
19ADVANCES in orthomolecular researchVolume 3, Issue 3

MMII TTOOCCHHOONNDDRRIIAA ::     

MMMMAAAAIIIINNNNTTTTAAAAIIIINNNNIIIINNNNGGGG    
TTTTHHHHEEEE     PPPPOOOOWWWWEEEERRRR     

PPPPLLLLAAAANNNNTTTT
The Mitochondria. Even the name itself emanates power,
centralized activity and importance - and this exudation is
not misplaced. The most common metaphors used to
describe the mitochondria are the 'powerplants' or the
'furnaces' of the cell. Indeed, mitochondria provide the
energy a cell needs to move, divide, replicate, contract,
secrete byproducts, and anything else that requires motion
and the fuel energy to make it posssible. Mitochondria are
bacteria-sized organelles - thousands are located inside the
membrane of each cell, occupying about one-fifth of its
volume and lying adjacent to its nucleus.1 Their shape can
vary greatly depending on the cell type, and like the
nucleus each mitochondrion is surrounded by a double-
membrane composed of outer and inner segments. While
the outer membrane is relatively smooth, the inner
membrane is condensed with folds called cristae, and it is on
these cristae that Adenosine Triphosphate (ATP) - the
primary fuel of life - is produced. The cristae significantly
expand the surface area of each mitochondrion, thereby
increasing its cellular respiratory capacity and the ensuing
production of ATP. The space within the cristae and the
inner membrane is called the matrix, which contains a
densely concentrated mixture of several hundred enzymes,
ribosomes and DNA precursors. This is indicative of
mitochondria's unique level of genetic self-sufficiency, which
some scientists argue dates back to a time in evolution when
the mitochondria independently sustained themselves
outside the cell wall entirely!

The Vicious Cycle
The impressive capacity of the mitochondria to perform
their primary function of converting organic materials into
cellular energy in the form of ATP cannot be understated.
That capacity, however, does not remain constant and is
dependent on outside variables, such as diet, lifestyle and
age. In fact, it would not be inaccurate to view the state of
mitochondria as reflective microcosms of the state of the
living organism as a whole.

The Mitochondrial Theory of Aging: 
There are several theories of aging, each one identifying
and then revolving around one particular biochemical
pathway. Examples of pathways these theories depend on
include glycation, free radical generation, and methylation,
to name a few. Predictably, there is a significant degree of
juxtaposition among all of these theories. One theory,
however, is the Mitochondrial Decline Theory, or the
Mitochondrial Theory of Aging. This theory is closely
related to the well-established Free Radical Theory of
Aging and has in fact been described by scholars as a
'maturation' of that theory.

This is because the Mitochondrial Theory of Aging begins
with the premise that the cellular respiratory process (for
which mitochondria are chiefly responsible) results in the
production of reactive oxygen species (ROS). This is a
vicious catch-22, especially in light of the fact that
simultaneously increased mitochondrial activity and
proliferation is almost universally associated with health-
enhancing metabolic ameliorations. These include (but are
no means limited to) an increased basal metabolic rate
(BMR) and improved insulin sensitivity, two states themselves
identified as panoramic links to the prevention of a myriad
of health disorders. However, the greater the simultaneous
activity and proliferation of the mitochondria, the more free
radicals they generate. Paradoxically, an inefficient
mitochondrion generates even more free radicals than an
efficient one, since more fuel (in the form of glucose, amino
acids and fatty acids) is required for each mitochondrion to
produce the same amount of ATP. This results in an
increased ratio of ROS-to-ATP production. To complicate
matters further, mitochondrial DNA (mtDNA) differs from the
DNA of the nucleus and other organelles in that mtDNA has
no enzymatic defense against oxidative stressors, self-
generated or not.2 In-vivo studies have provided evidence
for the Mitochondrial Theory of Aging so conclusive that one
leading researcher summarized it this way: "It is generally
accepted that oxidative mitochondrial decay is a major
contributor to aging."3
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Power Plant Maintenance - Upgrading With Cocktails
If the function of mitochondria sounds relatively
straightforward (at least on a macro-level), then their
aforementioned vulnerability reveals a contrasting
complexity when the discussion turns to maintenance and
enhancement. The process of addressing the elusive
prerequisites to mitochondrial health is so intricate that
entire professional medical societies have been established
exclusively for its study. These include the Mitochondrial
Research Society (Buffalo, N.Y.), the Mitochondrial
Physiology Network (Innsbruck, Austria), and the United
Mitochondrial Disease Foundation (Pittsburgh, PA), among
others.

