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Abstract

It is widely accepted that energy intake restriction without essential nutrient deficiency delays the 

onset of aging and extends life span. The mechanism underlying this phenomenon is still unknown 

though a number of different, nonmutually exclusive explanations have been proposed. In each of 

these, different facets of physiology play the more significant role in the mechanism of aging 

retardation. Some examples include the altered lipid composition model, the immune response 

model and models describing changes in endocrine function. In this paper we propose the 

hypothesis that metabolic reprogramming is the key event in the mechanism of dietary restriction, 

and the physiological effects at the cellular, tissue and organismal level may be understood in 

terms of this initial event.

Dietary restriction (DR) is the most successful intervention tested to date in mammals which 

greatly extends maximum life span and keeps animals ‘younger longer’ [1-3]. Consequently, 

any hypothesis about the etiology of aging must reconcile the effects of DR on aging. With 

increased knowledge of the mechanism of DR, we stand to gain a considerable insight into 

the process of aging.

We propose that a change in the regulation of energy metabolism in response to DR is the 

primary step in the retardation of aging (fig. 1). First we describe the evidence in support of 

metabolic reprogramming, a switch to an altered metabolic state, by DR in mice. Next we 

consider evidence for metabolic shifts in other model organisms where life span is extended 

by DR or by genetic manipulation. Then we focus on changes in mitochondrial energy 

metabolism with age and DR in mammals. Next we will explore the effects of altered 

mitochondrial function in the context of reactive oxygen species (ROS) generation and 

oxidative stress. Finally we describe the metabolic and morphological changes in white 

adipose tissue that we believe are a result of altered mitochondrial function. We propose that 

the activation of adipose tissue through metabolic reprogramming is critical to the 

mechanism of DR and that it leads to the changes in the animal physiology that are 

described in the models indicated above.

Metabolic Reprogramming in Tissues from Dietary-Restricted Animals

The inverse linear relationship between calorie intake and life span in mice [4] suggests that 

genes central to energy metabolism may be critical in the underlying mechanism of DR in 
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mammals. We have examined transcriptional changes with age and with DR in multiple 

tissues and find shifts in the expression of genes encoding proteins involved in energy 

metabolism to be a prominent feature of DR. We propose that these shifts directly contribute 

to the longevity of the animal. Our studies have primarily focused on postmitotic tissues 

because these are most vulnerable to the effects of age. Analysis of the transcriptional 

response to DR in these tissues is likely to reveal clues to the mechanism of aging 

retardation.

In skeletal muscle, a decrease in metabolic activity with age is suggested through a reduction 

in the expression of genes involved in energy metabolism [5]. This extends to genes 

associated with mitochondrial function as well as genes involved in glycolysis and glycogen 

synthesis, and large reductions in expression were also observed for genes involved in fatty 

acid biosynthesis. We observed a striking attenuation of these age-related changes in gene 

expression in skeletal muscle from DR animals compared to age-matched controls. In 

particular, we observed a transcriptional shift toward increased energy metabolism and 

increased biosynthesis. The expression of genes involved in glycolysis and gluconeogenesis 

was increased, as was the expression of transcripts associated with fatty acid metabolism. 

The increased expression of peroxisome proliferator-activated receptor γ (PPAR- γ) may 

contribute to the increased insulin sensitivity in skeletal muscle of the DR animals [6].

In the heart, lipid metabolism and fatty acid oxidation (FAO) are the major energy source in 

adults [7]. In old age, genes involved in lipid transport, lipolysis and FAO are downregulated 

and genes involved in carbohydrate metabolism are upregulated, resulting in an overall shift 

in metabolism [8]. These metabolic alterations, which are also observed in pathological 

heart conditions [9], are completely or partially prevented by DR [8], In addition, we 

observed a significant change with DR in the expression of key genes that are not affected 

with age. It is important to emphasize that this latter type of DR effect is distinct from the 

prevention of age-associated transcriptional changes. Genes that shift in expression with DR 

but do not change with age may provide clues to the mechanism of aging retardation by DR 

and may lead to the identification of primary regulators. In the heart, this group includes 

many nuclear genes encoding components of the electron transport system (ETS) that show 

a striking and coordinated upregulation with DR [unpubl. data].

