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Abstract. Following the discovery that caloric restriction extends the lifespan of many species of animals,
the free radical theory of aging attributes the occurrence of oxidized nucleic acids, proteins, and lipids to
reactive oxygen radical species originating from the metabolism of foods and the diminished efficacy of
oxidative metabolism. Because of the decline of many critical neuro-hormones in aging, the neuroendo-
crine theory of aging attributes these changes to reduced feedback control of hormone production by the
hypothalamus. Several rare genetic diseases attribute accelerated aging to changes in deoxyribonucleic acid
(DNA) repair, depletion of the coenzyme nicotinamide adenine dinucleotide (NAD+), and altered me-
thionine and homocysteine metabolism. The theory of oxidative phosphorylation attributes mitochondrial
adenosine triphosphate (ATP) synthesis to the active site, thioretinaco ozonide oxygen NAD+ phosphate,
which couples polymerization of NAD+ and phosphate to ATP produced by reduction of oxygen by elec-
trons derived from foods. Loss of the thioretinaco ozonide oxygen ATP complex from the opening of the
mitochondrial permeability transition pore (mPTP) is proposed to explain the abnormalities of oxidative
metabolism occurring in cellular aging and carcinogenesis, thereby uniting the free radical and neuro-
endocrine theories of aging. Cellular senescence is associated with shortening of telomeres and decreased
activity of telomerase, and exposure of cultured endothelial cells to homocysteine causes cellular senescence,
shortened telomeres, and increased acidic β-galactosidase, a marker of cellular senescence. The decrease in
telomerase with aging is related to decreased nitric oxide production by nitric oxide synthase. The patho-
genic microbes occurring in atherosclerotic plaques and in cerebral plaques in dementia inhibit nitric oxide
synthesis by up-regulation of polyamine biosynthesis from adenosyl methionine and putrescene, causing
the hyperhomocysteinemia and suppressed immunity that is observed in atherosclerosis and dementia.
Progressive mitochondrial dysfunction occurs in aging because of loss of the thioretinaco ozonide oxygen
ATP complex from mitochondrial membranes by opening of the mitochondrial permeability transition
pore. Melatonin, a neuro-hormone, and cycloastragenol, a telomerase activator, both prevent mitochon-
drial dysfunction by inhibition of mPTP pore opening. The carcinogenic effects of radiofrequency radia-
tion and mycotoxins are attributed to loss of thioretinaco ozonide from opening of the mPTP and decom-
position of the active site of oxidative phosphorylation. The anti-aging effects of retinoids, the decreased
concentration of cerebral cobalamin coenzymes in aging, and the diminished concentration of NAD+ from
sirtuin activation, as observed in aging, all support the concept of loss of the thioretinaco ozonide oxygen
ATP active site from mitochondria as the cause of decreased oxidative phosphorylation and mitochondrial
dysfunction in aging.
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Introduction

The science of aging received major impetus from
the discovery by scientists at Cornell University
that caloric restriction produces lengthened lifes-
pan in albino rats [1]. According to Sinclair [2],
“throughout history, numerous societies have tout-
ed the health benefits of food limitation, including
the ancient Greeks and Romans. In modern times
Professor Maurice Gueniot, President of the Paris
Medical Academy at the turn of the 20th century, is
famed for living on a restricted diet and for dying at
the age of 102.” Subsequent research has estab-
lished dietary caloric restriction as an effective fac-
tor in prolonging the lifespan of many organisms,
from yeast to flies, worms, mice, and primates [2].

Another major advance in the science of aging oc-
curred with the publication of the “Free Radical
Theory of Aging” by Denham Harman in 1956 [3].
According to this theory, the accumulation of high-
ly reactive oxygen free radicals from metabolism of
foods produces many of the tissue changes observed
in human aging. An example of a characteristic tis-
sue change in aging is the accumulation of lipofus-
cin, a polymerized and oxidized pigment, within
the cytoplasm of cells of aging organisms.
Accumulation of proteins containing increased car-
bonyl groups, resulting from oxidation reactions,
in proteins of aging animals, supports the free radi-
cal theory of aging [4]. Resveratrol and other anti-
oxidants reduce the quantity of oxidized DNA,
proteins, and lipid in the cells of aging animals.
Animals with caloric restriction accumulate re-
duced quantities of these oxidized lipids, proteins,
DNA, and membranes, suggesting that the free
radical by-products of oxidative metabolism are de-
creased by caloric restriction.

A number of key hormones decline with aging, in-
cluding melatonin, dehydroepiandrosterone, and
the pituitary hormones growth hormone, prolac-
tin, and thyroid stimulating hormone. In view of
these findings, the neuroendocrine theory of aging
proposed by Dilman [5] assumes that aging results
from a genetically controlled programmed reduc-
tion in hormone production by the pituitary gland
because of reduced feedback functions of the
hypothalamus.

