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Abstract
Harman’s free radical theory of aging posits that oxidized macromolecules accumulate with age to
decrease function and shorten life-span. However, nutritional and genetic interventions to boost
antioxidants have generally failed to increase life-span. Furthermore, the free radical theory fails to
explain why exercise causes higher levels of oxyradical damage, but generally promotes healthy
aging. The separate anti-aging paradigms of genetic or caloric reductions in the insulin signaling
pathway is thought to slow the rate of living to reduce metabolism, but recent evidence from
Westbrook and Bartke suggests metabolism actually increases in long-lived mice. To unify these
disparate theories and data, here, we propose the epigenetic oxidative redox shift (EORS) theory of
aging. According to EORS, sedentary behavior associated with age triggers an oxidized redox shift
and impaired mitochondrial function. In order to maintain resting energy levels, aerobic glycolysis
is upregulated by redox-sensitive transcription factors. As emphasized by de Grey, the need to supply
NAD+ for glucose oxidation and maintain redox balance with impaired mitochondrial NADH-
oxidoreductase requires the upregulation of other oxidoreductases. In contrast to the 2% inefficiency
of mitochondrial reduction of oxygen to the oxyradical, these other oxidoreductases enable glycolytic
energy production with a deleterious 100% efficiency in generating oxyradicals. To avoid this
catastrophic cycle, lactate dehydrogenase is upregulated at the expense of lactic acid acidosis. This
metabolic shift is epigenetically enforced, as is insulin resistance to reduce mitochondrial turnover.
The low mitochondrial capacity for efficient production of energy reinforces a downward spiral of
more sedentary behavior leading to accelerated aging, increased organ failure with stress, impaired
immune and vascular functions and brain aging. Several steps in the pathway are amenable to reversal
for exit from the vicious cycle of EORS. Examples from our work in the aging rodent brain as well
as other aging models are provided.
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Introduction
The free radical theory of aging of Harman proposes that oxidized macromolecules accumulate
with age to decrease cell function and shorten life-span (Harman, 1968). However, nutritional
and genetic interventions to boost antioxidants have generally failed to increase life-span. The
overall result of 19 clinical trials finds supplementation with the lipid-soluble antioxidant
vitamin E failed to reduce mortality (Miller et al., 2005). The water soluble antioxidant vitamin
C is also generally ineffective in reducing all-cause mortality (Bjelakovic et al., 2007). An even
more important test of the free radical theory of aging involves genetic overexpression of
antioxidant enzymes. To date, increases in SOD, or catalase or a combination, while lowering
oxidized macromolecules, fail to increase lifespan in mice (Perez et al., 2009). Only
overexpression of the peroxide and redox active thioredoxin 1 (Mitsui et al., 2002) and
mitochondrial targeted catalase (Schriner et al., 2005) have been shown to increase mouse
lifespan. In their review of aging theories, Jang and Van Remmen conclude that these and other
studies “challenge” the mitochondrial and free-radical theories of aging (Jang et al., 2009)
while Howes enumerates a list of failures of the free radical theory (Howes, 2006). A more
complex regulation is suggested by experiments in C. elegans, in which careful titration with
RNAi against mitochondrial function revealed a middle dose that promoted life-span extension
that was not correlated with oxidative stress (Rea et al., 2007). In addition, the free radical
theory fails to explain why higher levels of oxyradical damage occur with exercise (Powers et
al., 2008), which generally promotes healthy human aging (Nakamura et al., 1996) and extends
lifespan in mice (Navarro et al., 2004) and extends survival in rats (Holloszy et al., 1985). Table
1 summarizes this dilemma.

The separate anti-aging paradigm of genetic or caloric reductions in the insulin signaling
pathway is thought to slow the rate of living to reduce metabolism and oxyradical production
(Weindruch et al., 2001; Carter et al., 2002; Heilbronn et al., 2006; Al-Regaiey et al., 2007).
The decrease in animal size from genetic or caloric interventions and lower oxyradical damage
could reflect a slower rate of living (Pearl, 1928). However, recent evidence from Westbrook
and Bartke suggests metabolism as VO2 and heat/gm body mass actually increases in
genetically long-lived mice with decreased insulin signaling (Westbrook et al., 2009). This
unexpected finding conflicts with a slower rate of living theory in terms of lower lifetime
oxygen input to generate lower oxyradicals. Further, although the resting metabolic rate seems
to decrease with age in humans, a study of 28 long-lived people (>95 yr old) indicated an actual
increase in metabolic rate compared to 27 aged subjects (66–94 yr old) (Rizzo et al., 2005).
And yeast grown in low glucose to increase lifespan actually respire at higher rates with less
ROS than normal glucose (Barros et al., 2004). Numerous caloric or dietary restriction studies
in rodents that result in increased longevity are also associated with lower activities of the
insulin signaling pathway that regulates much of glucose energy intake (Masternak et al.,
2005). However, the lower levels of ROS observed from this intervention are not easily
explained if the rate of metabolism is not decreased, but increased (Westbrook et al., 2009)
(Table 1).