In our earlier experiments we sought to characterize the tissue-specific transcriptional 

changes with age and examine the effect of DR. We identified two groups of genes that are 

regulated by DR: one group is regulated by age at the transcriptional level and DR either 

partially or completely compensates for the age-induced changes; the other group is 

regulated specifically by DR and does not show age-dependent changes in gene expression. 

Clearly the genes that are regulated specifically by DR and not affected with age are 

reasonable candidates in the mechanism of life span extension. The potential involvement of 

genes that are regulated by age in the mechanism of DR is less easily deduced. In analyzing 

these data it became clear that in order to dissect out the DR-specific transcriptional changes 

we would be better served looking at young to mid-age mice where the age-related changes 

in transcription would be less significant. Specifically, we examined the transcriptional 

changes with fasting, short-term DR (23 days) or long-term DR (9 months) in epididymal 

white adipose tissue from 10-month-old mice [10]. Here again we identified metabolic 
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reprogramming as a prominent feature. White adipose tissue is remarkably refractory to both 

fasting and short-term DR but undergoes a dramatic transformation in response to long-term 

DR. This is in contrast to similar experiments in the liver where many of the DR-induced 

changes were observed with short-term DR [11].

In white adipose tissue, long-term DR increases the expression of genes involved in the 

glycolytic pathway, the lipolytic pathway, amino acid metabolism and mitochondrial energy 

metabolism in young mice [10] suggesting an activation of energy metabolism. Again, these 

shifts in gene expression are not compensatory in the delay of aging and may be involved in 

the mechanism of aging retardation. One of the more striking findings was the concerted 

increase in expression of 26 nuclear genes encoding mitochondrial ETS proteins. We also 

identified a dramatic decrease in the expression of genes encoding inflammatory molecules 

(56 genes); these alterations may play an important role in the protection against 

inflammation derived from white adipose tissue and in life span extension by DR [12].

The transcriptional shifts observed in each of these tissues are indicative of metabolic 

reprogramming which we believe is a key component of the mechanism of aging retardation 

by DR (fig. 1). The coordinated increase in expression of genes encoding components of 

mitochondrial ETS in both heart and adipose tissue is striking. Several aging studies in 

yeast, worms and flies support a role for metabolic regulation in longevity. We discuss the 

evidence below, with a particular focus on mitochondrial energy metabolism. Studies in 

transgenic and wild-type mice further support our hypothesis that shifts in energy 

metabolism can affect a broad spectrum of phenotypes and support our proposal that 

metabolic shifts are key elements in the mechanism of DR.

Evidence for Metabolic Reprogramming in Organisms with Extended Life 

Span

In Saccharomyces cerevisiae, life span extension by DR induces an active regulated 

response [13] and there is a shift in metabolism in the restricted organisms toward increased 

respiration [14], The increase in respiration is associated with a decrease in ROS production 

and this is thought to be indicative of increased mitochondrial uncoupling [15]. Although 

yeasts are facultative anaerobes, the influence of mitochondrial perturbations on life span 

under aerobic conditions indicates that manipulation of mitochondrial function directly 

influences longevity. The retrograde response pathway in yeast provides a mechanism for 

communication of changes in mitochondrial function to the nucleus [16]. This pathway has 

been linked to adaptive regulation of metabolism and the stress response [17] and its 

activation induces the expression of cytoplasmic, mitochondrial and peroxisomal metabolic 

genes [18] and life span extension [19]. These studies demonstrate that changes in 

mitochondrial function are transmitted to the nucleus and induce pathways that will provide 

a compensatory metabolic change. The fact that changes in mitochondrial efficiency can and 

do exert large-scale changes in gene expression and metabolic regulation supports the idea 

that a program as complex as life span extension by DR could conceivably be initiated in 