The silent information regulator 2 (SIR2) gene was
discovered to extend the lifespan of budding yeast by
suppression of genomic instability [6]. This gene
codes for the Sir2 protein, one of a family of deacety-
lases that depend upon NAD+-activated deacetylases
and ADP-ribosyltransferases, deplete NAD+ and
catalyze deacetylation reactions of acetylated pro-
teins. Mammalian sirtuins are a family of seven
known deacetylases that regulate metabolic stress,
ATP production, cell cycle, insulin secretion, urea
cycle, DNA excision repair, and rDNA transcrip-
tion. The metabolic control of cellular function by
sirtuins affects glycolysis, insulin sensitivity, lipolysis,
biogenesis of mitochondria, apoptosis, telomere
length and other metabolic aspects of aging through
the action of peroxisome proliferator–activator re-
ceptor gamma (PPARγ) and peroxisome prolifera-
tor-activator gamma coactivator alpha (PGC-1α)
[6].

In addition to the deposition of lipofuscin in the
cells of aging animals, certain other characteristic
biochemical and tissue changes have been observed.
In aging tissues, several enzymes, including gluta-
mine synthase, are found to have decreased catalytic
activity, compared to the enzymatic activity of nor-
mal tissues. Since the quantity of immunologically
cross-reactive enzyme protein is unchanged in aging
tissues, a structural modification of the molecule is
believed to account for the decreased enzymatic ac-
tivity. As demonstrated by Stadtman and his team
[4], the reactivity of 2,4 dinitrophenyl hydrazine
with enzyme protein is increased about 15% in aging
tissues, suggesting an increase in carbonyl content of
enzyme protein, compared with normal enzyme
from young animals. Accumulation of enzyme pro-
tein with reduced function in aging is attributed to
decreased activity of cellular proteinase activity and
reduced degradation of altered protein molecules
within aged organisms [4].

More recently Jakubowski and his team attribute the
reduced activity of many enzymes in aging cells and
tissues to accumulation of protein molecules with
increased binding of the amino acid homocysteine to
free amino groups by peptide bonds in a process
known as homocysteinylation [7]. A fundamental
abnormality of oxidative metabolism in aging is
shown by the decline of mixed function oxidase
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activity associated with microsomal membranes,
decreased synthesis of ATP by mitochondrial oxi-
dative phosphorylation, and impairment of the
metabolism of drugs and toxins [8,9].

Several rare human syndromes of accelerated aging
have attracted attention of gerontologists. The
Hutchinson-Gilford progeria syndrome of child-
hood is characterized by scleroderma, hair loss, ath-
erosclerosis, osteoarthritis, renal failure, and loss of
vision, abnormalities which are attributed to muta-
tions of the gene for lamin A biosynthesis [10].
This genetic change produces increased attachment
of farnesyl groups to the lamin A of the nuclear
membrane, interfering with mitosis. The Werner
progeria syndrome of early adulthood is character-
ized by growth retardation, adipose atrophy, cata-
racts, atherosclerosis, diabetes and osteoporosis,
and early death from malignancies, which are at-
tributed to mutations of the gene for helicase, an
enzyme that repairs DNA double-stranded breaks
[11]. Cockayne syndrome, xeroderma pigmento-
sum, and ataxia telangiectasia are disorders of DNA
repair enzymes, associated with ultraviolet light
skin damage, neurodegenerative disease, and pre-
mature aging. DNA damage leads to a decrease of
the coenzyme, NAD+, secondary to activation of
the enzyme poly-adenosine diphosphate-ribose
polymerase (PARP), during the process of DNA
damage repair [12].

The genetic disease homocystinuria is characterized
by excretion of the amino acid homocystine in the
urine and is associated with several features of hu-
man aging, including accelerated atherosclerosis,
graying of hair, loss of joint flexibility, osteoporosis,
cataract, and cognitive decline [13]. The most com-
mon genetic defect in homocystinuria is an abnor-
mality of the enzyme cystathionine synthase, which
normally converts homocysteine to cystathionine,
cysteine, and sulfate, and is dependent upon the
coenzyme pyridoxal phosphate (vitamin B6). In
those children who respond to vitamin B6 therapy,
a dramatic reversal of gray to normal hair color,
prevention of vascular disease, and prolongation of
lifespan are observed. Unlike the other genetic ag-
ing syndromes, however, homocystinuria is associ-
ated with accelerated growth in childhood, causing
elongated extremities and fingers, rather than short

stature. Lifespan is shortened because of premature
death from thrombosis, stroke, heart attack and
kidney failure, all of which are related to accelerated
vascular disease. No increased mortality from can-
cer has been reported in homocystinuria.