The epigenetic oxidative redox shift (EORS) theory of aging
I propose that a metabolically initiated redox shift is upstream of the commonly observed
increase in ROS damage to macromolecules. This shift with age occurs in the oxidized direction
of the relative levels of important reductants and oxidants. It manifests as an extracellular
decrease in the ratio of cysteine/cystine and an intracellular decrease in the ratio of GSH/GSSG
and NAD(P)H/NAD(P). The oxidized redox shift is initiated by low demand for bursts of
energy produced by mitochondria. The low demand for energy accompanies low levels of
physical and mental activity. This initiates a vicious cycle of oxidized membrane receptors,
signaling molecules, transcription factors and epigenetic transcriptional regulators. Epigenetic
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factors modulated by aging include the histone deacetylase family which includes the sirtuins
as well as histone acetylases and DNA methyltransferases. Together, the epigenetic mediators
impose the metabolic shift away from use of mitochondrial energy toward reliance on
glycolysis. This metabolic shift is further mediated by insulin resistance since a sedentary life
does not require the metabolic demands that need to be regulated by insulin. Together, this
EORS in aging results in a downward spiral of inability to respond to energy demands or stress
which leads to stress-induced catastrophic initiation of cellular death pathways and organ
failure.

Why redox state is more important than ROS
In order to begin to resolve these paradoxes, I propose that an oxidized redox state is upstream
of the commonly observed ROS damage. Certainly, ROS damage is affected by the balance
of oxyradical generation and anti-oxidant defenses. Numerous sources of oxyradical generation
have been documented (Cohen, 1994), but less appreciation exists for the essential role that
ROS or redox signaling plays in metabolism (Droge, 2002; Finkel, 2003). The common
impression that the mitochondrial electron transport chain is the major source of oxyradical
generation often overlooks other sources in the cytoplasm and plasma membrane (Morre et al.,
2000; Hyun et al., 2006) and an upstream oxidized redox state (Jones, 2006). Redox state is
the energetic force for electron transfer, much as pH is a measure of the strength of proton
transfer. I.e., redox state measures the ability of a compound to donate or receive electrons,
just as pH is a measure of the ability of a compound to donate or receive protons. Technically,
redox state, E, is the electromotive force in mV relative to the standard state of hydrogen as
follows. An example is also shown for the most abundant intracellular reductant, glutathione:

[1]

where Eo is the standard reduction state at pH 7 (−264 mV for glutathione (Jones, 2002), R is
the gas constant, T is temperature (oK), n is the number of transferred electrons and F is
Faraday’s constant. To appreciate the biological significance of this redox scale, consider the
strongest common intracellular reductant, NADH with a standard state of −320 mV (equivalent
to the biologist’s ΔG = 14.8 kcal/mol) and molecular oxygen as a strong oxidant at +800 mV
(Fig. 1). The mitochondrial electron transport chain efficiently oxidizes NADH with molecular
oxygen over numerous smaller steps to siphon about 98% of the energy as a proton and
electrical gradient across the mitochondrial inner membrane. We commonly think of ATP as
a high energy molecular currency, but hydrolysis of the phosphate bond produces only −7.3
kcal/mol, compared to almost −60 kcal/mol of oxidized NADH. Since this reducing energies
of NADH, NADPH and GSH are so large, they can provide the power for a large number of
reduction reactions in the cell including glycolysis, ATP generation, disulfide bond formation
in numerous enzymes, transporters, signaling molecules and transcription factors. The driving
force for these reactions depends on the relative concentrations of the oxidized and reduced
forms of each redox couple, according to equation 1. Both NADH and glutathione play
important roles in preventing ROS damage (Petrat et al., 2003; Drake et al., 2003).