such a manner. Interestingly, mitochondrial signaling seems to converge with the nutrient-

sensing TOR (target of rapamycin) pathway in yeast, where TOR inhibition activates the 
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transcription factors involved in the retrograde response [20]. There is evidence that this 

cross talk may be conserved in mammalian systems where mitochondrial deficiency 

stabilizes the interaction between TOR and the inhibitory regulatory associated protein of 

mTOR (Raptor) protein [21]. These findings demonstrate that there is an open line of 

communication between mitochondrial efficiency and the nutrient-sensing TOR pathway, 

allowing for an integration of signaling pathways and a coordinated metabolic response. 

Inhibition of TOR signaling extends life span in yeast [22,23], worms [24] and flies [25]. 

Reduced TOR signaling in mice by knockout of the TOR effector S6K1 increases FAO and 

negatively regulates insulin signaling [26]. It will be interesting to see what role TOR 

signaling plays in life span extension by DR.

In Caenorhabditis elegans, a systematic RNA interference screen to identify gene alterations 

that affect life span has uncovered a complex relationship between mitochondrial function 

and longevity [27], and inhibition of mitochondrial function early in development extends 

life span in this organism [28], More recent studies in worms have clearly identified a role 

for metabolic regulators in longevity [29, 30], These studies involve RNA interference 

knockdown of specific gene products starting from the egg hatching stage. This is a situation 

where the animal must survive in the absence or depletion of the requisite pathway and 

while novel factors that influence life span have been discovered, no information about any 

metabolic compensatory mechanisms in response to this inhibition in the targeted animal has 

been gleaned. It is possible that the inhibition of mitochondrial oxidative phosphorylation at 

an early stage induces alternative energy metabolism pathways in these animals, resetting 

the longevity of the animal [31]. This may explain why inhibiting respiratory chain 

components in the adult animal does not affect life span [28].

DR does not appear to alter the metabolic rate in C. elegans [32] and genetic analysis 

indicates that life span extension by DR is independent of DAF-16, the forkhead 

transcription factor involved in the insulin/IGF pathway [33]. A number of components 

downstream of DAF-16 have been shown to influence metabolism and life span. These 

include the DAF-12 nuclear hormone receptor [34] and its coregulator DIN-1 [35], and the 

DAF-15 regulator of TOR (homologue of mammalian Raptor) [36]. These factors 

conceivably represent points of convergence of signaling by glucose/insulin, lipophilic 

factors and amino acid limitation-sensing factors. Such cross talk between pathways would 

permit regulation of the appropriate coordinated metabolic response to the nutritional status 

of the animal.

Several studies in Drosophila have also demonstrated that life span may be extended by 

genes involved in metabolic regulation. Flies with a mutation in INDY (‘I’m not dead yet’), 

a Krebs cycle intermediate transporter, are long-lived [37], These animals do not show a 

change in metabolic rate [38], reminiscent of the results of some DR studies [39], although 

the presumed changes in metabolism have yet to be characterized. Disruption of ecdysone 

steroid hormone signaling in Drosophila also extends life span [40]. In the absence of this 

hormone, the ecdysone receptor complex interacts with transcriptional repressors Rpd3 and 

Sin3 [41]. What is interesting about this, from our point of view, is that reduction of Rpd3 

extends life span in flies [42] and reduction in Sin3 causes upregulation of genes involved in 

the oxidative metabolism of fatty acid to acetyl-CoA and genes involved in mitochondrial 
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oxidative phosphorylation [43]. The similarity between the ecdysone receptor complex and 

the nuclear hormone complexes in mammalian systems has led to speculation that the 

mammalian counterparts may also participate in the regulation of aging [44].

As in worms, life span is extended in flies by reduction of insulin signaling [45, 46], Here 

again the mechanism of life span extension in insulin-signaling-deficient animals is not 

thought to be the same as that for DR, but the evidence suggests that there are common 

elements [47], perhaps downstream of the fork-head transcription factor dFOXO. The 

reduction of blood glucose and enhanced insulin sensitivity in DR mammals hints at the 

involvement of altered insulin signaling in the mechanism of aging retardation. We do not 

dispute this but suggest that the changes in insulin signaling and sensitivity are secondary to 

the metabolic shift in these animals. Studies on long-lived transgenic mouse models indicate 

that the effects of DR are not fully explained by reduced growth hormone/IGF-1 axis activity 

[48-51].

