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Abstract
Deregulation of mitochondrial function is a common feature in multiple aspects of aging. In addition
to playing a role in aging-associated disease, decline in mitochondrial energy metabolism is likely
to be important in the development of metabolic disease. Furthermore, altered mitochondrial function
is a conserved feature in caloric restriction – a dietary intervention that delays aging in diverse species.
The transcriptional co-activator PGC-1α is a critical regulator of mitochondrial energy metabolism
and biogenesis. PGC-1α is uniquely poised as a potential target for correcting the effects of age on
mitochondrial decline. We describe the cellular and tissue specific mechanisms of PGC-1α regulation
and illustrate how these pathways may be involved in the aging process.

1. Metabolism and aging
There has been widespread public interest in aging research with particular attention given to
aging-associated diseases and the factors that may contribute to disease onset. The fact that
aging itself is the most significant risk factor for a range of diseases including, cancer,
cardiovascular disease and diabetes [1], emphasizes the need for research on the biology of
aging to better understand the underlying causes of aging-associated disease. The advent of
transcriptional profiling has permitted the study of complex biological processes at the
molecular level. The first studies of aging using this approach revealed that surprisingly few
genes were altered by aging at the transcriptional level [2-4]. It is less surprising that the aging
signature is distinct among different tissues [5]; however, microarray technology has provided
clues to a few key cellular pathways that are universally regulated with aging. Foremost among
these and pertinent to this review are genes involved in mitochondrial energy metabolism.

A comparison of genomic expression profiles from worms and flies reveals that there are
common patterns of age related changes in gene expression [6]. Of particular note are the genes
involved in mitochondrial energy metabolism whose expression declines with age. A similar
approach, comparing mouse and human transcriptional data, reveals this same group of genes
involved in the mitochondrial electron transport system (ETS) also declines with age in
multiple tissues [7]. Mitochondrial function declines with age in skeletal muscle in humans
[8], and increases in intramuscular triglycerides and lipid deposition due to mitochondrial
insufficiency correlate with loss of insulin sensitivity, a prevalent phenotype of aging [9].
Dietary excess and the resulting obesity can lead to metabolic syndrome, the manifestation of
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multiple conditions previously associated with aging, including inflammation, hypertension
and cardiovascular disease [10]. A consensus is emerging that describes adipose derived factors
as key component in metabolic disorders linked to obesity [11,12] and that alterations in
mitochondrial metabolism may be important in the pathology of this disease [13]. The most
robust and consistent regimen that opposes aging is caloric restriction (CR) [14,15]. Alterations
in mitochondrial energy metabolism are observed in multiple species on CR [16], including
humans [17]. Taken together these findings suggest of a causal role of mitochondrial
dysfunction in the aging process and a central role for mitochondrial adaptation in the
mechanism of aging retardation by CR (Figure 1).

The PGC-1 family of transcriptional co-activators play a central role in regulation of
mitochondrial biogenesis and function [18]. Three members of this family have been identified
based on sequence similarity to the founding member PGC-1α (peroxisome proliferator
activated receptor gamma coactivator 1 alpha). The genes encoding each are located on distinct
chromosomes and show tissue specific patterns of expression. PGC-1β is larger than
PGC-1α but shares functionally equivalent protein domain features and has many common
downstream targets [19]. Both PGC-1α and PGC-1β are expressed preferentially in high
oxidative capacity tissues [18]. PRC-1 is larger again with similar protein domain features but
is not enriched in skeletal muscle and heart [20]. Although functionally similar, PGC-1α,
PGC-1β and PRC-1 play distinct tissue specific roles in response to exercise [21], fasting
[19,22] and, in the case of PGC-1α and PGC-1β, the knockout mice show opposite phenotypes
on high fat diets [23-26]. As PGC-1α is the best characterized of the three at this time and can
be linked to aging through association with factors that influence longevity, it shall be the focus
of this review.