The cumulative efforts of the scientific community have
resulted in some measure of fundamental consensus in the
design of a protocol to address the challenges posed by an
aging and/or dysfunctional mitochondrion. A review of the
studies aimed at this goal has produced the following
collection of pharmacological, nutritional and exercise
treatment strategies - combinations of which have become
known as 'mitochondrial cocktails':

1) Enzyme Bypass: The theory here is to circumvent a defect
along the mitochondrial Electron Transport Chain, which is a
series of inter and intra-cellular reactions that produce ATP.
This chain is initiated when electrons are transferred to a
lipid-soluble carrier called a ubiquinone, which in turn
crosses the cellular membrane. The supplemental form of
ubiquinone is Co-Enzyme Q10 (Co-Q10), and studies have
shown that it can expedite the Complex II phase of the
Electron Transport Chain by up to 200%.5 This is the phase
where additional electrons are funneled into the ubiquinone
by the enzyme succinate dehydrogenase.

2) Anti-oxidants: The universal anti-oxidant/free radical
dichotomy certainly has mitochondrial applications as well,
but the vulnerability of mtDNA alters the circumstances.
Conventional anti-oxidants such as vitamins C and E are
certainly useful, but the ideal mitochondrial anti-oxidant
appears to be a-lipoic acid, or simply lipoic acid
(preferably composed of the R(+)- enantiomer - see
Advances October 2001 or Vol.3; Issue 1). Lipoic acid is
metabolized to its active form, diHydrolipoic acid (DHLA)
inside the mitochondrion itself by the enzyme known as
pyruvate dehydrogenase complex (PDH). This process, (and
equally importantly, the dynamics of this process) produces
intense biological activity, including the regeneration and
recycling of vitamins C and E.6 Lipoic acid not only displays
an intramitochondrial anti-oxidant capability, but also an
intracellular and extracellular one as well, and this
capability is effective in both aqueous and lipophilic
environments.7 Indeed, the biological potency of lipoic acid
is such that it has become one of the most heavily studied
antioxidants in the scientific community, with the result being
the development of more advanced variants of this
ubiquitous compound.

3) Alternative Energy: This tactic involves the maximal
utilization of a source of ATP that does not require any
mitochondrial participation, thus augmenting overall ATP
production without burdening dysfunctional or aging
mitochondria. One way of doing this involves the
supplementation of creatine monohydrate for conversion to
phosphocreatine (which in turn regenerates ATP) by
cytoplasmic creatine kinase enzymes. Studies have in fact
confirmed creatine monohydrate's effectiveness as an
alternative energy source of this kind.8 However, other

Strategy Theoretical Basis Example

1. Enzyme Bypass Provide energy beyond the Succinate, Co-Enzyme Q10
site of the enzyme defect

2. Anti-oxidants Reduce free radical damage Vitamin E, C, lipoic acid
to cell structures

3. Alternative energy Use an anaerobic system not Creatine Monohydrate
requiring mitochondria

4. Reduce lactate Reduce acidosis, more energy Dichloroacetate, thiamine
into the mitochondria

5. Strength exercise Improve strength, reduce number Weights, isometrics
of mutant mtDNA

6. Endurance exercise Improve endurance, reduce Jogging, cycling, walking
cardiovascular risks

7. Nucleotide precursors Prevent depletion of nucleotide Triacetyluridine
pool (for DNA synthesis)

8. Vasodilation Prevent vascular spasm in L-arginine
MELAS stroke

Table 1: Non-genetic Strategies to Improve Mitochondrial Dysfunction4
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alternative (and highly promising) sources of ATP
originating outside the mitochondria have also been
isolated in recent years - not the least of which is exogenous
ATP itself. The ATP molecule has been replicated in the
laboratory through scientific fermentation, and numerous
clinical human studies have already demonstrated its ability
to augment ATP pools.9