Overexpression dFOXO in the fat body of flies extends life span [52, 53], Forkhead 

transcription factors are downstream of the insulin signaling pathway and in worms regulate 

metabolism and the stress response [54, 55]. These findings point to the importance of the 

fat body in whole-body regulation of metabolism and longevity and indicate that secreted 

factors are involved in the mechanism of life span extension in these transgenic animals. 

Even though there is evidence to suggest that DR acts independently of FOXO transcription 

factors [33], factors downstream of FOXO appear to be common to both insulin/IGF 

longevity pathways and life span extension by DR, in particular members of the nuclear 

receptor family and possibly factors influencing the TOR nutrient signaling pathway. There 

is now mounting evidence that signals from white adipose tissue in mammals can influence 

whole-body metabolism and life span. These quantitative and qualitative changes in adipose 

tissue may be critically involved in the mechanism of aging retardation by DR (see below).

Taken together, the evidence presented here confirms that life span may be influenced by 

regulation of metabolism, that mitochondrial efficiency influences the metabolic state and 

that a communication network exists to coordinate changes in mitochondrial function with 

regulation of metabolism. These data support the concept that metabolic reprogramming 

could be an initial event in the mechanism of life span extension by DR and that many 

genetic manipulations that extend life span may also be viewed in this way.

Mitochondria in Aging and Dietary Restriction

Mitochondria are the key organelle in substrate utilization and energy production. DR 

directly affects mitochondrial function, increasing the expression of components of the ETS 

as well as genes involved in fatty acid transport and β-oxidation [8, 10] and there is a clear 

reduction in the production of ROS [56-61]. DR enhances mitochondrial oxidative capacity 

in liver and skeletal muscle in rats [62]. ROS are generated continuously as part of normal 

mitochondrial function [63]. One inbuilt mechanism to combat ROS accumulation is 

through uncoupling of the mitochondrial membrane potential by proton leak [64], However, 

studies with mitochondria isolated from liver and skeletal muscle from age-matched control 

and restricted rats demonstrate that ROS production in mitochondria is reduced even though 
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there is no change in proton leak [65, 66], These studies touch on the role of mitochondrial 

uncoupling proteins UCP2 and UCP3 and raise questions as to how mitochondrial function 

is altered by DR. The role of ROS in aging and DR will be discussed in the following 

section.

In heart, skeletal muscle and white adipose tissue, expression of the mitochondrial 

uncoupling protein UCP3 is elevated by DR [8, 10, 66]. Studies in mice overexpressing 

UCP3 support a role for this protein in energy balance and lipid metabolism [67]. Although 

the physiological role of UCP3 is controversial [68-70], increased UCP3 expression 

augments FAO and decreases ROS production without uncoupling respiration [71 ] and 

enhances the capacity for fatty acid transport and FAO in skeletal muscle [72]. These data 

argue that UCP3 is not merely a mitochondrial uncoupling protein involved in the regulation 

of the proton leak. Elevated free fatty acids induce UCP3 expression consistent with UCP3 

playing a role in the use of free fatty acid as a fuel [73]. In one model [68], UCP3 works 

with the carnitine palmitoyl transferases, CPT-1 and CPT-2, to cycle fatty acid anions 

through the mitochondria. The increase in CPT-1 expression in restricted tissues supports a 

role for UCP3 in fatty acid transport, providing increased capacity for fatty acid metabolism.

Studies in type 2 diabetes have implicated mitochondrial dysfunction in this disorder [74, 

75] providing a link between mitochondrial function and whole-body endocrine signaling. 

