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Abstract

Elevated blood glucose associated with diabetes produces progressive and apparently
irreversible damage to many cell types. Conversely, reduction of glucose extends life span in
yeast, and dietary restriction reduces blood glucose. Therefore it has been hypothesized that
cumulative toxic effects of glucose drive at least some aspects of the aging process and, con-
versely, that protective effects of dietary restriction are mediated by a reduction in exposure
to glucose. The mechanisms mediating cumulative toxic effects of glucose are suggested by
two general principles of metabolic processes, illustrated by the /ac operon but also observed
with glucose-induced gene expression. First, metabolites induce the machinery of their own
metabolism. Second, induction of gene expression by metabolites can entail a form of mole-
cular memory called hysteresis. When applied to glucose-regulated gene expression, these
two principles suggest a mechanism whereby repetitive exposure to postprandial excursions
of glucose leads to an age-related increase in glycolytic capacity (and reduction in 3-oxida-
tion of free fatty acids), which in turn leads to an increased generation of oxidative damage
and a decreased capacity to respond to oxidative damage, independent of metabolic rate.
According to this mechanism, dietary restriction increases life span and reduces pathology
by reducing exposure to glucose and therefore delaying the development of glucose-induced
glycolytic capacity.

Copyright © 2007 S. Karger AG, Basel

Masoro et al. [1] proposed that ‘dietary restriction retards the aging
processes by altering the characteristics of fuel use’. Similarly, on the basis of a
large-scale analysis of gene expression, Lee et al. [2] concluded that ‘aging was
associated with transcriptional alterations consistent with a metabolic shift
from fatty acid to carbohydrate metabolism’ and that dietary restriction



‘resulted in alterations in gene expression consistent with preserved fatty acid
metabolism’ through ‘transcriptional reprogramming’ (see also Anderson and
Weindruch in this volume). Indeed, life span in yeast is increased simply by
reducing glucose concentrations which, interestingly, actually increases meta-
bolic rate [3]. In the present review we extend these concepts and propose a
specific mechanism by which a cumulative toxic effect of glucose drives at
least some aspects of the aging process, reduction in which mediates protective
effects of dietary restriction.

Glucose Increases Glycolysis and Inhibits Alternative
Metabolic Pathways, Including B-Oxidation of Free Fatty Acids

A general feature of metabolic regulation is that substrates typically induce
the metabolic machinery necessary for their own metabolism. The classic
example of this phenomenon is the /ac operon, in which lactose induces both
the activity and gene expression of B-galactosidase, the rate-limiting enzyme
for the degradation of lactose [4]. In yeast, whose natural history entails cyclic
utilization of glucose followed by ethanol as energy sources, glucose depletion
inhibits glycolysis and activates the pathways for ethanol metabolism [5]. In
mammals, glucose induces the coordinated expression of glycolytic enzymes
including phosphofructokinase, the rate-limiting enzyme for glycolysis [6].
Conversely, glucose inhibits the expression of pyruvate dehydrogenase kinase 4
(PDK-4), which is an inhibitor of pyruvate dehydrogenase [7]. Thus glucose
induces the utilization of glucose carbons in both glycolysis and in the tricar-
boxylic acid cycle. In insulin-sensitive tissues, glucose acts in concert with
insulin to increase glycolytic activity [8]. Cognate induction of its own metabo-
lism is particularly salient for glucose, probably because, as the unique product
of photosynthesis and the ultimate source of biological energy, metabolism of
glucose has been particularly optimized through evolution. Thus, although lac-
tose induces the lac operon, the lac operon is robustly inhibited by a similar
concentration of glucose. Similar glucose repression of alternative metabolic
pathways is observed in yeast [5, 9] and fungi [10]. As with the lac operon,
induction of glycolytic capacity by glucose is accompanied by suppression of
the utilization of alternate fuels such as oxidation of fatty acids [11]. It should
be noted that fatty acids conversely induce the metabolic machinery for their
own metabolism, especially through the regulation of members of the peroxiso-
mal proliferator receptor family of transcription factors, which by inducing
PDK-4 [7] can conversely reduce pyruvate dehydrogenase activity and there-
fore glucose metabolism. Thus in mammals glucose and free fatty acids are
constantly engaged in substrate competition.
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Metabolic Regulation of Gene Expression
Exhibits Hysteresis

Of particular relevance to aging, the effects of metabolites on their own
metabolic fate may not be entirely reversible, i.e. metabolic reprogramming
may exhibit hysteresis. Hysteresis refers to a phenomenon by which a system
exhibits memory. For example, a classic example of hysteresis is the Schmidt
trigger switch encountered in electrical engineering. If the switch is off and the
voltage increases from 0 to 5mV, for example, the switch is not activated until
reaching 5 mV. However, if the trigger begins in the activated position at SmV
and voltage decreases from 5 to 0 mV, the switch does not turn off until the
voltage reaches 0 mV. Therefore at 3 mV, the trigger will be either on or off,
depending on the history of the circuit. Although not as widely appreciated,
gene expression also exhibits hysteresis, also sometimes called ‘gene memory’
or ‘priming’ [12-16]. For example, the first time the ovalbumin gene is
exposed to estrogen the induction is sluggish and subtle, but subsequent expo-
sures to estrogen produce much more rapid and robust inductions, a phenome-
non associated with permanent changes in chromatin structure produced by
the initial exposure to estrogen [17]. Indeed, ‘cellular memory’ has been
invoked to describe the phenomenon of permanent change in gene expression
after transient exposure to inducers during development [18]. Metabolic regu-
lation of gene expression also exhibits hysteresis. For example, induction of
the Jac operon exhibits a history-dependent dose dependency that is precisely
analogous to a Schmidt trigger [19, 20]. Thus if the system begins with the /ac
operon inactive at low levels of inducer, the operon does not become active
until exposed to high levels of inducer. On the other hand, if the system begins
with the lac operon active at high levels of inducer, it stays active until exposed
to very low levels of inducer. Thus, depending on the history of the system, the
operon would be either on or off at modest levels of inducer. In fact, this
behavior has led investigators to refer to the lac operon as a multistable
‘switch’ [19, 20].