Theory of oxidative phosphorylation. Investigation of
the anti-neoplastic properties of N-substituted deriva-
tives of homocysteine thiolactone led to the discovery of
the compound, thioretinamide, which is the amide
formed from retinoic acid and homocysteine thiolactone
[14]. Thioretinamide (TR) forms thioretinaco (TR2Co),
a complex in which two molecules of thioretinamide are
bound to the cobalt atom of cobalamin. Activation of
this complex by oxidation with ozone (O3) produces a
disulfonium complex, thioretinaco ozonide (TR2CoO3),
which is capable of binding oxygen (O2), NAD+ and
inorganic phosphate (H2PO4

-), to form the active site
for oxidative phosphorylation,
TR2CoO3O2NAD+H2PO4

- [15].

In the metabolic process of oxidative phosphorylation,
electrons from molecules in food reduce the oxygen mol-
ecules that are transported to cells by the hemoglobin of
red blood cells. Within mitochondria, the energy organ-
elles of cells, reduction of the oxygen of thioretinaco
ozonide by electrons from the electron transport com-
plexes is coordinated with polymerization of NAD+ and
H2PO4

- to produce ATP, resulting in reduced oxygen in
the form of peroxides and water, which is the fully re-
duced molecular form of oxygen. The coenzyme NAD+

and phosphate participate in this process by polymeriz-
ing adenosine diphosphate (ADP) and phosphate to
form ATP, initiated by reduction of the thioretinaco
ozonide oxygen NAD+ and phosphate active site com-
plex TR2CoO3O2NAD+H2PO4

- with electrons from
electron transport complexes, followed by release of ATP
from the active site. A proton gradient is created within
F1F0 ATPase complexes of mitochondria by reaction of
protons with reduced nicotinamide and with hydroper-
oxyl radical, yielding reduced nicotinamide riboside and
hydroperoxide, producing the mitochondrial membrane
potential [15]. The activation of sirtuins by nicotinamide
riboside, functioning as a precursor of NAD+, may in-
crease oxidative metabolism, biogenesis of mitochon-
dria, and insulin sensitivity by increasing the concentra-
tion of the active site of oxidative phosphorylation,
TR2CoO3O2NAD+H2PO4

-, within mitochondria [15].

Not only does thioretinaco ozonide prevent cancer, car-
cinogenesis, and atherogenesis in experimental animals,
loss of this substance from mitochondrial membranes is
suggested to underlie the aging process of cellular
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senescence [16]. NAD+ is the anti-pellagra vitamin
which has long been known to be an essential compo-
nent of oxidative phosphorylation. Recently, nicotin-
amide riboside, a precursor of NAD+ has been found to
enter cells more rapidly than nicotinamide or nicotinic
acid, increasing NAD+ concentrations within cells. This
process is important in the origin of aging, because of the
depletion of NAD+ from cells of yeast, worms, flies, and
mammals during aging [17]. Increased activities of sirtu-
ins, the lysine deacetylase enzymes that are dependent
upon NAD+, extend the lifespan of multiple species. The
activity of sirtuins is enhanced by caloric restriction, di-
etary antioxidants like resveratrol, and increased intracel-
lular NAD+ [15,17].

Homocysteine, telomeres, nitric oxide and cellular se-
nescence. The phenomenon of cellular senescence is
characterized by the observation that normal diploid fi-
broblast cells in culture divide approximately 45 to 50
times before mitotic activity ceases, which is termed the
Hayflick limit [18]. Cellular senescence is associated
with shortening of chromosomal telomeres, the DNA
and protein complexes that form a cap on the ends of
chromosomes [19]. Telomerase is the ribonucleoprotein
reverse transcriptase complex (TERT) that adds telo-
meres to chromosomal ends, using its ribonucleic acid
(RNA) component as a template for lengthening telo-
meres. Shortening of telomeres leads to cellular senes-
cence, a form of growth arrest, and telomerase overcomes
senescence by lengthening telomeres, associated with
changes in gene expression [20].

Vascular cells of human atherosclerotic plaques are char-
acterized by cellular senescence and increased activity of
β-galactosidase activity at acid pH, which is regarded as
a sensitive biomarker for aging and senescence [21].
Vascular smooth muscle cells and vascular endothelial
cells of atherosclerotic plaques exhibit flattening and en-
largement and these morphological characteristics of se-
nescent cells support the concept of vascular cell senes-
cence in atherosclerosis [22].

In a study of human aortic endothelial cells, reduced
production of nitric oxide (NO) and decreased endothe-
lial nitric oxide synthase (eNOS) activity are demon-
strated in senescent cells, compared with young cells and
cells transfected with human telomerase reverse tran-
scriptase (hTERT) [23]. In addition, monocyte binding
to aged endothelial cells is significantly elevated, com-
pared with young cells and cells transfected with hTERT.
A study of senescent human umbilical vein endothelial
cells demonstrates an increase in acidic β-galactosidase
expression and reduction of telomere length, and addi-
tion of the NO donor S-nitroso-penicillamine reduces
cellular senescence and age-dependent inhibition of

telomerase activity [24]. These results are interpreted to
demonstrate that NO prevents age-related downregulation
of telomerase and delays senescence of endothelial cells.