Mitochondrial abnormalities lead to neuromuscular disorders known as mitochondrial 

myopathies and encephalomyopathies [76], as well as heart disease [77]. Mitochondrial 

function declines with age in humans [78]; however, the extent of the contribution of 

mitochondrial function to the onset of age-related pathologies like diabetes and heart disease 

is not yet clear. Tissue-specific disruption of the respiratory chain in mouse hearts causes a 

switch from fatty acid to glucose metabolism that precedes the inevitable heart failure in 

these animals [79], This demonstrates that changes in mitochondrial function are sufficient 

to implement large-scale metabolic changes in mice in vivo.

Recent studies have demonstrated that mice with a mitochondrial mutator phenotype 

develop several age-associated disorders providing strong support for a model in which 

mitochondrial function is a determinant of aging [80, 81]. Finally, analyses of individual 

mice have revealed a positive association between metabolic intensity and life span [82], 

One issue that complicates studies involving isolated mitochondria is that the experimental 

setup measures the maximum capacity of the isolated mitochondria in an environment that is 

experimentally determined, but cannot reveal the actual in vivo differences in mitochondrial 

function where the intracellular environment may not be equivalent in the organism as a 

whole. Nevertheless, together these data support a key role for mitochondrial energy 

metabolism in the control of life span.

Stress, Oxidative Stress and Longevity

Mice [83], rats [84] and monkeys [85] subjected to DR demonstrate decreased body 

temperatures indicative of altered energy balance. Reduction in oxidative stress is a feature 

of DR in rodents [57, 86] and may be a direct result of this metabolic reprogramming. DR 

attenuates the age-associated increase in rates of mitochondrial ROS generation in multiple 
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tissues and reduces the accrual of oxidative damage [58-61, 87, 88], Mitochondrial function 

is preserved with age in DR animals, and the loss of mitochondrial membrane fluidity is 

delayed [89] compared to control animals. Reduction of mitochondrial H202 production and 

oxidative damage to mtDNA in rat gastrocnemius muscle with DR has been described [90] 

and we have reported that DR in monkeys lowers oxidative damage in skeletal muscle [91]. 

More recently, the role of ROS has broadened to encompass the control of normal cellular 

functions (e.g. transcriptional control, signal transduction) and cell death pathways [92], 

These data reveal a potential role of ROS in aging that is independent of damage induction. 

It has been proposed that DR, by lowering ROS, attenuates age-associated increases in the 

binding activities of redox-sensitive transcriptional factors (e.g. HIF-1, NF-κB, AP-1) [93], 

These factors may be important in the mechanism of aging retardation by DR where reduced 

ROS production prevents these signaling molecules from implementing the changes we see 

in the transcriptional profiles of aging animals.

In the course of our analysis of mouse microarray databases, a number of interesting 

candidates were identified including PPAR coactivator 1a (PGC-1α, and the redox-sensitive 

transcription factors HIF-1α and NF-κB. Surprisingly, RT-PCR analysis demonstrated that 

DR has little effect on genes from the sirtuin and forkhead transcription factor families, 

genes that have been associated with longevity in lower organisms [unpubl. data]. Instead, 

SIRT1 and FOXO3 are regulated post-transcriptionally by DR [94] [unpubl. data]. SIRT1 

has subsequently been associated with DR in cell culture models [94] and activation of 

SIRT1 is thought to be a key feature in the mechanism of DR, although this has yet to be 

conclusively shown in mice. FOXO3 is a homologue of the worm longevity factor DAF-16, 

a component of the insulin signaling pathway. FOXO3 has been linked to cell survival and 

the stress response in mice and is associated with both SIRT1 and p53 [95, 96].

The regulation and activation of factors associated with the stress response has led us to ask 

if other elements associated with the stress response might also play a role in DR’s action. 

We performed a screen to identify kinases activated by DR in the mouse heart. We used 

tissue from 10-month-old animals to eliminate the influence of age-dependent changes. 

Interestingly, we identified a number of kinases that are regulated by DR both in terms of 

total protein levels and degree of modification. Among these are JNK and GSK3β, which are 

respectively regulated by DR in multiple tissues [unpubl. data].