Accumulating evidence suggests that the regulation of gene expression by
glucose and other factors also exhibits hysteresis [15]. For example, glucose-
induced expression of fibronectin appears to be remarkably persistent even
after reduction of glucose concentration [21]. Furthermore, it is increasingly
clear that deleterious effects of elevated glucose persist for years after correc-
tion of blood glucose in diabetes [22]. As described below, based on our analy-
sis of glucose-regulated gene expression and studies of the mechanism of
neuroendocrine glucose sensing, we propose that hysteresis of glucose-regulated
gene expression entails persistent self-induction of cytoplasmic NADH, the sig-
nature metabolite of glycolysis.
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Mitochondrial Complex Il Promotes Longevity, Other
Mitochondrial Complexes Reduce Longevity

The fact that diabetes accelerates many age-related pathologies, especially
cardiovascular pathologies, suggests that diabetes and aging may share common
pathological mechanisms. Certainly this is clear for yeast, in which reducing
glucose concentration is sufficient to increase life span [3]. A role for glucose
metabolism in determining life span is also suggested by examination of the
role of specific complexes of the mitochondrial electron transport chain (ETC)
in determining longevity. Genome-wide screening studies have demonstrated
that genes coding for mitochondrial functions constitute possibly the most con-
spicuous single class of ‘senescence assurance genes’, ablation of which
increases life span [23, 24]. Almost all of these life-span-limiting mitochondrial
genes code for proteins in mitochondrial complexes I, III, IV or V [23-26]. For
example, of 23 genes discovered in an exhaustive genome-wide screen whose
inhibition increased life span [26], 12 were genes coding for proteins in mito-
chondrial (ETC) complexes I, III, IV or V, and one gene coded for a key enzyme
in glycolysis, glucose-6-phosphate isomerase. An independent screen from
another laboratory obtained very similar results, though discovering a different
glycolytic enzyme whose inhibition increases life span [25]. Strikingly absent
from these screens were genes for proteins in mitochondrial complex II [25,
26]. Indeed, classic genetic screens had already identified that mutations caus-
ing impairments in complex II reduce life span [27]. Thus proteins in mito-
chondrial complexes I, III, IV and V and at least some glycolytic enzymes
function to limit life span, whereas genes for proteins in mitochondrial complex
II function to increase life span. As described below, this pattern also implicates
glucose in regulating life span, because glucose catabolism preferentially uti-
lizes complex I, whereas lipid catabolism preferentially utilizes complex II.

Complex Il Produces Fewer Reactive Oxygen
Species than Other Complexes

The effects of mitochondrial impairments to increase life span are not due
to reduced production of ATP (oxidative phosphorylation) since mutations in
complex II function to reduce respiratory function [28], as do impairments in
complexes I, ITI, IV and V [23]. Conversely, other studies demonstrate that
simply reducing production of ATP is not sufficient to increase life span [23]. In
fact, in yeast, reducing exposure to glucose increased metabolic rate while also
increasing longevity [3]. The most likely mechanism for the striking dichotomy
of mitochondrial complex function with respect to life span is that reactive
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oxygen species are normally produced in complex I, III, IV and V, but much
less so in complex II [29-31]. This basic fact about mitochondrial function
explains why inactivating mutations in complex II produce profound sensitivity
to oxidative damage as well as reduced life span [28, 32]. They also suggest the
hypothesis that disruption of mitochondrial complexes I, III, IV and V increase
life span by producing a relative increase in the utilization of complex II over
the other complexes. While such a pattern of fuel use might or might not reduce
ATP synthesis, the actual mechanism extending life span would be, according
to this hypothesis, reduced production of reactive oxygen species due to rela-
tively increased utilization of complex II.

Reduced Complex | Activity Is Associated with
Increased Life Span in Worms, Mice and Humans

As indicated above, genome-wide screening revealed that RNA-interference-
mediated reduction in complex I activity increases life span in Caenorhabditis
elegans [25, 26]. Furthermore, classic genetic screens had previously identified
that mutations in the c/k-1 gene [33], which also influences mitochondrial func-
tion [34], increase life span. This gene codes for a protein that converts Q8
ubiquinone, supplied by bacteria, to Q9 and other ubiquinone species, used in
oxidative phosphorylation [34]. Although it is not precisely yet clear how muta-
tions in the clk-1 gene increase life span, the increased life span does not appear
to be due to reduced respiration [35, 36] or increased superoxide dismutase
(SOD) or catalase [36]. However, it has now been demonstrated that the clk-1
mutation depresses complex I activity while sparing complex II activity [37],
thus favoring the utilization of complex II at the expense of complex L
Similarly, in mice, ablation of the p66shc gene increases life span and reduces
the production of reactive oxygen species, apparently by reducing NADH levels
and thus the utilization of complex I [38]. Interestingly, a mutation in NADH
dehydrogenase, a key enzyme in complex I, is also associated with increased
longevity in humans [39].

Dietary Restriction May Increase Life Span by
Reducing Oxidative Stress through a clk-1-Like Mechanism

Dietary restriction may increase life span through a c/k-7-like mechanism,
since effects of dietary restriction and the cl/k-/ mutants on life span are
reported to be nonadditive [40]. This hypothetical common mechanism does
not appear to require a reduction in metabolic rate, since neither the c/k-1 muta-
tion [35, 36] nor dietary restriction [41, 42] reduce mass-specific oxygen
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consumption in C. elegans. Similarly, the mechanism by which dietary restric-
tion increases life span in yeast [3] and mammals [1, 43] appears not to require
a reduction in mass-specific oxygen consumption. On the other hand, several
lines of evidence suggest that a final common mechanism by which life-extending
mutations [44, 45] and dietary restriction [46, 47] increase life span entails
reducing oxidative damage. Furthermore, dietary restriction reduces the activ-
ity of complexes I, III and IV [48]; ATP production is presumably maintained
by elevation of the relative complex II function. Similarly, dietary restriction
decreases the production of reactive oxygen species in complex I without
reducing mitochondrial oxygen consumption or reducing the production of
reactive oxygen species in complex II [49-51]. The authors of these elegant
studies concluded that ‘caloric restricted mitochondria released less reactive
oxygen species per unit electron flow, due to a decrease in the reduction degree
of the complex I generator’ [50]. Since mitochondrial oxygen consumption did
not change, this mechanism likely involves an increase in the relative utilization
of complex II. These data suggest that dietary restriction, possibly like the clk-1
mutation, may increase life span by causing a relative reduction in the utiliza-
tion of complex I and a relative enhancement in the utilization of complex 11,
without necessarily reducing the overall metabolic rate.

Dietary Restriction Reduces Glycolysis and Increases
Oxidation of Lipids and Amino Acids; Aging Produces
the Opposite Profile

The mechanism by which dietary restriction might produce this relative
shift toward the utilization of complex II is suggested by studies examining
effects of dietary restriction on the expression of metabolic genes and levels of
metabolic products. Dietary restriction in most tissues produces a metabolic
profile indicating a striking shift away from glycolysis and toward lipid metab-
olism, whereas aging produces the opposite profile relative to the young ad libi-
tum profile [2]. The metabolic shift away from glycolysis in dietary restriction
is illustrated by the effect of dietary restriction to increase PDK-4 [52]. PDK-4
is a key inhibitor of pyruvate dehydrogenase, which controls the rate-limiting
step in the recruitment of glucose-derived carbons for complete oxidation in the
Krebs cycle [53]. Conversely, the metabolic shift toward lipid metabolism is
illustrated by the effect of dietary restriction to increase expression of carnitine
palmitoyl transferase 1, the rate-limiting enzyme for the transfer of lipids to the
mitochondria [2, 54]. Similarly, direct analysis of glycolytic enzyme activities
and metabolic products in young and old liver from ad libitum fed and dietary-
restricted mice elegantly demonstrated the same phenomenon, that chronic
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dietary restriction strikingly reduces glycolysis while apparently increasing
reliance on lipid (and possibly amino acid) mitochondrial oxidation [55]. While
reducing glycolysis, dietary restriction apparently increases the metabolism of
glucose through the alternative pentose pathway, as evidenced by the induction
of transketolase [2]. Thus dietary restriction produces a shift away from glucose
metabolism in glycolysis, but increased metabolism in the pentose pathway, and
toward lipid and amino acid oxidation, whereas aging produces the opposite
effect. The significance of this metabolic profile for the regulation of life span
is suggested by the observation that antioxidants produced many of the same
effects as did dietary restriction, but failed to prevent the age-related shift
toward glycolysis and also failed to increase life span [56]. As indicated above
and as also described below, the effect of dietary restriction on metabolic gene
expression is highly similar to the effect of hypoglycemia, i.e. the opposite of
the effect of elevated glucose. This similarity further supports that in mammals
effects of dietary restriction on life span are mediated by a reduction in expo-
sure to glucose [1], as is the case in yeast [3].