2. Mitochondrial regulator PGC-1α
PGC-1α is a key regulator of mitochondrial biogenesis and respiration [27] that plays a critical
role in the control of metabolism and energy homeostasis [28-30]. As the transcriptional co-
activation of nuclear receptors involved in multiple aspects of metabolism, PGC-1α may play
a pivotal role in organismal metabolic homeostasis [31]. PGC-1α is regulated at the protein
level by alterations in cellular localization [32], protein stability [32-34] and post-translational
modification (see below). It is regulated at the transcriptional level by CREB [35] and is
involved in regulating its own transcription with YY1 [36]. Remarkably, PGC-1α is responsive
to multiple diverse stimuli: i) changes in nutrient availability [37], ii) thermal fluctuation
[27], iii) calcium/calmodulin [38,39], iv) oxidative species [32,40,41], v) endocrine signaling
through insulin [42] and T3 thyroid hormone [43,44], vi) circadian clock [45] vii) cytokines
[34], viii) energetic demand [46] and hypoxia [47,48] (Figure 2). The importance of
mitochondrial regulation and adaptive response in normal cellular function is implicit. The
ability PGC-1α to respond to these disparate signals indicates that it is the principle medium
through which external stimuli are communicated to the mitochondria.

3. Post translational modification of PGC-1α
PGC-1α localization, interaction with binding partners and transcriptional co-activation can
be manipulated alone or in combination through protein modification. The multiplicity of
regulatory points provides enormous versatility and a means to rapidly alter PGC-1α activity
in response to a given stimulus. We focus on PGC-1α regulatory factors that have previously
been associated with aging or CR and have been designated putative longevity factors in rodent
and non-mammalian studies (Figure 3). There is a substantial volume of data on the mechanism
of action of these key factors that reveal which elements of cell signaling they can influence,
but the details of their actual role in normal physiology in wildtype animals remain less clear.
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3.1 AMPK
AMP-activated protein kinase (AMPK) is involved in the adaptive response to energy deficit.
Activation of AMPK induces PGC-1α, resulting in increase mitochondrial biogenesis and
increased activity of mitochondrial enzymes in skeletal muscle in response to exercise [49,
50]. A comparison of young (3 mo.) and old (28 mo.) rats reveals that this metabolic response
to AMPK activation becomes blunted with age [51]. AMPK is involved in PGC-1α
autoregulation; direct phosphorylation by AMPK promotes PGC-1α dependent induction at
the PGC-1α promoter [52]. PGC-1α is also induced in response to cold in skeletal muscle and
a feed forward activation of AMPK occurs [53]. In addition to activating PGC-1α, AMPK also
inhibits mTOR [54], a nutrient activated factor that regulates PGC-1α gene expression [36].
This dual arrangement allows for a PGC-1α response to energy deficit and to increased nutrient
availability (Figure 3A).

3.2 mTOR
Target of rapamycin (TOR) is a nutrient sensing kinase that promotes cell growth in conditions
of nutrient abundance [55]. Mitochondrial oxygen consumption and oxidative capacity is
positively influenced by mTOR in mammalian cells [56]. Inhibition of TOR extends lifespan
in yeast, worms and flies but it is not clear if simply reducing mTOR signaling will achieve a
similar effect in mammalian systems [16]. Mice treated with rapamycin develop symptoms of
diabetes [36] and CR increases mTOR signaling in adipose tissue [57]. In mammalian cells,
PGC-1α gene transcription is regulated by mTOR through interaction of PGC-1α with
transcription factor YY1 and mTOR1 complex I [36]. The ability of cells to respond to changes
in nutritional status through TOR is highly conserved and the role of this nutrient senstive
kinase in regulating mitochondrial function is likely to be important in the aging process
[58].

3.3 SIRT1
Activity of PGC-1α is regulated through inhibitory acetylation by GCN5 [59] and stimulatory
deacetlyation by SIRT1 [60-62]. SIRT1 is a member of the Sirtuin family that has been
implicated in longevity in yeast, worms and flies [63]. PGC-1α is regulated by cellular
localization and in response to oxidative stress, accumulates in the nucleus in a SIRT1
dependent manner [32]. Deacetylation of PGC-1α is required to sequester it in the nucleus and
this cellular redistribution is prevented by nicotinamide, a potent SIRT1 inhibitor [64]. Sirtuins
have been implicated in the mechanism of lifespan extension by CR [65] and SIRT1 is regulated
by CR in mice in a tissue specific manner [66].

3.4 AKT
The serine threonine kinase AKT is a key component of the insulin signaling pathway whose
downstream targets include regulators of metabolism, the stress response and apoptosis [67].
AKT is a negative regulator of PGC-1α (Figure 3B). AKT phosphorylates and inhibits
PGC-1α in response to insulin in liver [68] and activation of AKT causes a reduction in
PGC-1α levels in heart [69]. AKT positively regulates mTOR (activator of PGC-1α) by direct
inhibition of the inhibitory complex TSC1/2 and by inhibition of the mTOR inhibitors AMPK
(activator of PGC-1α) and GSK3b (regulator of PGC-1α turnover) [67,70]. Clearly there
remains much to be discovered about how these signaling molecules coordinately respond to
cell stimuli and, importantly, to aging.

