			   reduced glutathione in the SN as the disease 	
			   progresses
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		 t Elevation of lipid peroxides, 
			   malondialdehyde, and other oxidation 
			   byproducts in the SN

		 t Increased oxidative damage to DNA and 	
			   proteins in the SN

		 t Substantial evidence that heavy metals (most 	
			   speciþcally mercury), pesticides, and other 	
			   exogenous oxidants contribute to the clinical 	
			   emergence of PD

Since that review appeared, the evidence that 
mitochondrial failure and resultant oxidative stress 
contribute to the etiology of PD has been further 
strengthened. Activity of the CAC enzyme KGD was 
found reduced by about half in cerebellar tissue ob-
tained from 19 PD patients and compared to 18 con-
trols.40 

PD is characterized pathologically by the 
presence of Lewy bodies, of which the protein alpha 
synucleain (ASN) is a prominent constituent. Mouse 
breeds are now available that lack the genes for ASN. 
New studies with these animal models are explor-
ing the possibility that mitochondrial energetic fail-
ure causes aberrant metabolism of ASN and triggers 
Lewy body formation.38

Progressive supranuclear palsy (PSP) is a 
rare, neurodegenerative movement disorder often 
mistaken for PD. Various lines of evidence link its 
etiology to mitochondrial DNA aberrations.41 

Multiple Sclerosis
Multiple sclerosis (MS) is generally consid-

ered to be an inÿammatory disease with a substan-
tial autoimmune contribution.42 Current therapeutic 
strategies primarily target the immune system, with 
some success at down-regulating plaque formation 
and decreasing relapse rate.43 Progress in the medical 
management of MS has been poor, characterized by 
therapies that were theoretically promising but failed 
in human application.44 

Kalman et al proposed that mitochondrial ab-
normalities could drive the inÿammatory processes in 
MS.43 In 2000, her group demonstrated that impaired 
complex I activity in chronic active plaque zones was 
associated with oxidative damage to mitochondrial 

DNA.45 One case report documented constitutive 
mitochondrial energy failure as a cause of the inter-
mittent demyelination and profound central nervous 
system (CNS) symptoms that mimic MS.46

Kalmanõs group spent a decade searching for 
a genetic link to mitochondrial failure in MS. In 1995 
they reported þnding mitochondrial DNA mutations 
in 20 percent of patients studied47 and by 1999 they 
had identiþed speciþc suspect gene groups (haplo-
types).48 Finally, in 2005 they deþnitively stated that 
mitochondrial complex I gene variants are associated 
with MS.49 This series of studies appears to implicate 
complex I abnormalities in the degenerative process-
es downstream of CNS inÿammatory injury in MS 
patients.

Amyotrophic Lateral Sclerosis (ALS)
Considerably more has been learned about 

ALS since it killed Lou Gehrig 60 years ago, al-
though its medical management has not appreciably 
improved. Mitochondrial dysfunction is now known 
to be a primary feature of ALS, with mitochondrial 
pathology observed at an early stage in the degen-
eration of the motor neurons.41 Muscle mitochondria 
from ALS patients exhibit impaired electron transport, 
elevated free radical generation, and inability to buf-
fer intracellular calcium. Nuclear magnetic resonance 
(NMR), which can accurately measure mitochondrial 
metabolite levels in vivo, demonstrated a signiþcant 
correlation between known mitochondrial pathology 
in ALS skeletal muscle and abnormal mitochondrial 
metabolite ratios in the cerebral cortex.50

This still-mysterious disease appears to ex-
hibit many of the biochemical and morphological 
identiþers of a free radical-mitochondrial disease. 
One recorded case of constitutive mitochondriopa-
thy so closely mimicked ALS that it was mistaken 
for it.51

Huntingtonõs Disease
Huntingtonõs disease (HD), a strongly heri-

table disease (autosomal dominant), follows a hor-
riþc course. It can emerge in early- or mid-life, but 
progression is generally inexorable and leads to 
death within 10-15 years. HD features òanticipation,ó 
where the age at onset tends to decrease in successive 
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generations. The mutant gene has been identiþed, 
producing a protein aptly christened huntingtin.52 
The mechanisms of action of this protein are being 
explored using transgenic mice that express the HD 
gene.