JNK signaling enhances resistance to oxidative stress and extends life span in worms and 

flies [97, 98], In mice, JNK plays a role in insulin signaling and obesity [99, 100], and 

affects insulin resistance in the liver and insulin production in the pancreas [101]. Factors 

downstream of JNK include FOXO [97, 98], which is required for JNK-dependent life span 

extension in worms and flies, and PPAR-γ [102], Interestingly, activation of JNK under 

conditions of oxidative stress is initiated in the mitochondria [103] suggesting that there is 

direct communication between this organelle and effectors of the stress response. These 

findings prompt further investigation into a role for JNK in the mechanism of life span 

extension by DR. It is noted that JNK-dependent life span extension in worms requires 

DAF-16/FOXO [98] and that life span extension by DR does not [33]; however, constitutive 

activation of JNK is not a genetic mimic of DR. Regulation of JNK by DR potentially 
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provides a link between stress resistance pathways and longevity, perhaps by influencing 

factors downstream of FOXO.

The mitogen-activated protein kinase p38 is responsive to numerous stimuli, including 

environmental stress and cytokine signaling [104]. Activation of p38 increases insulin 

sensitivity in skeletal muscle in a manner that is independent of contractile induced insulin 

sensitivity [105], p38 activates the transcriptional coactivator PGC-1α by phosphorylation, 

thereby regulating the induction of mitochondrial respiration in muscle [106, 107] where 

PGC-1α plays a role in fiber type switching [108]. The yeast homologue of GSK3β is 

involved in nutrient sensing and the stress response [109], In mammals, GSK3β is a negative 

regulator of JNK [110] and is involved in insulin sensitivity in skeletal muscle [111]. 

Interestingly both JNK and p38 are activated by ROS signaling from the mitochondria [112]. 

It is unclear how kinases usually associated with the stress response are activated by DR; 

however, longevity and stress resistance have been linked in most genetic studies performed 

to date.

The Role of Adipose Tissue in Aging Retardation by Dietary Restriction

Recent studies have highlighted the importance of white adipose tissue in overall metabolic 

regulation and data from our laboratory and others suggest that the changes in white adipose 

tissue observed in animals on DR are of particular significance. In mice, long-term DR 

induces morphological and transcriptional alterations. The mass of epididymal white adipose 

tissue is reduced by 75%, which appears to be due to a reduction in cell size [10]. DR 

suppresses the expression of over 50 genes in inflammation and promotes structural 

remodeling of the cytoskeleton, extracellular matrix and vasculature [12]. It is probable that 

reductions in systemic inflammatory tone caused by DR may underlie its ability to oppose a 

broad spectrum of age-associated diseases including cancers and cardiovascular disease. We 

contend that a key consequence of the metabolic reprogramming induced by DR is the 

alteration in adipose tissue physiology and metabolism.

Aging is associated with alterations in body fat distribution, obesity and insulin resistance 

[113, 114]. High levels of leptin are observed with obesity in humans and rodents [115, 

116]. DR reduces plasma insulin and leptin levels [117, 118], and opposes the development 

of age-related insulin and leptin resistance [119, 120]. Transgenic mice lacking the insulin 

receptor in adipose tissue have reduced adiposity and display a modestly extended longevity 

compared to DR [121]. These data argue that disruption of IGF signaling in adipose tissue 

alone is sufficient to extend life span and mirrors the experiments in worms and flies where 

fat-body-specific knockdown or overexpression of components of the insulin signaling 

pathway affect life span [52, 53, 122].

The concept of adipose tissue as an endocrine organ has come into focus recently [123]. 

Elevated serum levels of adipose tissue secretory products have been associated with 

numerous pathologies including cardiovascular disease, insulin resistance and diabetes. 

Resistin and adiponectin are adipocyte secretory proteins that negatively and positively 

regulate insulin sensitivity, respectively [124-126]. Resistin expression was upregulated by 

DR [10] and adiponectin was not significantly altered. While the significance of the DR-
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induced changes is not yet clear, the fact that adipocyte-derived signaling molecules are 

directly affected by DR lends support to the idea that changes in adipose tissue by DR can 

be transmitted throughout the organism.