Evidence for an oxidizing shift in redox state with age
Dean Jones at Emory University was the first to show that human plasma GSH/GSSG is
controlled at a relatively constant redox state of −137 mV in 740 healthy adults through age
50 (Jones, 2006). However, an oxidative shift of about 7 mV/decade occurs over the next two
decades, followed by a further decline to −110 mV in the 70 to 85-year-old group. In a
longitudinal study, patients with age-related macular degeneration were observed at age 72 to
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decline from −121 mV to −118 mV over a four-year period, but the decline was largely
prevented in patients given an antioxidant supplement containing vitamins C, E and beta-
carotene (Moriarty-Craige et al., 2005). Other diseases associated with an oxidized plasma
glutathione redox state include type 2 diabetes at −110 mV (Samiec et al., 1998) and carotid
artery thickening at values more oxidized than −130 mV (Ashfaq et al., 2006). In human
plasma, concentrations of cysteine are higher than glutathione, suggesting greater importance
of the cys/cySS redox couple than GSH/GSSG in plasma, while the millimolar concentrations
of GSH and NADH inside cells suggest greater intracellular importance of these redox couples.
In mice, the lifespan of the C57BL/6 strain is extended by caloric restriction that reverses the
age-related oxidized redox shift of glutathione, but less so in the DBA/2 mouse without lifespan
extension (Ferguson et al., 2008). An age-related decline in rat neuron intracellular GSH and
NADH indicates a relationship to aging (Parihar et al., 2008), but whether this reflects a causal
oxidative shift or a by-product of a more seminal cause of aging remains to be established.

Dependence of metabolism on redox state and age
The obligate requirement for the oxidizing power of NAD+ to produce 2 ATP/glucose during
glycolysis must be accompanied by a corresponding regeneration of NADH to NAD+ (Figure
2). Since cellular energy is largely used to maintain ionic homeostasis, the large demands for
ATP are most easily met by mitochondrial consumption of NADH at complex I (NADH
oxidoreductase) generating up to 36 more ATP/glucose while regenerating NAD+ oxidizing
power. However, in periods of high energy demand, oxygen becomes rate limiting for
mitochondrial electron transport, causing NADH levels to rise to activate lactate
dehydrogenase (pathway 2) while regenerating NAD+ oxidizing power. But brain, muscle and
other tissues can only tolerate limited amounts of lactic acid before the onset of acidosis,
requiring yet another pathway to be activated. Pathway 3 in Figure 2 suggests how the plasma
membrane and other NAD(P)H oxidoreductases can regenerate oxidizing power (DeGrey,
2005;Hyun et al., 2006). Now consider the energy generating efficiency of these enzymes in
terms of oxyradical byproducts. The mitochondrial electron chain reduces oxygen to water at
complex IV, but leaks about 2% of the oxygen to oxyradical formation at complexes I and III.
In contrast, the plasma membrane and other NAD(P)H oxidoreductases regenerate oxidizing
power with a concomitant 100% generation of oxyradicals (DeGrey, 2005). This level of
oxyradical production can only be sustained for short periods with good tissue perfusion, but
is likely to damage nearby cells and the vascular endothelium. Since we have observed an age-
related decline in mitochondrial membrane potential in neurons from rat brains together with
increased oxyradical production (Parihar et al., 2007) and lower NADH levels (Parihar et al.,
2008), we propose that aging is associated with a metabolic shift from oxidative
phosphorylation toward oxidative glycolysis, as shown in Figure 2. A possible signal for this
shift would be the observed oxidative shift in the redox couple NADH/NAD+ toward a lower
ratio of NADH/NAD+ as we have seen (Figure 3).