Addition of homocysteine to cultures of endothelial cells
produces an accelerated rate of endothelial senescence, as
assayed by shortening of telomere length and increased ac-
tivity of acidic β-galactosidase [25]. In addition, homocys-
teine increases the expression by endothelial cells of the
surface molecules, intracellular adhesion molecule-
1(ICAM-1) and plasminogen activator inhibitor-1 (PAI-
1), factors which are implicated in the pathogenesis of ath-
erosclerosis. Exposure of endothelial cells to catalase, the
enzyme which decomposes hydrogen peroxide, inhibits
the senescence induced by homocysteine. These results are
interpreted to demonstrate the ability of homocysteine to
accelerate the rate of cellular senescence through a redox
pathway, suggesting that oxidative stress may increase the
production of vascular cell senescence in atherosclerosis.
Endothelial dysfunction and oxidative stress are character-
istic abnormalities, which are observed early in the pro-
gression of the atherogenic effect of hyperhomocystein-
emia [26].

Endothelial progenitor cells (EPC) are precursors of ma-
ture endothelial cells, and decreased numbers of EPC are
observed in subjects with increased risk of cardiovascular
disease [27]. Exposure of cultured human blood mono-
nuclear cells to homocysteine decreases the number and
the adhesive, migratory and vasculogenic activities of EPC
isolated from peripheral blood, demonstrating the de-
creased functional activity of EPC [28]. Exposure of cul-
tured EPC to homocysteine decreases proliferation and
accelerates the onset of EPC senescence, associated with
diminished telomerase activity and Akt phosphorylation
[29]. In addition, atorvastatin has a preventive effect
against homocysteine-induced senescence of EPC, a pleio-
tropic effect which may contribute to the slight benefit of
atorvastatin therapy that is observed in prevention of ad-
verse events in coronary heart disease [29].

In a study of cultured endothelial cells, exposure to homo-
cysteine is demonstrated to upregulate p16, p21, and p53,
markers of cellular senescence, and these effects are re-
versed by folic acid or adenosyl methionine [30]. In addi-
tion, homocysteine promotes shortening of telomere
length, which is a consequence of reduced expression of
hTERT and CCCTC-binding factor binding sites with
hTERT promoter hypomethylation of DNA methyltrans-
ferase-1 [30]. Endothelial progenitor cells are stem cells
which circulate in peripheral blood [31] and originate
from bone marrow stem cells [32]. Presumably, EPC con-
tains an increased concentration of the active site of oxida-
tive phosphorylation [15], which is depleted in atherogen-
esis [16].
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The thiol group of homocysteine reacts with nitric oxide
to produce S-nitroso-homocysteine, a potent vasodilator
and antiplatelet agent [33]. S-nitroso-homocysteine does
not support generation of hydrogen peroxide and does
not undergo conversion to homocysteine thiolactone,
reaction products which contribute to endothelial dys-
function [26,33]. Exposure of cultured endothelial cells
to homocysteine impairs the activity of glutathione per-
oxidase and decreases NO production [34].
Homocysteine induces lipid peroxidation in endothelial
cells, which is dependent upon endothelial nitric oxide
synthase (eNOS), promoting oxidative stress by a pro-
cess which is dependent upon NO and eNOS [35]. Thus
homocysteine promotes cellular senescence by reducing
nitric oxide availability and decreasing telomerase activ-
ity [23].

In a study of cultured vascular smooth muscle cells, in-
terleukin (IL)-1β is demonstrated to increase production
of nitrite, a stable metabolite of NO [36]. Exposure to
homocysteine causes a significant increase in nitrite-in-
duced by IL-1β, accompanied by increased inducible
NO synthase mRNA, and catalase or superoxide dis-
mutase markedly reduces homocysteine-induced nitrite
accumulation. In a study of cultured endothelial cells,
electrochemical detection of NO production demon-
strates increased NO in response to bradykinin, calcium
ionophore, or L-arginine, which is decreased by expo-
sure to homocysteine [37]. Homocysteine does not af-
fect expression of endothelial nitric oxide synthase
(eNOS), but it stimulates production of superoxide and
peroxynitrite, through inhibition of glutathione peroxi-
dase [34].

The signal transducer and activator of transcription 3
(STAT3), which affects the expression of cytokines and
growth factors and is activated in many human tumors,
is demonstrated to regulate human telomerase reverse
transcriptase (hTERT) expression in normal and malig-
nant cells [38]. Increased expression of hTERT contrib-
utes to the survival of human tumors which are depen-
dent upon STAT3 expression by increased telomerase
activity. Diallyl trisulfide and the furano-naphthoqui-
none, napabucasin, protect against oxidative stress and
apoptosis by increasing endogenous H2S production
and by inhibiting STAT3, thereby enhancing immune
function by effects on T helper lymphocytes and promo-
tion of apoptosis [39].