DR-induced transcriptional alterations in white adipose tissue included increased expression 

of genes involved in adipocyte differentiation. Both PPAR-γ and SIRT1 have previously 

been implicated in this process [127] but it is as yet unclear if either is playing a role in DR-

induced changes observed in white adipose tissue. Histological examination of white 

adipose tissue from mice on DR confirmed the presence of multilocular adipocytes which 

may represent an intermediate phenotype between white and brown adipocytes [10]. The 

metabolic shifts observed are consistent with this, including the increased expression of the 

β3-adrenergic receptor and UCP3. In white adipose tissue, activation of the β-adrenergic 

receptors leads to mobilization of fat stores and regulates the release of several adipokines 

[128]. In brown fat, β-adrenergic receptor activation leads to increased expression of the 

thermogenic uncoupler UCP1 via p38 and the transcriptional coactivator PGC-1α [129]. 

Ordinarily, PGC-1α protein levels are barely detectable in white adipose tissue but are 

increased in white adipose tissue from DR animals [unpubl. data]. The increase in PGC-1α 
may be critical in the activation of adipose tissue by DR. Adenovirus-driven expression of 

PGC-1α increased the expression of ETS components and FAO enzymes in human 

adipocytes, and transcription profiling indicated a metabolic activation of the fat cells [130]. 

Adenovirus-induced hyperleptinemia reduces fat stores in normal rats and increased the 

capacity for fat oxidation [131]. In these animals, expression of PGC-1α was dramatically 

increased, as was the expression of gene targets of PGC-1α, and electron microscopy 

revealed changes in mitochondrial number and morphology. These data describe a striking 

similarity between the effect of DR and the effect of upregulation of PGC-1α on adipose 

tissue.

We believe that the changes observed in white adipose tissue are fundamental to the 

mechanism of life span extension by DR. Age-related changes in adiposity correlate with 

systemic oxidative stress in humans and mice, and in cultured adipocytes, elevation of fatty 

acids increased oxidative stress and caused dysregulated production of adipokines [132]. 

The pharmacological induction of β-oxidation is currently being explored as a treatment for 

obesity and diabetes [133]; both of these disorders are prevented by DR. We suggest that the 

DR-induced shift in metabolism in white adipose tissue provides an increased capacity for 

FAO and permits the mobilization of fat stores without increasing oxidative damage through 

altered mitochondrial function and the induction of UCP3. The activation of white adipose 

tissue in this manner influences whole-body physiology in a manner that promotes 

longevity: in our model we predict that changes in levels of adipokines and other adipose 

secretory factors systemically influence metabolism, endrocine and immune function and 

that quantitative and qualitative changes in serum lipids affect nuclear receptor signaling in 

multiple tissues and influence lipid composition throughout the organism.
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PGC-1α is a Candidate Factor in the Mechanism of Aging Retardation by 

Dietary Restriction

We have presented evidence that DR induces metabolic shifts in multiple tissues and that the 

influence of metabolism on longevity is conserved across species. Based on these 

observations and because mitochondrial function has been linked to aging and life span 

extension by DR [134], we examined our heart microarray data set and looked for regulators 

of mitochondrial function as potential effectors of DR in mice. PGC-1α is a critical 

transcriptional coactivator of mitochondrial function that is responsive to changes in energy 

demands [135, 136]. It induces mitochondrial biogenesis and the expression of genes 

involved in multiple mitochondrial pathways. Overexpression of PGC-1α stimulates the 

mitochondrial antioxidant defense system in vascular endothelial cells [137], PGC-1α has 

been associated with glucose regulation, the insulin signaling pathway and has been 

implicated in diabetes [138, 139] and obesity [140], conditions that are prevented by DR.