Redox dependence of insulin signaling
The well-known insulin signaling system leads to insertion of GluT4 glucose transporters into
the plasma membrane to stimulate glucose uptake outside the brain (Figure 4). In the brain, a
different glucose transporter with a higher affinity for glucose, GluT3, ensures essential glucose
uptake into the brain even during fasting. Surprisingly, the brain is also sensitive to endogenous
insulin signaling through a similar pathway (Uemura et al., 2006). Further downstream in
insulin signaling, receptor binding activates IRS and PI3K (step 4), which activates PIdP to
PItP (step 5) to signal Akt to stimulate neuron GluT3 (Uemura et al., 2006) or muscle/vascular
GluT4 (Klip, 2009) insertion from vesicles into the plasma membrane for increased neuronal
glucose uptake (step 6).
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To link the observed oxidative shift in redox state to insulin signaling, consider the abundance
of oxidizable cysteine residues on the insulin and IGF1 receptors (Ullrich et al., 1986) (step 1
in Figure 4). Furthermore, the requisite phosphatase PTP1b that reactivates the insulin receptor,
does so by an obligatory oxidation of its cysteine residues (step 2) (Droge et al., 2007) in turn
controlled by activation of NOX to generate physiologically normal and required oxyradicals.
Akt also stimulates mTOR to activate pNrf, a prime transcription factor for upregulation of
mitochondrial proteins of oxidative phosphorylation. Notice that pNrf is held in an inactive
reserve state in the cytoplasm binding to Keap-1, protected from degradation by redox-sensitive
cysteines (step 9) (Zhang et al., 2004). Thus, in the oxidizing environment of aging, the insulin/
IGF1 receptor may be constitutively oxidized into a dimer of a continual on state (step 4) which
is enforced by the failure of oxidized PTP1b to reactivate the receptor. In this on-state, it is
unclear whether subsequent signaling elements would limit the insertion of glucose transporters
based on energetic demands, but additional stimulation by insulin would be blocked. Without
stimulation by insulin, glucose levels will rise, stimulating more insulin production, but without
effect. This state of high glucose, high insulin and inability of more insulin to stimulate glucose
uptake is the definition of insulin-resistance in the age-related onset of type 2 diabetes.
Furthermore, the oxidized state of Keap-1 would block release of Nrf to signal mitochondrial
biogenesis. With decreased mitochondrial synthesis, cells would be forced to rely more on
aerobic glycolysis with less energy available for high stress needs. In support of an effect of
aging on this process, we have observed normal resting glucose uptake in neurons in a uniform
culture environment, but an age-related deficit in upregulation of glucose uptake in neurons in
response to stress (Patel et al., 2003).

Reductions in several elements in the insulin signaling pathway are known to promote
longevity in yeast, worms, mice and man (Carter et al., 2002; Bluher et al., 2003; van Heemst
et al., 2005; Kurosu et al., 2005; Taguchi et al., 2007; Pawlikowska et al., 2009). The converse
of overexpression of insulin signaling elements is less frequently studied. Overexpression of
IRS1 in mice on a klotho−/− background decreases life-span (Kurosu et al., 2005).
Overexpression of IRS1, 2, 3 or 4 in adipose cells stimulates Glut4 translocation independent
of insulin (Zhou et al., 1999). Overexpression of the insulin receptor itself promotes a
tumorigenic phenotype in mammary epithelial cells (Frittitta et al., 1995). These studies
suggest that continuous activation of insulin signaling by an oxidized redox state is not likely
to be beneficial, but controlled experiments are needed to measure this effect directly.

Caloric restriction
Mostly studied in mice and rats, caloric restriction with full vitamin and mineral
supplementation prolongs lifespan, reduces ROS damage, reduces inflammation, increases
insulin sensitivity and decreases the incidence of cancer, even in human studies (Heilbronn et
al., 2006; Fontana & Klein, 2007). Two landmark studies in mice showed strong evidence for
increased mitochondrial function with caloric restriction in muscle (Desai et al., 1996) and fat
tissue (Higami et al., 2004), which were extended to humans (Civitarese et al., 2007). This
work led Anderson and Weindruch (2007) to propose the mechanism of caloric restriction to
involve a metabolic reprogramming for more efficient use of fats, carbohydrates and protein.
Thus, control for the metabolic shift could be effected by transcription factors with redox
sensitivities, first proposed by Merry (2004). Even higher levels of control could be exerted at
the level of epigenetics.

Epigenetic control imposed by a metabolic shift toward an oxidized redox
state

Epigenetic controls are the histone acetylations, methylations, phosphorylations and
sumolations and cytosine methylations that control gene expression (Fraga et al., 2007;
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Feinberg, 2008; Sedivy et al., 2008). In general, histone acetylation facilitates the removal of
transcription-blocking histone tails from DNA. Methylation of CpG islands, often in the
upstream regulatory sequences of a gene, blocks the binding of RNA polymerase. Both
processes control differentiation and contribute to organ-specific gene expression. Since aging
can be considered the last stage of development, deregulation of epigenetic controls is thought
to contribute to age-related diseases including cancer (Kondo, 2009), type 2 diabetes
(Villeneuve et al., 2008), cardiovascular disease (Turunen et al., 2009), memory (Guan et al.,
2009) and possibly neurodegenerative diseases (Wang et al., 2008; Mastroeni et al., 2009).
Evidence is beginning to accumulate for epigenetic control of aging, but no studies yet describe
epigenetic changes in metabolism associated with aging. A diverse set of observations will be
described first, followed by suggestive evidence from our specific aging neuron model.