3.5 GSK3β
The nutrient sensitive kinase GSK3β (Glycogen synthase kinase 3 beta) targets PGC-1α for
nuclear proteasomal degradation [32], regulating PGC-1α turnover and thereby mitochondrial
function (Figure 3C). A role for GSK3β in CR is suggested as inhibitory of GSK3β
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phosphorylation is detected along with increased PGC-1α protein levels in adipose tissue
[32]. Regulation of PGC-1α turnover by GSK3β is also a component of the oxidative stress
response in cultured cells and in vivo. GSK3β is downstream of the insulin and the Wnt
signaling pathways both of which have been negatively associated with longevity [71,72].
GSK3β has been linked to the pathogenesis of Alzheimer's disease [73], although it's role in
PGC-1α regulation has not been explored in this context.

4. Regulation of PGC-1α activity
Increasing evidence suggests that modifications can result in distinct effects on PGC-1α
activity in a manner that is a) stimulus dependent and b) tissue dependent. For example, the
mitogen activated kinase p38 has been reported to increase PGC-1α activity upon stress in
cardiac myocytes [74], in response to cytokines in myotubes [34] and is required for activation
of PGC-1α through calcium calmodulin signaling pathway [75] or in response to trophic factors
at the neuromuscular junction [76]. Phosphorylation of PGC-1α by p38 prevents interaction
with p160 repressor [77,78] and increases protein stability [34]. In contrast, a p38-dependent
reduction in transcript levels of PGC-1α is observed in myotubes treated with the saturated
fatty acid palmitate [79]. The activation of PGC-1α is not likely to be an isolated event in
normal physiology. The interplay between PGC-1α and other factors downstream of a given
stimulus is expected to be complex. It would appear that factors like PGC-1α are regulated as
part of a coordinate response that is influenced by combinations of stimuli.

Tissue specificity of the role of PGC-1α is a further consideration in assessing the impact of
PGC-1α manipulation. The metabolic shifts that occur in response to fasting highlight the non-
equivalence of PGC-1α function in distinct tissues. In liver PGC-1α is upregulated by fasting
and induces a shift in metabolism toward increased glucose output [80]. The liver fasting
response involves activation of PGC-1α by SIRT1 dependent deacytylation [61]. Fasting also
causes SIRT1 dependent activation of PGC-1α in skeletal muscle but the consequence is the
induction of mitochondrial fatty acid oxidation [62]. The role of PGC-1α in insulin resistance
is also tissue specific. In the pancreas, PGC-1α is elevated in mouse models of obesity and
overexpression of PGC-1α in wildtype mice reproduces the defect in glucose regulatored
insulin secretion [81]. PGC-1α regulates expression of UCP2 (uncoupling protein 2), a negative
regulator of insulin secretion [43]. Interestingly, SIRT1 represses UCP2 expression in pancreas
[82] indicating that SIRT1 inhibits rather than activates PGC-1α in this tissue. In cultured islets,
PGC-1α expression is increased by elevated fatty acids and decreased by elevated glucose
[83], presumably impacting the requisite changes in UCP2 to reduce or increase insulin
secretion. PGC-1α levels are decreased and expression of PGC-1α target genes is coordinately
down-regulated in skeletal muscle in human diabetics [84,85]. Skeletal muscle specific
knockout of PGC-1α in mice causes reduced insulin tolerance and there are overt defects in
pancreatic islet morphology indicting that metabolic deficiency in muscle impacts pancreatic
function [86]. Heterozygotes display increased levels of pro-inflammatory cytokines IL-6 and
TNFα in skeletal muscle, and the inverse relationship between PGC-1α levels and expression
of IL-6 and TNFα is also observed in glucose intolerant humans [86]. In contrast to skeletal
muscle, PGC-1α is elevated in liver in mouse models of diabetes and regulates the expression
of TRB3, an inhibitor of insulin-dependent AKT activation [87,88]. Metabolic derangements
in the diabetic heart are consistent with chronic activation of PPARα/PGC-1α [89,90], a
phenotype reminiscent of that observed with cardiac specific overexpression of PGC-1α [91].