Pathogenic microbes, hyperhomocysteinemia, sup-
pressed immunity and altered oxidative metabolism
in atherosclerosis and dementia. Many pathogenic or-
ganisms are demonstrated in atherosclerotic plaques and
in cerebral plaques in dementia, leading to up-regulation

of polyamine synthesis, inhibition of nitric oxide pro-
duction, suppressed immunity, and hyperhomocystein-
emia in atherosclerosis and Alzheimer’s disease [39].
Microorganisms participate in formation of atheroscle-
rotic vulnerable plaques by forming complexes with li-
poprotein aggregates which obstruct vasa vasorum, caus-
ing medial ischemia and intimal micro-abscesses [40,41].
Increasing evidences implicates microorganisms in the
pathogenesis of dementia, where deposition of
amyloid-β, tau phosphorylation, neuronal injury, and
apoptosis are related to metabolic abnormalities of in-
fected neurons [42].

The hyperhomocysteinemia which is observed in athero-
sclerosis and dementia is caused by dysregulation of me-
thionine metabolism resulting from deficiency of the al-
losteric regulator coenzyme, adenosylmethionine [39].
Decreased allosteric activation of cystathionine synthase
and decreased allosteric inhibition of methylenetetrahy-
drofolate reductase, caused by deficiency of adenosylme-
thionine, lead to hyperhomocysteinemia. Pathogenic
microbes cause deficiency of adenosylmethionine by in-
creased activity of ornithine decarboxylase, the rate-lim-
iting enzyme in polyamine biosynthesis, and by in-
creased transfer of aminopropyl groups to putrescene
from adenosylmethionine in the biosynthesis of the
polyamines, spermine and spermidine [42]. In a study of
human mesenchymal stem cells infected with Chlamydia
trachomatis, the infectious agent of venereal disease and
trachoma, inhibition of NO biosynthesis by inducible
nitric oxide synthase (iNOS) occurs through up-regula-
tion of ornithine decarboxylase [43].

Formation of peroxynitrite (OONOO-) from superox-
ide (O2

-) is responsible for anti-microbial activity be-
cause peroxynitrite aids in the cytotoxic action of macro-
phages and neutrophils by inducing nitrative stress and
formation of 3-nitrotyrosine [44,45]. Large quantities of
NO are produced by infection with microbial patho-
gens, and both reactive oxygen species (ROS) and reac-
tive nitrogen species (RNS) are delivered to phagosomes
of macrophages and neutrophils to mediate anti-micro-
bial activity [46]. Increased susceptibility to infections
may occur in aging because of decreased concentrations
of thioretinaco ozonide within cellular membranes
[16,39], resulting in decreased production of NO, O2

-

and OONOO- and explaining the exponential increases
in atherosclerosis and dementia that are associated with
aging. Cystathionine synthase participates in NO bio-
synthesis because of the reduction of nitrite to NO by its
heme co-factor [47]. The kinetics of nitrite and per-
oxynitrite formation by ferrous heme of cystathionine
synthase demonstrate a previously unrecognized source
of NO and OONOO- [48].
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Hyperhomocysteinemia is a risk factor for atherosclero-
sis and Alzheimer’s disease [39,42], and increased con-
centrations of homocysteine and asymmetric dimethyl-
arginine (ADMA) are correlated with decreased
concentrations of NO in these patients [49]. ADMA is
an endogenous inhibitor of nitric oxide synthase in cul-
tured endothelial cells, and increased plasma homocyste-
ine causes endothelial dysfunction by increasing plasma
ADMA [50]. Homocysteine inhibits the activity of di-
methylaminohydrolase (DDAH), the enzyme that hy-
drolyzes ADMA, causing accumulation of ADMA and
inhibition of nitric oxide synthesis [51]. Thus elevated
plasma homocysteine in atherosclerosis and dementia
may impair immunity by decreasing NO biosynthesis
through the action of elevated plasma ADMA, decreas-
ing peroxynitrite biosynthesis and leading to decreased
destruction of intracellular pathogens by RNS and ROS
[46].

Positron emission spectroscopy imaging demonstrates a
profound reduction of brain glucose metabolism and
blood flow, correlating with severity of dementia in pa-
tients with Alzheimer’s disease [8]. These reductions fol-
low regional synaptic loss or dysfunction, reflecting
down-regulation of gene expression for brain glucose
transport, Na, K-ATPase, oxidative phosphorylation,
and energy consumption. Dysfunctional mitochondria
reveal a greatly decreased capacity of ATP synthesis by
oxidative phosphorylation, related to diminished activi-
ties of the electron transport complexes I and IV [9].
Aged animals are characterized by reduced oxygen con-
sumption by mitochondria, decreased mitochondrial
membrane potential, increased oxidation products of
phospholipids, proteins, and DNA, correlated with in-
creased size and fragility of mitochondria [9].