In addition to excitotoxicity, mitochondri-
al dysfunction has been identiþed as a pathologic 
factor in HD. Gardian and Vecsei summarized the 
evidence:

		 t Ultrastructural studies reveal structurally 	
			   abnormal mitochondria in the cortex

		 t Mitochondria isolated from HD lymphoblast 	
			   cells show poor membrane integrity

		 t Biochemical studies demonstrate impaired 	
			   complex II and III in basal ganglia 
			   homogenates from HD patients.52

In 1997, Koroshetz et al used magnetic reso-
nance spectroscopy (MRS) to conþrm earlier reports 
of abnormally elevated lactate in the cerebral cortex 
and basal ganglia of HD patients; lactate builds up 
when the CAC fails. This indication of mitochon-
drial decline tends to appear early in the disease.53 
Whether the mitochondrial contribution to HD is pri-
mary or secondary, it is being investigated by leading 
HD researchers as a potentially treatable facet of this 
disease.

Friedreichõs Ataxia
Friedreichõs ataxia (FA) is an autosomal re-

cessive disease with a relentlessly progressive course, 
characterized by limb ataxia and other CNS difþcul-
ties. The most marked pathological changes include 
loss of large sensory neurons in the dorsal root ganglia 
and degeneration of the dorsal columns of the spinal 
cord;54 many non-CNS organ abnormalities are also 
present. Sophisticated investigation of cardiac and 
skeletal muscle has conþrmed mitochondrial iron ac-
cumulation and mitochondrial OXPHOS abnormali-
ties, likely resulting in increased free radical genera-
tion.55 Therapeutic intervention in FA has so far been 
focused on antioxidant protection, mitochondrial en-
ergy enhancement, and iron chelation.

The Normal Aging Process
Ames et al have amassed a persuasive body 

of evidence linking mitochondrial oxidation to the 
aging process.56,57 They discovered that, with age, cu-
mulative oxidative damage to human enzymes causes 
loss of catalytic efþciency. Mitochondria, being more 
poorly equipped with antioxidant or DNA repair sys-
tems, are susceptible to such decline with age. Amesõ 
group  developed a convincing case that the mito-
chondria of aged animals perform more poorly than 
in the young. 

In a mouse strain used to study aging, the 
activities of complex I, complex IV, and one other 
mitochondrial enzyme were found to decline with 
age.58 Moderate exercise and supplementation with 
vitamin E increased lifespan, retarded the decline of 
these enzymes, and partially preserved brain function 
on cognitive tests. The Ames group documented that 
diets deþcient in various micronutrients can acceler-
ate this process of mitochondrial decay.57

Aging does not appear to be determined ex-
clusively by genetic or other constitutive factors, or 
to be dominated by an “aging clock” that ticks away 
the days to oneõs demise. Rather, it seems that aging 
is a process, one that proceeds in þts and starts, the 
net outcome of myriad interacting factors. This type 
of aging pattern is consistent with the FRM theory, 
which also predicts that excessive exposure to exog-
enous oxidative stressors would tend to hasten aging, 
primarily by accelerating the cumulative free radical 
oxidative damage to tissues and organs.

Ames et al argue that the age-accelerating ef-
fect of oxidation can be offset (at least partially) by 
supplementing the diet with higher levels of micro-
nutrients.57 They catalogued an array of nutrients that 
support or boost mitochondrial energetic efþciency in 
human tissues. Of these, coenzyme Q10, lipoic acid, 
and acetyl L-carnitine will be discussed in a later sec-
tion. The others are listed below:

		 t Iron: essential for the heme constituents of 	
			   several of the mitochondrial OXPHOS 
			   proteins. Ames claims approximately two 	
			   billion people worldwide may be iron 
			   deþcient.57 However, iron excess (>10x 
			   nutritional need) can exacerbate ROS 
			   production and oxidative damage.