The pleiotropic phenotypes of the knock out mice point to an integrative role for PGC-1α across
tissues that is particularly important in the adaptive response [24,25]. The loss of PGC-1α was
characterized in two independent studies involving animals ∼3-4 months or younger. Not
surprisingly, the thermogenic response and the response to exercise are defective in knock outs
and both mouse models display abnormalities in the central nervous system. Unexpectedly,
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loss of PGC-1α affords protection against diet-induced insulin resistance [24] and obesity
[25]. It is possible that a compensatory mechanism regulating this response is in place. The
total lack of PGC-1α necessitates that functions normally provided by PGC-1α be supplied by
alternate means.

5. Tissue specific aging and the influence of PGC-1α
The effect of age is often most overt in post-mitotic tissues. Although few studies have directly
measured changes in PGC-1α function and activity with age, there are an abundance studies
that provide indirect evidence in support of a role for PGC-1α in aging and in anti-aging.

5.1. Skeletal muscle
Aging causes a gradual loss of muscle mass that is characterized by fiber shrinkage and fiber
loss [92]. With age the girth of limb muscles shrink considerably and contain significantly
more fat and connective tissue. The fibers that make up skeletal muscle are heterogenous and
differ mechanically and metabolically [93]. Type II glycolytic fibers are most vulnerable to
the effects of age in contrast to the more resilient Type I oxidative fibers.

In skeletal muscle, PGC-1α expression is activated by CaMKIV resulting in increased and
augmented mitochondrial content and activity [27,94]. Activation of PGC-1α triggers an
autoregulatory mechanism where PGC-1α coactivates muscle specific transcription factor
MEF2 to drive expression from its own promoter [38]. PGC1-α is involved in fiber type
switching, shifting fiber type distribution toward Type I oxidative fibers [39]. There is a rapid
induction of PGC-1α in response to exercise in rats [95] and may be regulated through β-
adrenergic receptor signaling [96]. PGC-1α increases are fiber type specific [46] and may
contribute to the changes in fiber type distribution as a result of endurance training. PGC-1α
overexpression ameliorates defects in β-oxidation caused by high lipid load in myocytes [97].
Similarly, overexpression of PPARδ in skeletal muscle in mice induces a switch to Type I fiber
and not only improves running endurance, but also protects against obesity [98].

Despite its many beneficial effects, exercise is not thought to slow the primary causes of aging
and has no impact on maximum lifespan in rodents [99]. Although the role of PGC-1α in
primary muscle aging is not clear, the decline in mitochondrial function is well documented.
Activation of PGC-1α prevents the onset of myopathy and extends lifespan in a mouse model
of mitochondrial myopathy [100], suggesting that increase in PGC-1α can partially compensate
for pervasive mitochondrial defects. Another mouse model of myopathy involves tissue-
specific deletion of the COX10 gene through the use of the Cre-LoxP system. In this mouse
model, Cre recombination occurs over time in the muscle nuclei, leading to a partial and
segmental COX deficiency [101]. This pattern is more similar to that observed in disorders
associated with mtDNA deletions, and also in natural aging. The induction of mitochondrial
biogenesis through transgenic expression of PGC-1α in skeletal muscle, or by administration
of bezafibrate, a PPAR agonist that induces PGC-1α in multiple tissues, led to enhanced
OXPHOS capacity, delayed onset of myopathy and markedly prolonged lifespan [100].

The contribution of defects in skeletal muscle metabolism to aging-associated insulin resistance
implicates diminished PGC-1α activity in onset of morbidity. Mitochondrial dysfunction has
been implicated in Type 2 diabetes and may be a contributing factor to reduced insulin
sensitivity and defects in pancreatic insulin secretion: both critical factors in the pathogenesis
of the disease [102]. Mitochondrial activity is reduced in skeletal muscle from insulin resistant
individuals and fiber type composition is altered as reflected in a reduced proportion of Type
I oxidative fibers [103]. Transcriptional analysis reveals that expression of PGC-1α target genes
is coordinately down-regulated in human diabetics [84,85] and PGC-1α genetic
polymorphisms have been linked to Type II Diabetes [104,105]. PGC-1α levels are reduced in

Anderson and Prolla Page 5

Biochim Biophys Acta. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



genetic and dietary induced rodent obesity models [79]. Treatments that successfully treat
diabetes also increase PGC-1α expression [106] and muscular oxidative capacity [107].