4) Reduce Lactate: Lactic acidosis is the condition whereupon
the mitochondria use glucose for energy in the absence of
adequate amounts of oxygen, and this cellular hypoxia is
linked to mutations in mtDNA.10 The strategy here is to
stimulate the enzyme pyruvate dehydrogenase - which is
responsible for directing pyruvate into the mitochondria and
away from lactate production. This can be done with the
drug dichloroacetate as well as with vitamin B1
supplementation.11 The latter option has been made even
more appealing by the development of benfotiamine, a
lipid-soluble thiamin that is nearly 5 times more bio-
available than conventional thiamin.12

5) Strength Exercise: Studies have shown that resistance
training reduces oxidative damage to all DNA as well as
'significantly increasing' the activity of Complex IV of the
Electron Transport Chain.13

6) Endurance Exercise: Extensive human studies conclusively
point to the ability of endurance exercise to improve the
activity and efficiency of the mitochondria. For example,
one Australian study among obese adults revealed that
endurance training increased mitochondrial fatty acid
oxidation by 120%.14

7) Nucleotide Precursors: Nucleotides are the structural units
of DNA and RNA    - including mtDNA and mtRNA. As
mitochondrial dysfunction is closely associated with the
depletion of nucleotides, maintaining a healthy nucleotide
pool is paramount. Triacetyluridine, a chemoprotective
drug that is a precursor of uridine (an RNA nucleotide), is
believed to be capable of this. Naturally-derived uridine
supplements have been studied for their ability to improve
mitochondrial function in patients with HIV.15 The supplement
D-ribose, itself a structural unit of uridine, has been shown to
reduce symptoms of fybromyalgia and chronic fatigue
syndrome (both closely identified with mitochodrial
dysfunction) by 30%.16

8) Vasodilation: Vasodilation (the widening of the blood
vessels due to relaxation of smooth muscle in the vessel wall)
is linked to the mitochondria via the production of nitric
oxide. The mitochondria are primary targets of nitric oxide,
and even small amounts can regulate ATP synthesis.17

MELAS (or mitochondrial myopathy, encephalopathy, lactic
acidosis and stroke-like episodes) is a mitochondrial
disorder caused by mutations in the mtDNA of endothelial
cells that lead to their dysfunction. As its name implies, lactic
acid buildup and stroke-like seizures are among the most
common symptoms of MELAS, and supplementation with L-
arginine, a nitric oxide donor, has been shown to ameliorate
such symptoms in MELAS patients.18 Other nitric oxide
enhancers include citrulline malate and the highly efficient
gynostemma pentaphyllum.19
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NAD+/NADH: All the Difference A Letter Makes
A central facet of mitochondrial health revolves around the
NAD+/NADH relationship. This is the process whereupon
nicotinamide adenine dinucleotide is converted from its
oxidized form (NAD+) to its reduced form, NADH; with the
'H' representing a hydrogen atom. This hydrogen atom is
appropriated by the mitochondrial pyruvate
dehydrogenase enzyme (PDH) along with the R(+)-
enantiomer of lipoic acid to create dihydrolipoic acid
(DHLA). An increasing central principle to mitochondrial
(and overall) health is the importance of maintaining a
favourable ratio of NAD+ to NADH, and there are a
number of reasons for this.