Microarray analysis demonstrates that expression of PGC-1α is increased in hearts from DR 

mice and that there is a coordinated increase in expression of targets of PGC-1α activity 

[unpubl. data]. In both heart [8] and adipose tissue [10], we observe a clear trend of 

upregulation of nuclear genes encoding components of the ETS, many of which are targets 

of PGC-1α. Expression of PGC-1α is also elevated in epididymal white adipose tissue of 

young/mid-age DR animals [unpubl. data], indicating that induction of PGC-1α is part of a 

regulated metabolic response to DR.

Apart from its role in mitochondrial regulation, PGC-1α acts as a transcriptional coactivator 

of the PPAR nuclear receptor family. The PPARs have been linked to obesity and metabolic 

regulation and play a central role in the cross talk between glucose and lipid homeostasis 

[141]. Metabolic integration of FAO, carbohydrate metabolism, energy uncoupling and 

whole-body insulin sensitivity is attained through the coordinated activity of PPAR-α, 

PPAR-γ and PPAR-δ in adipose and liver tissues where PGC-1α levels are elevated by DR. 

Transcriptional analysis of the effect of DR in wild-type and PPAR-α knockout mice has 

revealed that 19% of the transcriptional changes in the liver are dependent on PPAR-α 
[ 142] stressing the importance of this nuclear receptor in the mechanism of DR.

Studies in PGC-1α null mice confirm the role of PGC-1α in adaptive energy metabolism 

[143, 144], In the liver, PGC-1α is associated with FOXO1, one of the mammalian DAF-16/

dFOXO homologues, and is involved in hepatic insulin signaling [145]. FOXO1 is involved 

in PPAR-γ regulation in adipocytes, and there is a complex interplay between these factors 

in adipocyte differentiation [146], PPAR-γ is also regulated by mTOR, and PPAR-γ activity 

is dependent on amino acid sufficiency [147], Another factor that appears to provide a 

connection between PGC-1α, FOXO and PPARs is SIRT1. SIRT1 regulates PPAR-γ in 

adipocytes [148] and is involved in PGC-1α activation in the insulin signaling pathway in 

the liver [149, 150]. Control of gene expression in this manner, where transcriptional 

coactivators and repressor factors are the targets for numerous signaling pathways, provides 

a strategy that permits the functional integration of multiple distinct biological programs 

[151].
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Conclusion

The central role of energy metabolism in longevity has been a unifying feature in our work 

and in aging research. Here we propose a model for the mechanism of DR where metabolic 

reprogramming, the coordinate induction of an altered metabolic state, is an early event in 

the mechanism of life span extension by DR. We predict that tissue-specific changes in 

energy metabolism occur through PGC-1α and the PPAR nuclear receptor family. These 

shifts in energy metabolism induce a move from fat storage to fat mobilization, influence 

stress pathway signaling and ROS production. Activation of adipose tissue is a critical event 

in the mechanism of life span extension and leads to altered adipokine and lipid signaling 

and reduced systemic inflammation. The influence of metabolic reprogramming on 

endocrine and immune function leads to a reduced rate of aging. It is clear from the data 

described here that this model is highly simplified. Many if not all of the pathways and 

factors described here have been shown to be interconnected and are influenced through 

multiple inputs. The key to our model is the initial event, which is the shift in how energy is 

generated and how fuel is utilized, and that this occurs through small changes in activity of 

metabolic regulators to influence the balance of fuel utilization without deregulating nutrient 

homeostasis in the animal as a whole. In thinking of the mechanism of DR in this way, it is 

possible to extrapolate and understand some transgenic models of longevity in the context of 

metabolic regulation and also to see where the effect of nonphysiological genetic 

manipulations on life span could be misleading.
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Fig. 1. 
Master regulators respond to DR and induce shifts in metabolism in the restricted organism. 

These regulators may include the transcriptional coactivator PGC-1α and members of the 

nuclear receptor family PPAR-α and PPAR-γ. Effectors that respond to the altered 

metabolic state are involved in tissue-specific changes that ultimately lead to changes at the 

organismal level, delaying aging and promoting longevity.
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