5.2. Heart
The major source of energy in the adult heart is derived from fatty acid oxidation [108]. In old
age, a shift away from lipid metabolism toward carbohydrate metabolism is suggested by
changes in gene transcript abundance. Genes involved in lipid transport, lipolysis and fatty
acid oxidation are down-regulated and genes involved in carbohydrate metabolism are induced
[4]. These metabolic alterations are also observed in pathological hypertrophy, where loss of
PPARα/PGC-1α activity is associated with mitochondrial insufficiency in fatty acid oxidation
[109]. CR opposes the age-induced metabolic shift in heart and furthermore, induces the
expression of genes involved in mitochondrial electron transport system. [4]. Deregulation of
mitochondrial energy metabolism is a shared phenotype of aging and heart disease and
implementation of CR anti-aging regimen targets this same process.

PGC-1α is required for maintenance of cardiac mitochondrial function and is regulated by
MEF2 and HDAC5 [110]. Normal growth in response to development or exercise is associated
with increased PGC-1α activity [111]; however, inappropriate increase in PGC-1α activity
through overexpression causes uncontrolled mitochondrial proliferation that results in
cardiomyopathy [91]. Indeed, diabetic cardiac myopathy is associated with derangements in
myocardial energy metabolism and chronic activation of fatty acid metabolism [90]. In
contrast, reduced activity of PGC-1α is associated with pathological forms of cardiac
hypertrophy [109]. Deregulation of PGC-1α has clear adverse effects in heart, consistent with
a critical role for maintenance of cardiac mitochondrial function in heart health.

Further insight into the effect of mitochondrial dysfunction in heart is revealed in mutant and
knockout studies. Activation of PPARα and γ reduces blood pressure and cardiac hypertrophy
in spontaneously hypertensive heart failure rats [112]. Furthermore, cardiac specific knockout
of PPARα causes deficiencies in mitochondrial β-oxidation, leading to eventual myocardial
damage and fibrosis [113]. Mitochondrial regulation may also be important in the adaptive
response, communicating metabolic status to the nucleus. PPARα ligand dependent
transcriptional activity and co-activation by PGC-1α is activated in heart by stress including
ischemia, and hypoxia [74] suggesting that PGC-1α is part of a proactive response to cardiac
tissue damage. Progressive myocardial disease due to cardiac specific knockout of Tfam,
causes a shift in metabolism away from fatty acid metabolism toward glucose concomitant
with progression of cardiac mitochondrial dysfunction [114]. Deregulation of mitochondrial
energy metabolism is a central feature of cardiac disease indicating that the balance of
PGC-1α function is of utmost importance in cardiac biology.

5.3. Adipose
Increasingly evident that adipose tissue, far from being an inert storage depot for unused fat,
acts as an endocrine organ and is involved in organismal metabolic homeostasis [115,116].
Adipogenic signaling influences energy balance and inflammation [117] and adipose derived
factors are likely to be key components in metabolic disorders linked to obesity [11,12]. Aging
is associated with adverse alterations in body fat distribution resulting in a higher ratio of
visceral to subcutaneous fat, and is associated with deregulated adipose function [118-120].

CR has a dramatic effect on adipose tissue adiposity, morphology and metabolism and the
expression of pro-inflammatory genes is reduced [121,122]. PGC-1α protein levels are
increased in adipose from CR animals, and gene targets of PGC-1α are increased. CR induces
inhibitory phosphoryation of GSK3β, the regulator of PGC-1α stability, and an increase in
levels of PGC-1α activator, SIRT1, in adipose tissue [32]. The metabolic shifts caused by in
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CR are consistent with the activation of the PGC-1α regulated pathways, including the
increased expression of the β3 adrenergic receptor (β3AR) and UCP3. In white adipose tissue,
activation of the βARs leads to mobilization of fat stores and regulates the release of several
adipokines [123].

The increase in PGC-1α may be critical in the activation of adipose tissue by CR.
Overexpression of PGC-1α increases the expression of ETS components and FAO enzymes
in human adipocytes and transcription profiling indicates a metabolic activation of the fat cells
[124]. In contrast, expression of PGC-1α is reduced in adipose tissue from insulin-resistant
[125] and morbidly obese [126] individuals. Fat accumulation correlates with systemic
oxidative stress humans, and in cultured cells oxidative stress causes deregulated secretion of
adipokines [127]. Adipogenic capacity is important in preventing lipid accumulation outside
of fat depots and declines with age. CR partially attenuates the age effect and is associated with
increased levels of PPARγ and adiponectin [128]. Increased adiponectin stimulates
mitochondrial metabolism in skeletal muscle through AMPK [129] providing a link between
adipose tissue function and skeletal muscle metabolism presumably through PGC-1α.