It should be noted of course that dietary restriction also reduces insulin
secretion, and genetic ablation of insulin-like pathways increases life span in
worms [57] (see Houthoofd et al. in this volume), mice [58] (see Bartke et al. in
this volume) and flies [59] (see chapter by Tatar in this volume). Furthermore,
insulin produces metabolic effects (e.g. increased glycolysis and reduced 3-oxi-
dation) that are similar to, and thus potentially similarly as toxic as, those pro-
duced by glucose. These observations initially suggested that dietary restriction
might increase life span by reducing insulin secretion. However, subsequently it
has been shown that dietary restriction and ablation of the insulin-like pathway
produce additive effects in worms [60] and mice [61], leading many investiga-
tors to conclude that dietary restriction increases life span through a mechanism
other than reducing insulin secretion. This conclusion was questioned by
elegant studies in flies [62], but as discussed in the chapter by Tatar in this
volume, even those studies are not definitive. On the other hand, it should be
noted that not all tissues are equally insulin sensitive, and in fact about half of
the glucose disposal under normal conditions is not regulated by insulin.
Therefore we hypothesize that aging is driven by the proglycolytic gene profile
produced by both insulin and glucose, but that dietary restriction increases life
span only by reducing glucose exposure because the reduction in insulin secre-
tion is balanced by increased insulin sensitivity. Thus dietary restriction is addi-
tive with ablation of the insulin-like pathway because further reduction of
glycolysis in insulin-sensitive tissues is additive with the reduction in glycolysis
produced by dietary restriction. In short, we propose that the glucose switch
with hysteresis is a final common pathway between dietary restriction and the
insulin-like pathways.

Secrets of the /ac Operon 45



Because diabetes accelerates many age-related pathologies, especially car-
diovascular diseases, hyperglycemia has long been considered a model for
aging, thus leading to the hypothesis that exposure to glucose drives the aging
process [63, 64]. Among many commonalities between diabetes and aging is
that both conditions entail mitochondrial impairments that probably drive many
of the pathologies associated with those conditions [65, 66]. An interesting
model of aging has been developed in which mitochondrial function is impaired
by genetic deletion of a mitochondrial transcription factor in specific tissues
[67]. This model is characterized by progressive failure of function and pro-
gressive reduction in ATP synthesis in a variety of tissues, and, as has been sug-
gested for aging, the reduced metabolic capacity was initially thought to be
the cause of the progressive pathology. However, detailed examination of gene
expression demonstrated that before significant pathology developed, genes
that stimulated glycolysis were induced and genes that stimulated 3-oxidation
were inhibited [67]. The authors concluded that ‘at least some of the secondary
gene expression alterations in mitochondrial cardiomyopathy do not compen-
sate but rather directly contribute to heart failure progression’ [67]. In view of
the evidence discussed above, it is clear why this profile of gene expression
would produce pathologies and supports the hypothesis that the impairments in
mitochondrial function observed during aging in many studies and tissues [66]
could be secondary to the switch in metabolism toward enhanced glycolysis and
reduction in B3-oxidation.

Glucose Oxidation Favors Complex I, Lipid/Amino Acid
Oxidation Favors Complex Il

The significance of the shift in source of carbon atoms for oxidation pro-
duced by dietary restriction may be that the oxidation of lipids and amino acids
depends much more on mitochondrial complex II than on (free-radical generat-
ing) complex I, whereas glucose oxidation depends much more on complex I
than on complex II. When glucose is broken down by glycolysis, the only
reducing equivalents it makes are in the form of NADH. When the final carbon
product of glucose, pyruvate, is metabolized in the Krebs cycle, almost all the
reducing equivalents are produced in the form of NADH, except for one step
at complex II (succinate dehydrogenase) that makes (then oxidizes) FADH2.
Ultimately the metabolism of one molecule of glucose produces an NADH:
FADH?2 ratio of 5:1 [53, p. 20]. In contrast, when lipids are broken down by
B-oxidation (fatty acid counterpart to glycolysis), an equal number of NADH
and FADH2 molecules are formed. When the lipid-derived carbons are metabo-
lized in the Krebs cycle, reducing equivalents are produced in the ratio of
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3 NADH molecules per FADH2 molecule. Therefore ultimately lipid metabo-
lism yields an NADH:FADH?2 ratio of about 2:1 [53, p. 38] or even less if the
fatty acid contains enough carbon atoms. For example, when one molecule of
palmitate is oxidized, it produces 15 molecules of FADH2 and 31 molecules of
NADH, which are ultimately oxidized to produce a net total of 129 ATP mole-
cules. In contrast, production of the same number of ATP molecules from glu-
cose would entail producing then oxidizing 8.66 FADH2 and 43.3 NADH
molecules. Amino acid oxidation also proceeds by a similar 2-step mechanism
yielding an NADH:FADH?2 ratio between that of lipids and that of glucose, the
precise number depending on the specific amino acid. The significance of this
shift in the NADH:FADH2 ratio is that NADH is oxidized only at mitochondr-
ial complex I, whereas FADH?2 is oxidized only at complex II [53, p. 17]. Thus
palmitate oxidation entails utilizing complex II at roughly twice the (FADH2-
dependent) rate as glucose oxidation entails. Therefore shifting away from glu-
cose utilization toward lipid and amino acid utilization would be expected to
substantially reduce the production of reactive oxygen species, without neces-
sarily reducing ATP production. As described below, other beneficial effects
also occur as a result of this altered pattern of glucose fuel use, including a shift
toward producing antioxidizing NADPH and increased protein and lipid turn-
over, which reduces the accumulation of oxidized protein and lipids.

Potential Cumulative Toxic Effect of Glucose on
Neuroendocrine Neurons Regulating Metabolic Function

A guiding hypothesis for our research program for almost 20 years has
been that longevity is governed in part by a cumulative toxic effect of glucose,
particularly on glucose-sensitive neuroendocrine cells in the hypothalamus and
pancreas, a phenomenon we referred to as glucose hysteresis [13, 14]. Similarly
Masoro et al. [1] proposed the hypothesis that ‘dietary restriction retards the
aging processes by altering the characteristics of (glucose) fuel use’. Our ‘glucose
hysteresis’ hypothesis and Masoro’s ‘glucose fuel use’ hypothesis are potentially
complementary and could represent two aspects of the same overall mechanism,
but exactly how these mechanisms are related has been unclear until recently
(see below).

