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Abstract
Skeletal muscle adapts to physiological demands by altering a number of programs of gene
expression, including those driving mitochondrial biogenesis, angiogenesis, and fiber composition.
Recently, the PGC-1 transcriptional coactivators have emerged as key players in the regulation of
these adaptations. Many signaling cascades important in muscle physiology impinge directly on
PGC-1 expression or activity. In turn, the PGC-1s powerfully activate many of the programs of
muscle adaptation. These findings have implications for our understanding of muscle responses to
physiological conditions like exercise, as well as in pathological conditions such as cachexia,
dystrophy, and peripheral vascular disease.

Introduction
Muscle converts chemical energy into physical work. The tasks demanded of muscle vary
widely, ranging from rapid lifting of heavy weights to pumping blood without fault for decades.
Moreover, these tasks change over time. To accommodate these changing conditions, muscle
is both diverse in composition and highly plastic: the makeup and function of muscle can adapt
to external factors like activity or hormonal exposure. This is true in both health and disease.
Endurance exercise, for example, renders muscle more oxidative and resistant to fatigue.
Conversely, disuse and systemic catabolic diseases lead to atrophy, with profound loss of
muscle function. Understanding the molecular pathways underlying this plasticity is therefore
of great interest.

Changes in metabolic programs are at the core of muscle plasticity. Great inroads have been
made over the past decade into understanding the molecular pathways that drive these changes.
The PGC-1 transcriptional co-activators, in particular, have emerged as an area of great interest
in muscle bioenergetics because these proteins are dominant regulators of oxidative
metabolism in many tissues. PGC-1α and β powerfully regulate broad and comprehensive
genetic programs, including the activation of fatty acid oxidation, oxidative phosphorylation,
and numerous attendant activities needed to maintain functional mitochondria. This review
will focus on the role of PGC-1 coactivators in muscle metabolism and plasticity.
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Muscle Composition
Skeletal muscle gains much of its heterogeneity during development. Muscle is composed of
thousands of fibers, each of which is a syncitium of hundreds of cells stretching from one
tendon to another. The tasks faced by groups of fibers or muscles ranges from continuous, low-
level activities such as gravitational tasks (maintenance of posture) to sudden bursts of intense
activity. To achieve such varied functions, fibers with different bioenergetic and biophysical
properties exist [1,2].

There are four predominant types of fibers in adult mouse skeletal muscle: I, IIA, IIX, and IIB,
named after the myosin heavy chain (MHC) that is primarily expressed. Myosin ATPases drive
the kinetics of the actin/myosin cycling machinery; along with ancillary sarcomeric proteins
and sarcolemnal proteins that regulate Ca++ handling, MHCs thus dictate the biophysical
properties of a fiber. MHC type IIB fibers, historically called “fast glycolytic” (FG) fibers,
have a rapid and powerful stroke amenable to rapid bursts of activity. This comes at the expense
of high ATP requirements, and large and fast fluxes of Ca++. MHC type I fibers, historically
“slow oxidative” (SO) fibers, on the other hand, have a slower contraction/relaxation profile
that is more energetically efficient. Type I fibers are also rich in mitochondrial networks, and
favor fatty acid oxidation, a far more efficient source of ATP than anaerobic glycolysis. Type
IIA and IIX fibers, historically “fast oxidative/glycolytic” (FOG) fibers, have intermediate
biophysical properties but tend to also be oxidative and rich in mitochondria.

Muscles containing significant type I, IIA, and IIX fibers can thus maintain a steady supply of
ATP, preserve glycogen stores, and resist fatigue. These muscles, such as the soleus and deep
gastrocnemius, are useful for constant but low-power tasks such as locomotion. Conversely,
type IIB-rich muscles like the superficial quadriceps tire more easily but provide fast and
powerful force, useful for sporadic bursts of intense work. In certain organisms, fiber types
segregate between muscles. In fowl, for example, oxidative fibers are found almost exclusively
in the hindlimbs, where high concentrations of myoglobin and cytochromes render these fibers
red (or brown when cooked, hence “dark meat”). In land-dwelling mammals, deeper portions
of muscles tend to be richer in oxidative fibers, consistent with their role in ambulation.

Muscle Plasticity
Even though the baseline fiber type composition of muscle is largely determined during
development, adult muscle retains the capacity for substantial plasticity [1,2]. Physical activity,
or lack thereof, have particularly profound effects. Endurance training induces expansion of
the mitochondrial compartment, significant angiogenesis, and a fast-to-slow fiber type switch.
This leads to improved endurance performance and resistance to fatigue, to the benefit of, for
example, marathon runners. Resistance training, on the other hand, induces significant muscle
hypertrophy, a slow-to-fast fiber transformation, and a switch to the use of glycolysis as the
favored source of energy. These effects reproduce across vast swaths of phylogeny, though the
extent of plasticity varies significantly, dependent on species and exercise program.