Adenosylmethionine is the sulfonium derivative of me-
thionine formed by reaction of methionine with ATP,
and a proposed scheme for adenosyl methionine synthe-
sis from methionine requires thioretinaco ozonide and
ATP [16]. Adenosylmethionine concentrations decline
markedly with aging, and the hyperhomocysteinemia
and decreased oxidative phosphorylation that are ob-
served in human aging are attributed to loss of thioreti-
naco ozonide from mitochondrial membranes, produc-
ing decreased production of adenosylmethionine
[15,16]. In addition, the pathogenic microbes that are
observed in atherosclerosis and dementia may deplete
the active site of oxidative phosphorylation,
TR2CoO3O2NAD+H2PO4

-, from mitochondria be-
cause of its utilization for oxidative metabolism by in-
fected host cells [42].

Mitochondrial dysfunction from loss of thioretinaco
ozonide in aging and carcinogenesis. Progressive mito-
chondrial dysfunction and reduced biosynthesis of ATP
by oxidative phosphorylation are associated with

increased mitochondrial permeability transition pore
opening (mPTP), secondary to decreased mitochondrial
2’,3’-cyclic nucleotide phosphodiesterase (CNP) and in-
creased mitochondrial cyclic adenosine monophosphate
(cAMP) [52]. CNP is a constituent of myelin and is
found in mitochondria of liver and other tissues, where
CNP hydrolyzes cAMP and 2’,3’-cyclic nicotinamide
adenine dinucleotide phosphate (cNADP) [53]. cAMP
and cNADP stimulate Ca++-overload-induced release of
Ca++ from mitochondrial matrix, correlated with dissi-
pation of the membrane potential and mitochondrial
swelling [54]. Mitochondrial CNP is associated with
complexes I-V of the inner membrane, and stimulation
of pore opening is correlated with release of CNP, cyto-
chrome c, apoptosis-inducing factor (AIF), and endo-
nuclease G [55].

Dysfunctional mitochondria from aged animals have in-
creased mPTP opening secondary to decreased levels of
CNP and increased levels of the mPTP promotor, cAMP
[52]. The reduced levels of CNP may lead to a lower
threshold level for Ca++ for induction of mPTP opening
in aged animals. The neurohormone melatonin protects
against mitochondrial dysfunction by enhancing Ca++

capacity and reducing mitochondrial swelling in aged
animals, preventing release of cytochrome c and CNP
[56]. Thus the function of melatonin is to retain CNP
inside mitochondria, preventing mitochondrial dysfunc-
tion induced by cAMP in aging. Thereby melatonin
prevents release of thioretinaco ozonide from mitochon-
dria of aging animals, by preventing the opening of
mPTP [57].

Whereas chronic treatment of one-year-old C3h/He fe-
male mice with melatonin causes ovarian malignant
lymphomas, chronic treatment of older C57BL/6 male
mice with melatonin at night or grafting of pineal tissue
into thymus delays senescence and prolongs lifespan by
20% [58,59]. Chronic treatment with either N-acetyl
serotonin, a precursor of melatonin, or melatonin pro-
longs the lifespan and retards senescence of male C3H
mice, accompanied by increased antioxidant capacity of
brain and kidney, as assessed by increased glutathione
peroxidase activity and decreased production of malo-
ndialdehyde and hydroxynonenal [60]. These anti-aging
effects are attributed to inhibition of mitochondrial pro-
duction of ROS by N-acetyl serotonin or melatonin,
demonstrating antioxidant effects that are consistent
with prevention of loss of thioretinaco ozonide by inhi-
bition of pore opening of mPTP [57].

The anti-aging effects of melatonin are accompanied by
increased antibody synthesis and enhanced immunity
[57]. In support of these findings, melatonin is demon-
strated to inhibit telomerase activity in cultured malig-
nant cells and to prevent metastases in an athymic mouse
model [61,62]. These results support the concept that
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melatonin prevents loss of thioretinaco ozonide from
mitochondria in the process of carcinogenesis by inhibi-
tion of pore opening of mPTP [14,57,63]. Telomerase
activity of gastric mucosal cells is reduced in aged rats
compared to young animals, and melatonin increases
telomerase activity and glutathione level of gastric mu-
cosa in both young and aged rats [64]. These results sug-
gest that melatonin may inhibit cellular senescence by
stimulation of telomerase, suppression of cellular prolif-
eration, and reduction of ROS and lipid peroxidation in
normal gastric mucosa.