Calorie restriction upregulates the class II HDAC, SIRT1 deacetylase (Cohen et al., 2004),
thus linking calorie restriction to an epigenetic control of metabolism. Histone deacetylase
inhibitors (Hede, 2006) and cytosine demethylase activators or methyltransferase inhibitors
(Fandy, 2009; Spannhoff et al., 2009) are under active investigation for treatment of cancers
and heart disease (Turunen et al., 2009) but may find application to ameliorate aging.
Genetically identical twins are a powerful source for associating differential phenotypes with
epigenetic regulation. For a human complex I gene of the respiratory chain, NDUFB6, mRNA
and protein expression that declines with age correlates with increased promoter methylation
(Ling et al., 2007). In a broader approach with 80 monozygoous twins, global methylation in
lymphocytes was decreased with age along with decreases in histone H3 acetylation, which in
one individual was associated with overexpression of 3800 genes (Fraga et al., 2005). In one
twin who contracted Alzheimer disease, DNA methylation was decreased compared to the twin
without Alzheimer disease (Mastrooeni et al., 2009).

Second, our group has tried to dissect an aging environment that also influences gene
transcription from a possibly intrinsic level of epigenetic control. To reduce complications
from many variables such as the aging hormonal vascular and immune systems, we have
studied brain aging with rat neurons extracted from the brain and placed in a common culture
medium. We were surprised to see that neurons retained a number of aspects of an aging brain
phenotype (Brewer, 2000) in culture after extraction from old, compared to middle-age rat
brains. Despite equal survival and regeneration of dendrites and axons, compared to neurons
isolated from middle-age rat brain, the first important characteristic of old neurons discovered
was an increased sensitivity to stressors common to the brain including glutamate, lactic acid
and beta-amyloid, the protein fragment that accumulates in the brain of Alzheimer disease
patients (Brewer, 1998). Incidentally, this observation met a common definition of aging as
increased susceptibility to stress (Miller, 2009). Follow-up studies indicated increased
sensitivity in old neurons to the inflammatory mediator TNFα (Patel et al., 2008a; 2008b),
impaired glucose uptake (Patel et al., 2003), elevated intracellular calcium (Brewer et al.,
2006), decreased respiratory capacity (Jones et al., 2009) and a partially depolarized
mitochondrial membrane potential associated with increased ROS production (Parihar et al.,
2007). Small age-related decrements in the redox-active NADH and glutathione were
catastrophically lowered in old neurons following treatment with glutamate to depolarize the
plasma membrane and increase intracellular calcium (Parihar et al., 2008). Measures of NADH
and NAD in old rat brains indicate a large shift toward oxidation from more reduced levels in
middle-age rat brain. It remains to be determined whether this oxidative redox shift is an
upstream factor to all the above. But something upstream of these age-related physiological
changes must be intrinsic to the neurons and not readily changed by a common culture medium.

Although age-related mutations have been proposed as an explanation for aging, evidence is
lacking to support age-related accumulation of mutations. Furthermore, the ability to massively
reverse these characteristics of old neurons to those of middle-age by estrogen (Brewer et al.,

Brewer Page 6

Exp Gerontol. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2006; Jones et al., 2009), blueberry extract (Brewer et al., 2009) or cell division (Jones et al.,
2009) suggest that the genetic program of these neurons have characteristics more consistent
with epigenetic regulation than genetic mutation. We have preliminary evidence for epigenetic
histone acetylation in old neurons that can partially reverse their susceptibility to beta-amyloid
toxicity.

How aging could induce an oxidized metabolic redox shift that drives
epigenetic changes, insulin resistance and ROS damage in a downward
spiral