Firstly, if there is insufficient R(+)-lipoic acid present to make
use of the excess hydrogen atoms, then they are greeted by
a mitochondrial PDH enzyme that cannot make use of them.
The result is that these atoms eventually become superoxide
radicals from inside the mitochondrion itself.20 Secondly, the
reduced form of nicotinamide adenine dinucleotide (NAD+)
is the form that is readily available to the mitochondria as
an energy source. Thirdly, a low NAD+/NADH ratio has
been linked to diabetes, ischemia conditions, and metabolic
syndrome, all of which in turn have strong ties to
mitochondrial dysfunction.21

A metaphor for the NAD+/NADH ratio could be the
revolutions per minute (RPM) of a car engine. If vehicle A
requires it's engine revving at 6,000 rpm to travel at
100km/hr while vehicle B requires 4,500 rpm for the same
speed, then vehicle B is the more efficient machine.

Interventions known to produce a favourable NAD+/NADH
ratio include R(+)- lipoic acid, carnosine, 3-carboxy-3-
oxopropanoic acid, and the practice known as Calorie
Restriction (CR).22 No 'mitochondrial cocktail' would be
complete without something to address this central
relationship.

As we have seen, the optimum maintenance of the
mitochondria, the powerplant of the cell (and by extension
of life itself) requires an approach that is both multifaceted
and flexible. The importance of flexibility is due to the fact
that research in this area is both extensive and ongoing, and
new developments have to be incorporated into an
intervention regimen that can already be quite complex.
Examples of these new developments include such
innovations as the isolation of the active enantiomer of lipoic
acid [R(+)- lipoic acid], a Kreb's Cycle intermediate such as
3-carboxy-3-oxopropanoic acid, and a bioactive sirtuin
activator such as trans-resveratrol.23 These form an
exciting new class of compounds known as 'calorie restriction
mimetics', so named for their ability to emulate many of the

health benefits of a calorie-restricted diet, for which the
mitochondria are of central importance..