Studies of loss of hypothalamic neural stem cells (htN-
SC) in aging mouse models demonstrate acceleration of
aging-like physiological changes and shortening of life-
span, and implantation of htNSC, which increase life-
span and delay aging changes, produces increased secre-
tion of exosomal microRNAs (miRNA) into the
cerebrospinal fluid [65]. The conclusion is that the speed
of aging is controlled by hypothalamic stem cells, par-
tially through the release of exosomal miRNAs, in sup-
port of the neuroendocrine theory of aging [5]. The pos-
sible effect of exosomal miRNAs on prevention of
mitochondrial dysfunction by inhibiting opening of the
mPTP pore and preventing loss of thioretinaco ozonide
from mitochondria in aging is unknown.

Retinoic acid and related retinoids have long been
known to demonstrate beneficial anti-aging effects on
epidermis and dermis of aged and photo-aged skin [66].
These beneficial effects include the disappearance of bas-
al layer dysplasia, restoration of cellular polarity, acan-
thosis of atrophic epidermis, and decreased density of
melanosomes. Beneficial effects of retinoids on dermis of
aging skin include increased production of collagen, in-
creased angiogenesis, increased production of glycosami-
noglycans, and resorption of amorphous elastotic mass-
es, associated with ultra-structurally normal
mitochondria. These anti-aging effects of retinoic acid
and related retinoids are consistent with prevention of
loss of thioretinaco ozonide from mitochondria, which is
associated with aging and carcinogenesis [57,63].
Retinoid signaling restores biosynthesis of steroids by
up-regulation of steroidogenic acute regulatory protein
(StAR) in gonadal, adrenocortical, glial and epidermal
cells in human aging by increased intra-mitochondrial
transport of cholesterol, reversing the decline of steroid
biosynthesis in dermal aging [67].

Analysis of brain tissue from individuals with aging, au-
tism, and schizophrenia reveals decreased concentrations
of the cobalamin coenzymes, adenosylcobalamin, and
methylcobalamin, compared to age-matched controls
[68]. The coenzyme NAD+ is demonstrated to be de-
pleted within tissues of aging organisms, including man,
decreasing the activity of sirtuins and reducing lifespan

[17]. ATP production and oxidative phosphorylation
are progressively diminished with aging [8,9]. Thus the
anti-aging effects of retinoids [66], the decreased con-
centration of cobalamin coenzymes with aging [68], and
the decreased concentration NAD+ with aging [17],
support the concept that the proposed active site of oxi-
dative phosphorylation, TR2CoO3O2NAD+H2PO4

-, is
progressively lost from mitochondria during aging
[15,57,63].

A recent interventional study demonstrates reduction of
non-melanoma basal cell and squamous cell carcinomas
of skin in subjects taking nicotinamide [69], presumably
by decreasing the loss of the active site of oxidative phos-
phorylation from mitochondria in the pathogenesis of
malignancy [14,63]. In a study of elderly mice with vas-
cular aging, nicotinamide mononucleotide (NMN), a
precursor of NAD+, is demonstrated to restore capillary
density, increase oxygen consumption, improve muscle
endurance, and lower blood lactate [70]. Treatment of
cultured endothelial cells with NMN or the H2S donor,
NaHS, increases capillary density, increases SIRT-1 pro-
tein levels, reduces apoptosis, counteracts age-associated
oxidative stress, and increases cell migration [70], effects
that result from increased mitochondrial NAD+ and
prevention of loss of the active site of oxidative phos-
phorylation [15,63]. In a related study, restriction of
sulfur amino acids increases vascular endothelial growth
factor (VEGF) production in cultured endothelial cells,
resulting in increased vascular density in skeletal muscle,
related to increased H2S formation by cystathionine-γ-
lyase [71]. These results are attributed to decreased oxi-
dative phosphorylation by inhibition of complex IV of
the mitochondrial electron transport chain, preventing
ATP formation [71].

Radiofrequency radiation (RFR) from cell phones, elec-
trical transmission lines, and other forms of telecommu-
nication has long been suspected of carcinogenic and
teratogenic effects. A recent manuscript report from the
National Toxicology Program Carcinogenesis Study
documents an increased incidence of malignant brain
gliomas and heart schwannomas in rats exposed to RFR
from cell phones [72]. These findings raise the possibil-
ity that RFR is carcinogenic because of decomposition
of thioretinaco ozonide and loss of the active site of oxi-
dative phosphorylation from mitochondria [63].