Aging is often associated with a sedentary life style (Figure 5). If there are no demands for the
extra energy that can be produced by aerobic oxidative phosphorylation, then cells and organs
may down-regulate the electron transport chain components and survive adequately on
glycolysis (Figure 2). Increased consumption of sugar in beverages (Sanchez-Lozada et al.,
2008;Johnson et al., 2009) may also enforce reliance on glycolysis. An oxidative shift is
proposed to ensure ample supplies of the requisite NAD+. Such an oxidative shift has been
recorded in old rat brain and in plasma from healthy humans. Declines in cytochrome C oxidase
of mitochondria with age are widely reported (Brewer, 2000;Jones et al., 2009). The oxidative
redox shift would change the activities of numerous redox-sensitive transcription factors,
enzymes, transport and signaling proteins with redox-active cysteines (e.g. insulin receptor,
Figure 4). The NMDA receptor for glutamate (Sucher et al., 1991;Lipton, 2008) and the
Ca+2-ATPase in the brain have long been known to be sensitive to oxidation (Zaidi et al.,
2003). Examples of transcription factors with demonstrated redox sensitivity include NfkB
(Bykov et al., 2009), SP1 (Ammendola et al., 1994), HOXB5 (Galang et al., 1993) and USF
(Pognonec et al., 1992). Eventually, signaling would reach the level of enzymes that control
epigenetic marks such as histone acetylases, deacetylases (with their substrate requirement for
NAD+) and methyltransferases. We have preliminary evidence to support histone acetylation-
dependent susceptibility in old rat brain neurons, but the robustness and generality of age-
related epigenetic controls remain largely to be established. Such a last step of epigenetic
development could constitute the driving force for aging that enforces a downward spiral of
less and less mitochondrial capacity (Figure 5) and increased sedentary behavior (Rimbert et
al., 2004;Figueiredo et al., 2009). Anti-aging changes in gene expression elicited by caloric
restriction are consistent with such a metabolic shift (Anderson et al., 2007). Other
interventions that force mitochondrial turnover and biogenesis may prolong lifespan by
selecting for more efficient mitochondrial generation of energy (Rea et al., 2007). Diet and
exercise are inexpensive ways to reduce the effects of aging (Nakamura et al., 1996;Kalmijn
et al., 1997;Milgram et al., 2005;Scarmeas et al., 2006;Aliev et al., 2009). Anti-aging drugs
remain to be developed and validated, but simplistic approaches with anti-oxidant vitamins
like vitamin E appear to be ineffectual (Brewer, 2009).
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Fig 1.
Biological redox energy scale. The highly reduced energy levels of NADPH, GSH and NADH
are used to power catabolism with molecular oxygen as the terminal electron acceptor. The
step-wise electron transport in mitochondria is used to generate ATP, a lower denomination
of energy currency.
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Fig. 2.
Three alternative mechanisms for energy production that maintain NAD+ levels for glycolysis
and redox balance. 1) NADH is consumed by complex one of the electron transport chain with
low levels of oxyradical production. In aerobic glycolysis, 2) lactate dehydrogenase reduces
pyruvate to lactic acid and 3) the plasma membrane NAD(P)H oxidoreductase (NOX)
stoichiometricly produces one oxygen radical anion for every NADH reoxidized, relying on
antioxidant defenses.
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Fig. 3.
Oxidative shift in NADH/NAD redox levels with age in old rat brains and in neurons isolated
from them. Adapted from (Parihar et al., 2008).
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Figure 4.
Insulin and IGF1 signaling pathway to promote glucose uptake by GluT3 in neurons (shown)
or GlutT4 in muscle (not shown). Note redox-sensitive cysteines (yellow dots) in the insulin
and IGF1 receptors, in protein tyrosine phosphatase (PTP1b) and in Keap1. In insulin
resistance, constitutive phosphorylation (red dots) activates the NOX enzyme which generates
higher levels of oxyradicals (3) and NADH is recycled by lactate dehydrogenase (LDH, broken
red line). See text for more details.
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Fig. 5.
Use it or lose it, the downward spiral of aging enforced by an epigenetic oxidized redox shift
(EORS).
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Table 1

Two prominent current theories of aging and a proposed unifying theory.

A) Dilemmas of current aging theories

Aging
Paradigm/Observations

Impact Dilemmas

1) Free radical damage to macromolecules Cumulative cellular damage
leads to organ failure,
shortened life-span

Exercise is healthy but produces
ROS. Ignores insulin signaling

2) Genetic reductions in the insulin signaling
path or caloric restriction

Increased life-span, decreased
metabolism = “slower” rate of
living

Metabolism actually increases.
Ignores role of ROS

3) Both Ignore healthy aging and
sustained cause of ROS

B) Proposed reconciliation as a metabolic shift imposed by an epigenetically enforced oxidizing redox state

1) Free radical damage to macromolecules Cumulative cellulardamage
leads to organ failure

Pathologic aging is a metabolic
shift to aerobic glycolysis &
lacticacid acidosis due to an
oxidized redox state that produces
more ROS than mitochondrial
electron transport

2) Genetic or caloric reductions in the insulin
signaling path

Increased life-span, increased
mitochondrial metabolism at
higher efficiency

Healthy aging or caloric
restriction is forced dependence
on highly efficient mitochondrial
oxidative phosphorylation which
requires less insulin signaling and
less ROS
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