Our hypothesis suggested that key peptides expressed in glucose-stimulated
hypothalamic neurons would: (1) be reduced during aging; (2) be reduced by
fasting and in genetic obesity; (3) be reduced by treatment with the glucose
toxin gold thioglucose; (4) be stimulated by glucose and other nutritional fac-
tors; (5) exert catabolic neuroendocrine effects, and impairment in the function
of such peptides would exert anabolic effects; (6) be irreversibly impaired by
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prolonged exposure to elevated glucose. In a series of studies we have found
that hypothalamic a-melanocyte-stimulating hormone, which is produced from
the proopiomelanocortin (POMC) precursor and is preferentially reduced dur-
ing aging [68-73], is reduced by fasting and in genetic obesity [74], and is
reduced by gold thioglucose [75]. POMC neurons are stimulated by glucose
and other nutritional factors [76], and transgenic correction of reduced hypo-
thalamic POMC corrects impairments in glucose homeostasis in obese mice
[77]. Thus age-related impairments in hypothalamic POMC could plausibly
contribute to age-related obesity and metabolic impairments. However,
although we hypothesized that cumulative toxic effects of glucose cause the
age-related reduction in hypothalamic POMC, the mechanism by which glu-
cose would cause such a toxic effect has until recently been elusive.

Glucose Metabolism Is Necessary for Effects of Glucose on
Glucose-Regulated Neurons: Key Role for the
Production of NADH

To further assess the hypothesis that cumulative exposure to glucose may
drive hypothalamic impairments during aging, it was necessary to assess in
more detail the mechanisms by which these neurons sense glucose. Such stud-
ies have been useful for two reasons. First, determination of key elements of the
glucose-sensing apparatus has provided useful markers to test the generality
that glucose-sensitive neurons are specifically sensitive to aging and to protec-
tive effects of dietary restriction. Second, assessment of the sensing mecha-
nisms suggested mechanisms, described below, mediating the vulnerability of
such neurons to glucose toxicity.

Our working hypothesis was that hypothalamic neurons sense glucose
through a mechanism similar to that utilized by pancreatic -cells. It is well estab-
lished that the pancreatic form of the enzyme glucokinase constitutes a key com-
ponent of the glucose-sensing mechanism in pancreatic B-cells [78-82]. We
observed that the pancreatic form of glucokinase is expressed in hypothalamic
neurons, but not significantly in the rest of the brain [83], consistent with results
by Jetton et al. [84] and corroborated in detail by Lynch et al. [85]. Based on these
results, we examined in greater detail the extent to which hypothalamic neurons
sense glucose through mechanisms similar to those of pancreatic 3-cells.

Extensive examination with both metabolic inhibitors and glycolytic inter-
mediates demonstrated that, like pancreatic B-cells, hypothalamic neurons
sense glucose through glucose metabolism [83]. In particular, inhibitors of glu-
cokinase blocked the response of hypothalamic neurons. However, surprisingly
a key step was the conversion of NAD+ to NADH and not, as expected, the
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production of ATP [83]. The significance of this observation became clear
when it was found that the NADH shuttle system plays a key role in mediating
effects of pancreatic B-cells to glucose [86]. Of even greater potential signifi-
cance, these studies suggest that glucose metabolism may drive specific neu-
roendocrine age-related impairments, through the conversion of NAD+ to
NADH, a mechanism similar to that reported in yeast [87].

Glucose Regulates Its Own Metabolic Fate:
The Glucose Switch Gene Profile

As indicated above, several lines of evidence suggested that protective
effects of dietary restriction could be mediated by reduction of glucose [13]
leading to changes in glucose utilization [1] through ‘metabolic reprogram-
ming’ [2], but the mechanism mediating these effects has remained unclear. To
address this question we sought to discover genes regulated by glucose using
DNA microarray analysis. In our studies of the regulation of POMC by leptin,
we had found that gene regulation often occurs more robustly to ablation of a
signal than to enhancement of a signal [74]. Therefore to discover genes regu-
lated by glucose, we examined molecular responses to low glucose (hypo-
glycemia) compared to normal glucose (euglycemia) [88]. We examined
responses in the hypothalamus since we hypothesized that neuroendocrine
responses to glucose would be particularly important in mediating effects of
glucose on life span [13]. Hypoglycemia was produced by injecting mice that
had been food deprived for 48 h with insulin; therefore initially we could not
determine if the regulation was due to fasting or hypoglycemia; however, we
subsequently demonstrated with RT-PCR that almost all genes regulated by
fasting alone were also regulated similarly by hypoglycemia alone [88].

In our initial study, using a small cDNA microarray of our own fabrication,
we observed only a fairly small number of genes induced in association with
hypoglycemia [88]. Among these genes were the glucose transporter GLUT-1,
and the transcription factor CITED-1, also known as p300/CBP-interacting pro-
tein. The induction of GLUT-1 by hypoglycemia suggested that reduced glucose
would produce a compensatory increase in glucose utilization, which would
limit the importance of this mechanism in mediating effects of dietary restric-
tion. However, it seemed unlikely that this analysis provided a comprehensive
view of the molecular effects of glucose, since only about 1,000 genes were rep-
resented on this cDNA microarray. We therefore used the much more extensive
U74 microarray chip to analyze the same RNA samples as were analyzed in the
cDNA microarray study. Focusing specifically on genes coding for intermedi-
ary metabolism function (representing several hundred genes), only 26 met
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criteria that we had established as highly predictive of true regulation verifiable
by RT-PCR [89].

Examination of this select group of genes provided a strikingly clear mech-
anism activated by hypoglycemia, a mechanism we call the ‘glucose switch’.
Specifically, hypoglycemia was associated with reduced expression of genes
that stimulate glycolysis (e.g. phosphofructokinase) and mitochondrial utiliza-
tion of carbons derived from glucose (e.g. by inducing PDK-4, which inhibits
pyruvate dehydrogenase). Nevertheless, this study confirmed that GLUT-1 was
induced by hypoglycemia, implying that glucose carbons were being utilized in
nonglycolytic pathways. Several genes whose products stimulate the pentose
pathway were also induced, suggesting that hypoglycemia leads to a shunting of
glucose carbons away from glycolysis towards the pentose pathway. In contrast,
genes coding for peroxisomal proteins and genes involved in protein degrada-
tion and utilization of amino acids were induced by hypoglycemia. Furthermore,
a rate-limiting enzyme for the tricarboxylic acid cycle, NADP-dependent isoci-
trate dehydrogenase, was also induced by hypoglycemia, suggesting that overall
respiration might actually be increased, not decreased, by hypoglycemia. It
should be noted that, as indicated above, this general metabolic profile, away
from glycolysis and toward the pentose pathway, B-oxidation and protein
turnover is very similar to that produced by chronic dietary restriction [2, 54,
55, 90].