Aflatoxin B1, the mycotoxin with potent cytotoxic, car-
cinogenic, mutagenic, immunotoxic, and teratogenic
effects, causes mitochondrial dysfunction, manifested by
osmotic swelling with reversal by ATP, which were inter-
preted as uncoupling of oxidative phosphorylation and
ATPase activation [73]. Subsequent studies with the my-
cotoxins citrinin from Aspergillus and Penicillium species
[74], butenolide from Fusarium species [75],
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deoxynivalenol trichothene [76], ochratoxin A from
Aspergillus and Penicillium species [77], and alternariol
monomethyl ether from Alternaria species [78] demon-
strate the ability of these mycotoxins to induce mito-
chondrial dysfunction by opening of the mPTP pore,
associated with dissipation of the mitochondrial mem-
brane potential, uncoupling of electron transport to the
site of oxidative phosphorylation, and release of the pro-
apoptotic proteins cytochrome c and apoptosis-inducing
factor. In addition, selenium is demonstrated to protect
against aflatoxin B1-induced mitochondrial damage to
D-loop of DNA and opening of the mPTP [79].

The apoptosis induced by aflatoxin B1 is associated with
oxidative stress and production of NO in hepatocytes,
and the neuro-hormone melatonin protects against
apoptosis [80]. The anti-apoptotic effects of melatonin
are attributed to inhibition of the mPTP opening [81],
and the oxidative stress produced by opening of the
mPTP is attributed to loss of the active site of oxidative
phosphorylation, TR2CoO3O2NAD+H2PO4

-, produc-
ing mitochondrial dysfunction [15]. The potential ef-
fects of mycotoxins on aging, which are related to mPTP
opening, have not been reported. A recent study dem-
onstrates increased cytokine and chemokine responses of
mononuclear cells related to exposure to the mycotoxin
satratoxin G from Stachybotrys chartarum [82]. These
effects are interpreted to indicate suppression of immu-
nity by mycotoxins.

Telomerase activation and mitochondrial dysfunc-
tion. Cycloastragenol is a polyterpenoid compound iso-
lated from the roots of Astragalus membranaceous, a plant
extract used in traditional Chinese medicine, which is
proposed to activate telomerase, causing lengthening of
telomeres and anti-aging effects. Cycloastragenol is con-
sidered to be the active molecule of TA-65, which elon-
gates short telomeres and increases the health span of
elderly mice without carcinogenic effects [83]. These
studies with telomerase-deficient Terc-/- and Terc+/-

knockout mice show activation of telomerase by cycloas-
tragenol in mouse embryonic fibroblasts, decreasing the
percentage of short telomeres and DNA damage. These
effects are associated with improved glucose intolerance,
decreased hepatic steatosis, improved skin healing, and
improved bone density. However, no increase in lifespan
was observed in animals treated with cycloastragenol.

In a study with cultured cardiac myoblast cells, astraga-
loside IV is demonstrated to prevent opening of the
mPTP pore by enhancing phosphorylation of glycogen
synthase kinase 3β [84]. These effects are associated with
prevention of loss of mitochondrial membrane potential
induced by hydrogen peroxide and increased production
of NO by nitric oxide synthase, preventing reperfusion

injury. Astragaloside IV is also demonstrated to have
protective effects against amyloid β 1-42 neurotoxicity
by inhibiting opening of the mPTP pore in cultured
neuroblastoma cells, thereby attenuating mitochondrial
dysfunction [85]. Astragaloside IV is a glycone diester
form of cycloastragenol, which is efficiently absorbed by
intestinal epithelium and is responsible for its efficacy in
activation of telomerase [86].

In a study of cultured human keratinocytes cycloas-
tragenol is demonstrated to promote proliferation of cell
monolayers and to induce telomerase activity, bcl-2 ex-
pression, and cAMP response element binding (CREB)
activation in cultured neuronal cells [87]. In addition,
oral administration of cycloastragenol inhibits depres-
sive-like behavior in stressed mice, suggesting a possible
role for its clinical use in psychiatric disorders such as
schizophrenia, mood disorders, and dementia.
Cycloastragenol and a related proprietary telomerase ac-
tivator, GRN510, enhance anti-viral responses by CD8+
lymphocytes [88] and suppress lung damage in a murine
model of idiopathic pulmonary fibrosis [89]. A pilot
study of cycloastragenol in clinical therapy of age-related
macular degeneration reveals significantly improved
macular function relative to the placebo control, as as-
sessed by macular threshold sensitivity [90]. In a study of
age-related macular degeneration, oral melatonin is
found to be associated with reduced pathologic macular
changes, an effect hypothesized to be caused by preven-
tion of telomere shortening in retinal pigment epitheli-
um by melatonin [91].

A randomized, controlled interventional study of cyto-
megalovirus positive human subjects demonstrates that
TA-65 containing cycloastragenol lengthens telomeres
of peripheral blood mononuclear cells [92]. In an earlier
human study of cytomegalovirus positive subjects, TA-
65 is demonstrated to decrease the percentage of senes-
cent cytotoxic (CD8+/CD28-) lymphocytes and to de-
crease the percentage of cells with short telomeres [93].
These human studies suggest a role for protocols that
inhibit opening of the mitochondrial permeability tran-
sition pore, thereby preventing shortened telomeres and
inhibiting mitochondrial dysfunction in aging.
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