A high fat diet causes down-regulation of genes involved in oxidative phosphorylation in
skeletal muscle from humans and levels of PGC-1α transcript are modestly reduced within
days [130]. A similar decease in PGC-1α is observed following infusion of a triglyceride
emulsion to increase serum levels of free fatty acids [131]. PGC-1α levels are dramatically
reduced in skeletal muscle in genetic and sustained diet induced mouse models of obesity
[79]. A separate study demonstrated increases in PGC-1α upon introduction of a high fat diet
in rats [132]. A key difference between these two studies was the source of the high fat in the
diet, where PGC-1α was increased, fat was provided in the form of flax seed and olive oil and
where PGC-1α was decreased milk fat was the primary fat source. These data support the
concept that PGC-1α activity may be sensitive to aging-associated changes in serum
triglycerides.

5.4. Nervous system
Abnormalities in mitochondrial function are associated with neurodegenerative disorders
including Parkinson's disease [133], Alzheimer's disease [134] and Huntington's disease
[135]. The coincidence of mitochondrial dysfunction in these distinct neurodegenerative
disorders [136] suggests that mitochondrial efficiency is important in maintaining neural
function and plasticity [137]. Progressive neurodegeneration is observed in mice with mosaic
respiratory chain deficiency in the cerebral cortex, not only in the affected neurons but also in
neighboring cells affected in trans [138]. In wildtype mice brain mitochondrial function
declines with age [139] and although increased oxidative stress is observed, it is unclear
whether increased oxidative damage is causal or symptomatic in aging-associated behavioral
deficits. Absence of functional peroxisomes in oligodendrocytes causes axonal degeneration
and neuroinflammation [140], lending support for a metabolic influence on maintenance of
neural function.

Defects in mitochondrial energy metabolism have been implicated in the pathogenesis of
Huntington's disease [141]. Levels of PGC-1α are reduced in brain from Huntington's disease
patients due to repression of PGC-1α gene expression by mutant huntingtin. Expression of
PGC-1α partially reverses the toxic effects and provides neuroprotection in the HD mutant
mouse. In a spontaneous mutant of the Wallerian axonal degeneration mouse model with
delayed axonal degeneration, improved outcome has been linked to SIRT1 [142], a known
activator of PGC-1α [60,61]. In the peripheral nervous system, PGC-1α has been shown to
regulate gene expression at the neuromuscular junction and influences expression of
acetylcholine receptors in muscle fibers [76]. In addition to regulating mitochondrial
energetics, PGC-1α induces the expression of many ROS-detoxifying enzymes, including
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GPx1 and SOD2. Increase in PGC-1α levels protects neural cells in culture from oxidative-
stressor mediated cell death [40].

6. Pharmacological anti-aging strategies: resveratrol
Targeting PGC-1α activity may be a fruitful approach to delay the aging process. Differences
in tissue specific roles of PGC-1α and the cross-talk between factors that regulate PGC-1α pose
a challenge for design of an agent can actually produce the desired effect. One promising
candidate is resveratrol, a plant polyphenol commonly found in red wine that extends lifespan
in yeast, worms and flies [143,144]. Resveratrol treatment activates SIRT1, PGC-1α and
AMPK [29,145-148] and inhibits AKT [149] (Figure 4). The effect of resveratrol on
downstream effectors is dose dependent. High doses of resveratrol feeding reduce the adverse
effects of feeding a high-fat diet to mice [150]. Mice receiving resveratrol in diets (22 or 186
mg/Kg) have increased survival and reduced liver damage. Because mice on the high (50%)
fat diet have a dramatically reduced average lifespan, the effects of resveratrol likely represents
prevention of fat-induced pathology. Several parameters in resveratrol-treated mice are
consistent with metabolic activation, including increased mitochondria number, activation of
AMPK and PGC-1α deacetylation [145,150]. Since many of the beneficial effects of resveratrol
are similar to those that would be expected from a calorie-restricted diet [151], these studies
support the concept that activation of PGC-1α may be one of the central mechanisms of action
of CR. Feeding of a much lower dose of resveratrol (4.9 mg/Kg) also results in health benefits,
including prevention of age-related cardiac dysfunction [152]. Gene expression profiling
showed significant overlap between CR-treated and resveratrol-treated mice. Measurement of
levels of transcriptional targets of PGC-1α, including PDK4, NRF1, UCP3 and Tfam revealed
that PDK4 was induced in CR muscle, heart and brain, and strong induction of UCP3 was
observed in CR heart and muscle. Surprisingly, the only PGC-1α target induced by low dose
resveratrol was PDK4 in skeletal muscle. These findings suggest that although CR clearly
induces PGC-1α or its targets in multiple tissues, resveratrol is not likely to induce PGC-1α
activity at low doses [152].