References
1. Voet, Donald, Judith G. Voet, Charlotte W. Pratt (2006). Fundamentals of
Biochemistry, 2nd Edition. John Wiley and Sons, Inc., 547. ISBN 0-471-21495-7.
2. Richter, C. (1995) Oxidative damage to mitochondrial DNA and its relationship to
ageing. Int J Biochem Cell Biol 27: 647-53.
3. Liu, J. et al (2002) Delaying brain mitochondrial decay and aging with mitochondrial
antioxidants and metabolites. Ann NY Acad Sci 959: 133-66.
4. Tarnopolsky MA, et al. Nutritional and exercise-based therapies in the treatment of
mitochondrial disease. Curr Opin Clin Nutr Metab Care. 2002. Nov;5(6):619-29.
5. Mazzio EA, Soliman KF. Effects of enhancing mitochondrial oxidative phosphorylation
with reducing equivalents and ubiquinone on 1-methyl-4-phenylpyridinium toxicity and
complex I-IV damage in neuroblastoma cells. Biochem Pharmacol. 2004. Mar
15;67(6):1167-84.
6. GENERAL PHARMACOLOGY 29(3):315-331 (1997)
7. Packer L, Witt EH, Tritschler, HJ. Alpha-lipoic as a biological antioxidant. Free Rad
Biol Med. 1995; 19:227-250.
8. Tarnopolsky MA, et al. Mitochondrial myopathies: diagnosis, exercise intolerance,
and treatment options. Med Sci Sports Exerc. 2005 Dec;37(12):2086-93. Review.
9. Agretesch HJ, Dagnelie PC, Rietveld T, van den Berg JWO, Danser AHJ, and Wilson
JHP. Pharmacokinetics of intravenous ATP in cancer patients. Eur. J. Clin. Pharmacol.
2000; 56:49-55.
10. Scaglia F, Northrop JL. The mitochondrial myopathy encephalopathy, lactic acidosis
with stroke-like episodes (MELAS) syndrome: a review of treatment options. CNS Drugs.
2006;20(6):443-64.
11. Bakker SJ, et al. Protection against cardiovascular collapse in an alcoholic patient
with thiamine deficiency by concomitant alcoholic ketoacidosis. J Intern Med. 1997
Aug;242(2):179-83.
12. Frank T, et al. High thiamine diphosphate concentrations in erythrocytes can be
achieved in dialysis patients by oral administration of benfontiamine. Eur J Clin
Pharmacol. 2000 Jun; 56(3):251-7.
13. Parise G, Brose AN, Tarnopolsky MA. Resistance exercise training decreases
oxidative damage to DNA and increases cytochrome oxidase activity in older adults.
Exp Gerontol. 2005 Mar;40(3):173-80.
14. Bruce CR, et al. Endurance training in obese humans improves glucose tolerance and
mitochondrial fatty acid oxidation and alters muscle lipid content. Am J Physiol
Endocrinol Metab. 2006 Jul;291(1):E99-E107.
15. Banasch M, et al. Uridine supplementation enhances hepatic mitochondrial function in
thymidine-analogue treated HIV-infected patients. AIDS. 2006 Jul 13;20(11):1554-6.
16. Teitelbaum JE, et al. The use of D-ribose in chronic fatigue syndrome and
fibromyalgia: a pilot study. J Altern Complement Med. 2006 Nov;12(9):857-62.
17. Lacza Z, et al. Mitochondrial NO and reactive nitrogen species production: does
mtNOS exist?  Nitric Oxide. 2006 Mar;14(2):162-8. Epub 2005 Jul 26.
18. Koga Y, et al. Endothelial dysfunction in MELAS improved by l-arginine
supplementation.
Neurology. 2006 Jun 13;66(11):1766-9.
19. Tanner MA, et al. The direct release of nitric oxide by gypenosides derived from
the herb Gynostemma pentaphyllum. Nitric Oxide. 1999 Oct;3(5):359-65.
20. Suh JH, Shigeno ET, Morrow JD, et al. Oxidative stress in the aging rat heart is
reversed by dietary supplementation with (R) -alpha-lipoic acid. FASEB J. 2001 Mar;
15(3): 700-6.
21. Williamson Jr, et al. Hyperglycemic pseudohypoxia and diabetic complications.
Diabetes 42: 801-803, 1993.
22. Lin SJ, et al. Calorie restriction extends yeast life span by lowering the level of
NADH. Genes Dev. 2004 Jan 1;18(1):12-6.
23. Borra MT, Smith BC, Denu JM. Mechanism of human SIRT1 activation by resveratrol.
J Biol Chem. 2005 Apr 29;280(17):17187-95.



23ADVANCES in orthomolecular researchVolume 3, Issue 3

www.aor.ca

acta-Resveratrol from AOR is formulated to keep the reserveratrol content
active and increase bioavailablity. Quercetin, vitamin C, piper nigrum and
especially luteolin work synergistically to enhance absorption. AOR utilizes
beadlet technology to improve oxygen and pH sensitivity and an opaque vegi-
cap to protect resveratrol from its number one nemesis - light.

It has taken years of research to produce an exceptional resveratrol
supplement - choose wisely, choose acta-Resveratrol.

acta-Resveratrol

These statements have not been evaluated by the Food and Drug Administration. This product is not intended to diagnose, treat, cure, or prevent any disease.

As reported in the prestigious journal Nature, resveratrol in
high doses offsets the effects of an unhealthy high-calorie diet
in mice. In effect, resveratrol mimics caloric restriction by
activating the Sirt1 gene - leading to a longer and healthier life.

acta-Resveratrol from AOR is
formulated to keep the reserveratrol
content active and increase bioavailablity.
Quercetin, vitamin C, piper nigrum and
especially luteolin work synergistically to
enhance absorption. AOR utilizes beadlet
technology to improve oxygen and pH sensitivity
and an opaque vegi-cap to protect resveratrol
from its number one nemesis - light.

It has taken years of research to produce an exceptional
resveratrol supplement - choose wisely, choose acta-Resveratrol.

Each capsule of acta-Resveratrol
contains 100mg of trans-Resveratrol.

All the health benefits of 450
glasses of red wine in one capsule,

without the hangover!