This profile of gene expression implies a strikingly clear response to low
glucose that could serve as the mechanistic basis of Masoro’s ‘alternate fuel
use’ and the ‘reprogramming’ hypothesis (see Anderson and Weindruch in this
volume) to explain effects of dietary restriction on life span. This response to
low glucose involves extensive rerouting of glucose and other carbons without
reducing (indeed, possibly elevating) the respiration rate. Hence we refer to this
response as the ‘glucose switch’ profile. In this response to low glucose, glu-
cose carbon atoms are shunted away from production of NADH through glycol-
ysis and toward synthesis of NADPH through the pentose pathway and by the
NADP-dependent form of isocitrate dehydrogenase. Since NADPH is the only
major source of reducing equivalents for antioxidant defense, this profile would
be expected to enhance antioxidant defenses. For example, elevation of
glucose-6-phosphate dehydrogenase, the rate-limiting step in the pentose path-
way, produces dramatic resistance to oxidative damage without changing levels
of catalase or SOD [91, 92], whereas reduction of this enzyme greatly enhances
cellular sensitivity to oxidative stress [93]. The pentose pathway absolutely
requires carbons derived from glucose, so for this essential source of cytoplas-
mic NADPH to function in the presence of low glucose, alternative metabolic
pathways for glucose carbons must be inhibited by low glucose, which they
robustly are at several rate-limiting steps. Indeed, polymorphisms in the gene
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for glucose-6-phosphate dehydrogenase are strikingly correlated with life span
across strains of Drosophila: the longest-lived strain exhibited a 64% higher
activity of glucose-6-phosphate dehydrogenase than the shortest-lived strain
[94]. Similarly, the NADP-dependent form of isocitrate dehydrogenase is a
major source of NADPH in mitochondria, and elevation of this enzyme protects
against oxidative stress in vitro [95] and even increases replicative life span
[95]. Furthermore, expression of this enzyme decreases with age [96] and vari-
ants in NADP-dependent isocitrate dehydrogenase were associated with life
span in Drosophila [97].

Interestingly, however, this ‘alternate pattern of fuel use’ produces two
other possibly coincidental antioxidative effects. First, as indicated above, [3-
oxidation of lipids, the lipid equivalent of glycolysis to prepare lipid carbons of
oxidative phosphorylation in the Krebs cycle, produces reducing equivalents in
the form of FADH2, rather than the NADH produced by glycolysis. FADH?2 is
oxidized at mitochondrial complex II, whereas NADH is oxidized at mitochon-
drial complex 1. As reviewed above, reactive oxygen species are produced at
much greater rates in complex I than in complex II, and indeed mutations in
complex I extend life span whereas mutations in complex II reduce life span.
Therefore a shift toward lipid oxidation (and to a lesser extent amino acid oxi-
dation) would be expected to produce a lower rate of reactive oxygen species
compared to deriving energy from glucose. Second, by enhancing the turnover
rate of proteins and lipids, the average half-life of these macromolecules will be
reduced, thus reducing the cellular burden of oxidatively damaged macromole-
cules. A final effect of this ‘alternate fuel use’ would be to dramatically shift the
redox state of the NAD system away from NADH toward NAD+, though the
overall redox state of the cell would be shifted toward a reduced state by eleva-
tion of NADPH and FADH2. It has been reported that the effect of dietary
restriction to increase life span (in yeast) requires the activity of the silencing
protein SIR2 which is dependent on (oxidized) NAD+ [87]. Although the pre-
cise role of NAD+ in regulating SIR2 activity has been disputed, considerable
evidence supports that the NAD+:NADH ratio serves as a key signal for the
metabolic state of the cell, as we showed in our own studies [83]. The signifi-
cance of this shift has therefore to be fully elucidated.

It should be noted that this antioxidant profile is potentially independent of
the classic antioxidant system involving SOD and catalase, although we did
find that hypoglycemia induced several isoforms of SOD, glutathione peroxi-
dase and glutathione reductase (though not catalase), consistent with effects of
dietary restriction [98, 99]. In fact, we have found that hypoglycemia decreases,
and hyperglycemia increases, expression of other isoforms of SOD and that
ablation of specific isoforms of SOD has no effect on life span in C. elegans
[Yen et al., unpubl. data], consistent with studies in mice [100]. Furthermore,
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expression levels of SOD either did not correlate with life span or even corre-
lated negatively with life span across 5 strains of mice (see below). On the other
hand, even to the extent that classic antioxidant defenses play a role in the aging
process, it should be noted that glutathione, a key metabolite in antioxidant
defenses, ultimately derives its reducing potential from NADPH and thus
mainly from glucose-6-phosphate dehydrogenase and NADP-dependent isoci-
trate dehydrogenase.

Based on these observations, we propose that glucose regulates its own
metabolic fate, promoting glycolysis and reducing the relative activity of the
pentose pathway, 3-oxidation and amino acid oxidation. Thus glucose produces
a metabolic profile that produces NADH at the expense of NADPH and FADH2.
The net effect of elevated glucose would therefore be to decrease antioxidant
capacity (by decreasing NADPH), decrease the activity of Sir-type histone
acetyltransferases (by converting NAD+ to NADH), increase the production of
free radicals (by promoting the oxidation of NADH at complex I, which is the
main site of free radical production, at the expense FADH2 oxidation at complex
II, which is a minor site of free radical generation) and decrease the turnover of
oxidized lipids and proteins (by decreasing 3- and amino acid oxidation).

While the ‘glucose switch’ hypothesis clearly suggests a mechanism for
diabetic complications, which are currently thought to be due to oxidative dam-
age [101], by itself it would be insufficient to explain the aging process, since
glucose levels in general do not increase with age. Even for diabetic complica-
tions, however, the glucose switch mechanism by itself does not explain why, as
with aging, impairments develop progressively and are apparently irreversible.
To explain the progressive nature of aging and diabetic complications, we pro-
pose that the glucose switch transcriptional machinery exhibits hysteresis, as
demonstrated with the highly analogous lac operon [19]. As described above,
the /ac operon exhibits hysteresis, in that sensitivity to the inducer depends
on the history of exposure: if previously exposed to a high concentration of
inducer, the operon is highly sensitive to inducer, whereas if previously exposed
to a low concentration of inducer, the operon is relatively insensitive to inducer.
Also as described above, there is evidence that the regulation of gene expres-
sion by glucose also exhibits hysteresis [21, 22]. Indeed, to the extent that tran-
scriptional effects of glucose are mediated through NADH, the glucose switch
mechanism directly predicts glucose hysteresis: since glucose induces the
machinery to produce NADH, prior exposure to elevated glucose would subse-
quently lead to more NADH production per glucose molecule, i.e. greater sen-
sitivity to glucose.

Thus two features of the lac operon lead to a comprehensive mechanism
that accounts for key features of aging, dietary restriction and diabetic compli-
cations: that substrates induce the machinery of their own metabolism (in the
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case of glucose especially, at the expense of alternative pathways), and that this
self-induction entails hysteresis. Therefore we propose that postprandial excur-
sions of glucose produce a glucose switch response, inducing glycolysis at the
expense of 3-oxidation, a state that would tend to persist even when glucose
levels return to their preprandial levels. It should be noted that hysteresis in the
lac operon is observed stochastically across cells so that the /ac operon is either
completely on or completely off. Thus we propose that the effect of successive
exposures to (postprandial) glucose would be to produce progressively more
cells in the proglycolytic glucose switch position. It should be noted, however,
that as glycolysis increases and produces monotonic increases in oxidative
damage, especially in mitochondria, and a greater reliance on glycolysis, this
could eventually lead to a reduction in mitochondrial metabolic capacity in the
late phases of senescence, which could be a final precipitating event leading to
mortality, as appears to be the case with mitochondrial impairments produced
by genetic modification [67]. The elevation of insulin secretion early during the
prediabetic phase of type 2 diabetes, followed by a reduction in insulin secre-
tion as the precipitating event of diabetes itself, might be considered an analo-
gous process, and indeed may well be produced by exactly the same mechanism
(increased glycolysis leading to increased secretion, followed by oxidative-
stress-induced ‘burnout’, followed by hyposecretion of insulin and diabetes).