An alternate approach to induce PGC-1α in tissues may be through the use of fibrates. In a
mouse model of myopathy, the induction of mitochondrial biogenesis through transgenic
expression of PGC-1α in skeletal muscle, or by administration of bezafibrate, a PPAR agonist
that induces PGC-1α in skeletal muscle and heart [153], led to enhanced OXPHOS capacity,
delayed onset of myopathy and markedly prolonged lifespan [100]. If PGC-1α overexpression
can markedly improve such overt phenotypes, it seems likely that its modulation may be
beneficial in the context of age-related mitochondrial dysfunction.

Conclusion
The quest for new and effective means to delay aging and the onset of aging-associated disease
has never looked better. Mechanistic insights in the aging process are being gleaned at an
overwhelming rate through studies in cells in culture and in short-lived non-mammalian and
mammalian species. The impact of mitochondrial dysfunction is pervasive and as described
here likely extends to multiple aspects of normal physiology of aging. We propose that
PGC-1α is a very good candidate target to correct or compensate for age-induced changes in
mitochondrial function. Extension of these extremely promising mechanistic studies to
primates should reveal factors that may be unique to aging in a long-lived species.
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Figure 1. The role of mitochondrial metabolism in aging and disease
The loss of mitochondrial efficiency and energetic capacity is a unifying feature in the onset
of morbidities due to dietary, genetic or aging influences. A causal role in the aging process is
suggested and enabled through the complex interplay among distinct tissues in response to
metabolic defects. In contrast, altered mitochondrial metabolism is a conserved feature of
caloric restriction, the most robust intervention that delays aging in numerous species.
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Figure 2. Mitochondrial regulation through PGC-1α in response to diverse stimuli
Mitochondrial metabolism can be regulated rapidly through changes in PGC-1α transcriptional
activity. The wide range of stimuli that impact PGC-1α speaks to a central role for
mitochondrial adaptation in the cellular response. Loss of mitochondrial plasticity and the
ability to respond appropriately to changes in the cellular environment may contribute to
metabolic derangements associated with the aging process.
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Figure 3. PGC-1α is regulated through post-translational modification
These highly simplified illustrations are intended to convey conceptually how the metabolic
impact of any given stimulus can be tailored through alterations in PGC-1α localization,
binding partners and gene target specificity. A. Mitochondrial adaptation in response to
changes in nutrient availability is achieved through a balance of factors that regulate
PGC-1α levels and activity. It is likely that PGC-1α function is not equivalent in each response
due to simultaneous regulation of PGC-1α binding partners. B. Tissue specificity plays an
important role in the response of PGC-1α to the fed or fasted state. The appropriate response
to fasting requires increased glucose output from liver and reduced glucose utilization in
skeletal muscle, both of which involve PGC-1α. The use of the same regulator in each tissue
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ensures a coordinated response. C. PGC-1α localization and stability is regulated in response
to stress. Transient activation of mitochondrial metabolism is an early event in the stress
response. PGC-1α accumulates in the nucleus and is degraded following transcriptional
activation. A strategy of altering PGC-1α protein turnover provides a sensitive and rapid
mechanism for regulation of mitochondrial metabolism.
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Figure 4. Activation of PGC-1α by resveratrol
Increased PGC-1α activity is accomplished through regulation of a combination of factors
involved in modulating PGC-1α. The positive effect of resveratrol on SIRT1 and AMPK,
activators of PGC-1α, is augmented by the negative effect on AKT inhibitor of PGC-1α.
Resveratrol treatment has been shown to improve parameters of aging at low doses in mice
(see text) although its impact on aging in primates is not known.

Anderson and Prolla Page 21

Biochim Biophys Acta. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