Genetic Correlation between Gene Expression
and Life Span

Other than two studies linking life span to expression levels of glucose-6-
phosphate dehydrogenase [94] or to variants in NADP-dependent isocitrate
dehydrogenase [97], very few studies have directly linked variations in levels of
glucose-sensitive genes to life span. We therefore examined the correlation
between hypothalamic expression of glucose-sensitive genes and average life
span across 5 strains of mice. This analysis was validated by the observation that,
in our analysis, hypothalamic expression of sirtuin 2, the mammalian homolog
of yeast SIR2, was positively correlated with life span (1> = 74%) and inhibited
by 10 versus 2 mM glucose (p < 0.01) as well as leptin, thus behaving quite sim-
ilarly to yeast Sirt-2 [87]. Over 90% of the genes whose expression correlated
positively with life span (and with an r? greater than 70%) were inhibited by glu-
cose in vitro. Most of these genes were transcription factors or involved in neu-
roendocrine signaling. For example, expression of polycomb group ring finger 5
correlated positively with life span (1> = 75%) and was significantly and inde-
pendently inhibited by glucose, leptin and insulin (p < 0.05 for all three).
Interestingly, polycomb transcription factors primarily function to inhibit gene
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expression [102], as is the case for genes in the sirtuin family. Conversely, genes
that correlated negatively with life pan were generally induced by glucose. For
example, the transcription factor hypoxia-induced factor 1« is negatively corre-
lated with life span (1> = 83%) and induced by glucose (p < 0.01). The signifi-
cance of the relationship between hypoxia-induced factor la and life span may
be that this gene is an important stimulator of glycolysis [103]. Indeed, pyruvate
dehydrogenase expression is negatively correlated with life span and stimulated
by glucose. Also of some interest in view of the hypothesis of Andersen and
Weindruch (in this volume), the expression of the peroxisome proliferation-
activated receptor -y coactivator la is also highly and positively correlated with
life span (r> = 83%). Similarly, hypothalamic expression of the gene for stearoyl
coenzyme A desaturase 1 is positively correlated with life span (1> = 83%). The
significance of these latter two genes is that they are induced by free fatty acids
(which of course are elevated during fasting and dietary restriction for prolonged
periods of time) and act primarily to increase fat metabolism. Thus across
5 strains of mice, elevated expression of glucose-stimulated genes predicts a
reduced life span and elevated expression of glucose-inhibited genes predicts an
increased life span; expression of genes induced by free fatty acids also predicts
a longer life span.

Problems

The glucose hysteresis hypothesis suggests, though does not require, that
the respiratory quotient (RQ) should increase with age, reflecting more carbo-
hydrate utilization and less B-oxidation, whereas dietary restriction should pro-
duce the opposite effect. While some studies have reported an increase in RQ
with age [104], others have not observed this effect. Similarly, while one study
reported that dietary restriction reduces 24-hour RQ [43] (though not specifi-
cally indicating the significance of this effect), in a different study, although the
same effect of dietary restriction to reduce RQ was observed, the effect was not
significant [1]. In our own studies (unpublished) we observed that chronic
dietary restriction in young mice significantly reduced 24-hour RQ by about the
same amount as reported by McCarter et al. [43] in rats. Although the effect
was small, it was about the same magnitude as observed for the effect of a high-
fat diet. We therefore conclude that while measurements of RQ are not uni-
formly supportive of the glucose switch hypothesis, neither are they uniformly
contradictory. Further studies should clarify this issue. Nevertheless, even if the
reduction of total 24-hour RQ by dietary restriction is not robust, we would sug-
gest that the robust alteration in temporal pattern, in which lipid is the dominant
fuel for a much longer part of the day with dietary restriction than with ad
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libitum food intake, would still produce a protective effect by reducing the total
time glucose metabolism is the main source of energy.

The glucose hysteresis hypothesis also predicts that glycolysis relative to
alternate sources of fuel should increase with age, which is observed in the
heart [2], brain [54], and liver [55], but in mouse muscle at least some genes for
glycolysis as well as many other genes coding for mitochondrial function were
reported to decrease with age [105]. On the other hand, this decrease in gly-
colytic gene expression was not observed in muscle tissue from nonhuman pri-
mates [52]. Therefore we hypothesize that even though expression of some
glycolytic genes may decrease with age in mouse muscle, the utilization of
other fuels (e.g. B-oxidation) decreases more so that the net effect is still a shift
toward glycolysis. Similarly, the hypothesis predicts that dietary restriction
should decrease glycolysis relative to the use of other fuels, which is observed
in yeast [5], flies [106], the heart [2], liver [55] and brain [54], but in adipose
tissue, long-term dietary restriction was reported to increase the expression of
glycolytic genes [107]. However, dietary restriction also robustly increased
many other metabolic pathways in adipose tissue, including B-oxidation and the
synthesis of fatty acids. As with mouse muscle in aging, therefore, it is difficult
to determine simply from gene expression whether glycolysis is actually
increased or decreased relative to other metabolic pathways.

A possibly more serious problem with the emphasis on glucose metabo-
lism is that restriction of methionine only is reported to increase life span in rats
[108] and mice [109]. Furthermore, restriction of yeast is reported to extend life
span in flies more robustly than restriction of glucose [110]. On the other hand,
dietary restriction without reduction in protein extends life span as well as
dietary restriction with reduction of protein [111]. Furthermore, reduction of
lipids only without reduction of caloric intake failed to increase life span [112].
Therefore while the effect of (extreme) methionine restriction is indeed inter-
esting, it is unlikely to mediate the effects of dietary restriction on life span, at
least in rats. With regard to the methionine effect in mice, it is of some interest
that methionine restriction reduced plasma glucose, raising the possibility that
restriction of methionine actually increases life span by reducing blood glucose,
as we propose for dietary restriction [109]. Regarding the role of glucose versus
yeast in flies, there are a number of complexities in the design of that study
which precludes definitive interpretation, as described by Tatar in the present
volume. Perhaps the best position to take at the moment is that across species it
is not clear how much of the effect of dietary restriction is due to reduced expo-
sure to glucose. To the extent that the effect is due to reduction in exposure to
glucose, we propose that glucose hysteresis is a mechanism that could explain
these toxic effects of glucose during aging. We further propose that at least with
respect to one major disease of aging, diabetes, glucose hysteresis constitutes
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the major mechanism mediating the effects of hyperglycemia to induce diabetic
complications.

Implications: Oxidative Stress and Tumor Burden

As described above, glucose hysteresis is a relatively simple unitary mech-
anism that potentially explains the following apparently otherwise unrelated
phenomena: (i) glycolysis increases with age (in at least some tissues); (ii)
oxidative damage increases with age; (iii) reducing glycolysis or the activity of
ETC complexes I, III, IV and V increases life span, whereas reducing the activ-
ity of ETC complex II reduces life span; (iv) dietary restriction increases the
relative utilization of complex II; (v) intermittent dietary restriction that does
not reduce the average caloric intake nevertheless produces beneficial effects of
dietary restriction, associated with reduced plasma glucose [113]. Thus glucose
hysteresis can plausibly account for the majority of age-related impairments
arising from oxidative stress and their attenuation by dietary restriction.

However, the attenuation by dietary restriction of at least one major age-
related pathology probably does not arise by decreasing oxidative stress: tumor
burden. As described by Klebanov in this volume, dietary restriction primarily if
not exclusively reduces tumor burden by inhibiting the promotion phase of
tumor growth. However, it is difficult to envision a mechanism by which reduc-
ing oxidative damage would inhibit the promotion phase. If anything, it would be
the initiation phase that would probably be sensitive to oxidative stress. These
considerations would seem to suggest that dietary restriction reduces oxidative
stress and tumor burden by two distinct mechanisms and, conversely, that aging
promotes these two pathological processes through distinct mechanisms.
Nevertheless, the glucose switch hypothesis suggests a unifying mechanism:
increased glycolysis during aging. Tumor cells are characterized by a unique
dependency on glycolysis, a phenomenon known as the Warburg effect [114,
115]. This unique dependency on glycolysis possibly arises from mitochondrial
damage, but has the effect of allowing tumor cells to thrive at relatively low
oxygen tensions typically observed in tumors. Of particular interest, this unique
dependency on glycolysis makes tumor cells highly sensitive to the toxic effects
of glycolysis inhibitors, which have therefore been proposed as a promising class
of antitumor agents [116]. It is therefore plausible that tumor cells are particu-
larly sensitive to the low levels of glucose, and the resulting shift away from
glycolysis, that are at least transiently produced by dietary restriction. Indeed,
even a transient (3-hour) reduction in ATP produces robust apoptosis in trans-
formed cells, 48h later [117]. Furthermore, glycolytic inhibitors have been
shown to produce many of the protective effects of dietary restriction [118]. Thus
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reduction in glycolysis reduces both oxidative stress and tumor burden, thereby
potentially accounting for most or all beneficial effects of dietary restriction.

A final implication of glucose hysteresis is its relevance to the genetic con-
trol of longevity. A key aspect of the theory is that it is largely independent of the
classic antioxidant enzymes catalase and SOD, and focuses instead on the pro-
duction of reactive oxygen species in complex I, as well as the role of increased
protein and lipid turnover. However, it is by now well established that across
species, ‘the longer the life span, the lower the rate of mitochondrial oxygen rad-
ical production. This is true even in animal groups that do not conform to the rate
of living theory of aging, such as birds’ [119—-121]. Similarly, as described
above, genes involved in the glucose switch mechanism constitute the main set
of genes that limit life span, according to nonbiased genome-wide screening
[26]. In contrast, activities of the classic antioxidant defense enzymes do not
correlate with life span across species [122]. Furthermore, it is now clear that
impairments in classic antioxidant defenses do not reduce life span, even when such
impairments increase oxidative damage [100]. Thus we propose that genetic
influences on the regulation of gene expression by glucose could constitute key
genetic influences that regulate life span. On the other hand, there are at least two
relevant potentially distinct genetic influences, those that influence acute control
of gene expression by glucose and those that influence the development of hys-
teretic effects. We suggest that genetic effects on both of these mechanisms must
play a role in determining life span, since even at a young age species differ in
their rate of production of reactive oxygen species [119] (possibly reflecting at
least in part the acute effects of glucose on complex I activity), but on the other
hand, the age-related increase in oxidative damage, reflecting hysteresis, scales
with life span [123—-125]. Thus we suggest that the rate of hysteresis may also be
higher in short-lived than in long-lived species [119].

Context

It is of some interest to place the mechanism of glucose hysteresis into the
context of current approaches being developed in the field of dietary restriction,
as reflected in the present volume. First, Masoro has elegantly developed the
concept that dietary restriction acts through hormesis, a protective mechanism
activated by low-level stressors. Our proposal is quite consistent with this
hypothesis, since hypoglycemia is a classic inducer of the stress response. Thus,
for example, reduction of blood glucose stimulates secretion of glucocorticoids
(a classic stress response) in mice [126], rats [127] and humans [128]. Simi-
larly, reduction of blood glucose activates the sympathetic nervous system, also
a classic stress response, in mice [129], rats [127] and humans [128]. Indeed,
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hypoglycemia even produces homotypic densitization, a classic feature of stress
responses, in mice [129], rats [127] and humans [130].

Anderson and Weindruch in the present volume extend the concept, already
articulated by Weindruch and colleagues previously [2], that protective effects of
dietary restriction may be mediated through ‘transcriptional reprogramming’.
Clearly glucose hysteresis represents precisely an example of transcriptional
reprogramming, and indeed the work of Weindruch and colleagues represents
some of the most important evidence for the mechanism. Bartke et al. in the pre-
sent volume examine the allied concept that effects of the insulin-like pathway
and dietary restriction are mediated by a common set of genes. While so far the
evidence does not support this hypothesis, as argued above, it may well be the
case that the proglycolytic effects of insulin drive senescence in insulin-sensitive
tissues, whereas the proglycolytic effects of glucose drive senescence in insulin-
insensitive tissues.

Morgan et al. in the present volume develop an elegant argument that many
age-related pathologies arise from age-related increases in inflammatory
processes and that dietary restriction attenuates age-related impairments in part
by reducing inflammation. Morgan et al. also speculate about mechanisms
mediating effects of dietary restriction to reduce inflammation, including a role
for glucose acting through the receptor for advanced glycation end products.
However, while this is a plausible explanation for the effect of dietary restric-
tion, this mechanism fails to explain why inflammation increases with age,
since in general, certainly in rodents, plasma glucose does not increase with
age. Furthermore, elevated glucose induces cytokines very rapidly (within a
few hours) through a mechanism requiring glucose metabolism [131], whereas
advanced glycation end products develop far too slowly to account for such
rapid effects. However, as emphasized by Morgan et al., at least some cytokines
are induced by reactive oxygen species. We therefore suggest that inflammation
increases with age because of increased reactive oxygen species, secondary to
glucose hysteresis, and that dietary restriction retards this age-related increase
in inflammation by reducing exposure to glucose.

Houthoofd et al. in the present volume describe the value of C. elegans as
a model organism. We completely agree that C. elegans constitutes possibly the
most powerful system to study mechanisms of aging, and indeed much of the
most compelling support for the mechanism of glucose hysteresis comes from
studies in C. elegans. Houthoofd et al. also argue strongly against the rate of
living theory and indicate that dietary restriction increases life span without
reducing metabolic rate, a conclusion also drawn by investigators studying
rodents [1, 43]. In our view one of the most compelling aspects of the glucose
hysteresis model is that, by invoking substrate competition, it can explain how
the oxidative damage can decrease even without reducing ATP production.
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Interestingly, Tatar in the present volume reviews the use of Drosophila in aging
research and carefully analyzes difficulties in interpreting studies that suggest a
minimal role for glucose mediating the effects of dietary restriction [110]. As
discussed in some detail elsewhere [132], a number of results suggest that
mechanisms mediating effects of dietary restriction in Drosophila, and indeed
mechanisms of senescence themselves, may be distinct to some extent from
those in other species. It should be noted that of the many organisms and exper-
imental paradigms described in the present review in support of the glucose
hysteresis hypothesis, none have involved Drosophila. This corroborates the
importance of studying these mechanisms in a wide variety of organisms to
probe for the generality of those mechanisms. On the other hand, as described
by Mattison et al. in the present volume, so far dietary restriction appears to
produce similar results in nonhuman primates, including a reduction in mean
blood glucose. We take this as evidence that dietary restriction is therefore
likely to actually increase life span in nonhuman primates.

In the final two chapters of the present volume, effects of dietary restriction
on specific disease processes, Alzheimer’s disease and cancer, are discussed. We
should note that we have no plausible mechanism through which the specific
effects of dietary restriction on [B-amyloid peptide generation described by
Pasinetti et al. in the present volume can be accounted for by glucose hysteresis,
and agree with them that insulin, rather than glucose, probably plays a key role.
On the other hand, in view of the critical role of oxidative stress in mediating
B-amyloid peptide toxicity in particular [133] and neurodegeneration in
Alzheimer’s disease in general [134], it is plausible that glucose hysteresis plays a
role in the age-related neurodegeneration associated with Alzheimer’s disease.
Finally, in the last chapter Klebanov makes a strong case that dietary restriction
reduces cancer burden specifically by interfering with the promotion phase of
tumor growth, not the initiation phase. As noted above, the promotion phase is
unlikely to be dependent on oxidative stress, in contrast to the initiation phase.
However, also as indicated above, tumor cells become increasingly dependent on
glycolysis as they progress, due to the Warburg effect [114]. Therefore, the effect
of dietary restriction to interfere with the promotion phase is plausibly due
directly to the reduction of glycolytic capacity, rather than the reduction of oxida-
tive stress.

Other Age-Related Diseases

One of the most challenging problems in gerontology is to account for the
age dependency of diseases whose incidence increases with age. As indicated
above, at least for Alzheimer’s disease, the age dependency can be explained at
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least in part by the increase in oxidative stress with age, which in our view can
in turn be accounted for by glucose hysteresis. In fact, it is plausible to hypothesize
that the dependence of most age-related diseases (except, as indicated above,
possibly cancer) can be accounted for by an age-related increase in oxidative
stress. For example, Huntington’s disease appears to be due to a reduction in the
utilization of ETC complex II [135]. Furthermore, dietary restriction substan-
tially ameliorates symptoms in a mouse transgenic model of Huntington’s dis-
ease [136]. We therefore propose that the increased penetrance of the
Huntington’s disease gene with age is due to a gradual reduction in the utiliza-
tion of complex II in neurons during aging, secondary to glucose hysteresis,
which in patients with Huntington’s disease becomes lethal due to a preexisting
impairment in complex II.

With regard to metabolic diseases, while it is clear how glucose hysteresis
would account for age-related increases in diabetic complications, it is not so
evident how this mechanism would account for the increased incidence in (type
2) diabetes with age. Type 2 diabetes is caused by the development of insulin
resistance, usually accompanied by increased insulin secretion, eventually fol-
lowed by pancreatic decompensation [12]. Oxidative stress plays a causal role
in multiple forms of insulin resistance, many of which can be ameliorated by
antioxidant treatments [138]. Similarly oxidative stress is implicated in pancre-
atic B-cell impairments [139]. Thus it is clear that increased oxidative stress
during aging, secondary to glucose hysteresis, could plausibly account for the
increased incidence of type II diabetes.

Testing the Hypothesis: Reversibility of Senescence

Although a substantial array of evidence supports that glucose hysteresis
mediates at least part of the effects of dietary restriction, the hypothesis is never-
theless still subject to falsifiability. For example, the hypothesis predicts that fac-
tors which mediate effects of glucose on gene expression also mediate at least
some of the effects of dietary restriction on gene expression. The hypothesis fur-
ther predicts that manipulations that block effects of hypoglycemia on gene
expression would also block at least some effects of dietary restriction on gene
expression, and, more importantly, would attenuate beneficial effects of dietary
restriction. For example, it may be possible to block effects of hypoglycemia on
gene expression by ablating specific transcriptional factors or cofactors [140]. If
blocking hypoglycemia-induced gene expression fails to block beneficial effects
of dietary restriction, this would effectively falsify the glucose switch hypothesis.

Another obvious prediction is that reduction of plasma glucose by, for exam-
ple, transgenic expression of a glucose transporter, to the same extent as is
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observed with dietary restriction, should mimic effects of dietary restriction with-
out caloric restriction. While this would indeed constitute a test of the hypothesis,
there would be two caveats in interpreting these results. First, as indicated above,
considerable evidence suggests that glucose signaling as well as the toxic effects
of glucose are mediated by the production of NADH. If reduction of plasma glu-
cose is accompanied by an increase in lactate, and lactate is used as an alternative
fuel for glucose, lactate would plausibly produce the same levels of NADH as
glucose, and therefore might prevent the beneficial effects of reduced glucose.
This could be assessed by examining the expression of genes regulated by glu-
cose: if hypoglycemia-induced genes are not induced by a reduction in plasma
glucose, this would suggest that some compensatory mechanism, likely lactate, is
preventing the beneficial effects of lower plasma glucose. Second, as also
described above, some evidence suggests that the total 24-hour RQ is not reduced
by dietary restriction and, if so, we would argue that the protective effect arises
from reducing the total amount of time that tissues are predominantly using glu-
cose as a fuel. If so, simply reducing total exposure to glucose may not be ade-
quate to reproduce the extended period of time that cells are protected by
predominant 3-oxidation. If so, a test of the theory would require reproducing the
pattern of RQ produced by dietary restriction, possibly using inducible promot-
ers.

Another implication of the hypothesis is that it may be possible to reverse
age-related impairments by producing carefully controlled hypoglycemia at
levels lower than can be produced by optimum dietary restriction. Dietary
restriction at 50% ad libitum levels, about the most restriction compatible with
extended life, only reduces plasma glucose to around 4.5 mm. However, coun-
terregulatory and other protective responses are not activated until lower glu-
cose levels of 3.6mM or possibly even lower are reached, whereas cognitive
impairments are not observed until much lower levels yet, around 2.6 mm.
Therefore there is a potentially safe range of plasma glucose that would allow
the production of even more potent beneficial effects than are produced by
dietary restriction. The hysteretic behavior of the lac operon suggests that even
transient repetitive reductions in glucose could reverse the proglycolytic glu-
cose switch transcriptional state, thereby reversing the increase in glycolysis,
oxidative damage and tumor burden. Studies to assess this hypothesis are cur-
rently under way.
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