A series of elegant, and now classic, experiments demonstrated that nerve input is the primary
determinant of fiber-type conversions [3]. When the motor nerves innervating fast-twitch and
slow-twitch fibers are crossed, the phenotypes of the fibers are reversed within a few weeks
(including fiber composition and mitochondrial content). Similarly, tonic low-frequency
electrical pacing of fast-twitch nerves triggers a fast-to-slow transition. Thus, the amplitude
and frequency of electrical stimulation is a primary determinant of fiber identity. Various other
signals are superimposed, most notably thyroid hormone activity.

Disease can also have profound effects on skeletal muscle. Pathological muscle atrophy, or
cachexia, often accompanies chronic diseases, such renal failure and heart failure [4]. Disuse,
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as seen in prolonged bedrest, and age-related sarcopenia, reduce both muscle mass and function
[5]. The loss of muscle innervation, such as occurs in ALS also induces serious atrophy. These
atrophy programs do not simply reverse the hypertrophy program; specific proteases and
enzymes that target proteins to proteosomal degradation are activated by atrophic signals[6].
Interestingly, different fiber types display varying sensitivities to atrophy; oxidative fibers, for
example, resist atrophy in the face of denervation.

Alterations in skeletal muscle can, in turn, affect the development and progression of disease.
The presence of cachexia in chronic diseases like heart failure is invariably an ominous
prognostic factor [4]. Both the consequent frailty and changes in systemic metabolism likely
contribute to poor outcomes. Muscle is also the primary depot for glucose clearance from the
blood, and insulin resistance in skeletal muscle is a primary cause of Type II Diabetes Mellitus.
Endurance training, and the associated changes in musculature, protects against cardiovascular
disease, Type II Diabetes, and a number of other diseases. Indeed, physical activity is a major
predictor of health[7]. The interaction between muscle plasticity and these diseases remains
poorly understood. However, significant progress has been made over the past decade in
uncovering the molecular mechanisms that regulate muscle plasticity. The PGC-1 coactivators
appear to be key players in this process.

The PGC-1 coactivators
Coactivators are proteins that dock on transcription factors and alter chromatin structure and
the transcription machinery to stimulate gene expression. Most transcription factors likely bind
to one or more coactivators to initiate transcription. Recently, coactivators have emerged as
potent regulatory targets of physiological stimuli and hormones [8]. PGC-1α is the best-studied
example of such a regulated coactivators [9]. PGC-1α was first identified as a cold-inducible
PPAR-γ binding protein in brown fat. Since then, it has become apparent that PGC-1α can bind
to, and coactivate, most members of the nuclear receptor family, as well as many other
transcription factors. It is likely that PGC-1α gains much of its specificity by coactivating
different transcription factors in different contexts.

PGC-1α activates transcription by recruiting several proteins that have histone
acetyltransferase activity, including CBP, p300, and SRC-1 [10], as well as the Mediator
Protein Complex, which is thought to recruit RNA polymerase II [11]. In addition, PGC-1α
contains an RNA-binding motif, RRM, and has been implicated in processing many mRNA's
whose transcription it initiates [12]. The activity of PGC-1α can be modulated by numerous
post-translational events, including phosphorylation by the p38 MAPK and AMPK [13-16],
acetylation by the longevity gene SIRT1 [17,18], and methylation[19]. PGC-1α has two
structural homologues, PGC-1β and the more distant PGC-1 Related Coactivator (PRC), which
were both originally identified by sequence homology to PGC-1α, and which have been less
extensively studied.

PGC-1s and oxidative metabolism
The PGC-1 coactivators have a variety of biological activities in different tissues, including
muscle, and most of these activities are linked to oxidative metabolism. Both PGC-1α and β
are expressed at high levels in oxidative tissues such as the heart, brain, kidney, and muscle
[20,21]. When expressed ectopically, PGC-1α and β induce mitochondrial biogenesis and
increase cellular respiration in cell culture. PGC-1α -/- and PGC-1β -/- animals have abnormal
skeletal and cardiac energetics [22,23] [24-26] and PGC-1α -/- mice develop accelerated heart
failure when stressed [27]. When transgenically expressed in skeletal muscle, both PGC-1α
and PGC-1β induce marked mitochondrial biogenesis [28-30]. The intense induction of
oxygen-containing cytochromes and myoglobin renders normally white muscle throughout the
transgenic mice now red. The transgenic muscles have increased oxidative capacity[30] and
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resistance to fatigue[28], and the transgenic mice have improved aerobic work performance
[29,31].

How the PGC-1s activate mitochondrial biogenesis has been studied in some detail (reviewed
in [9]). The PGC-1s activate nuclear-encoded genes involved in mitochondrial biogenesis by
coactivating at least three transcription factors, NRF-1 and 2 and ERRα. These factors interact
with and activate regulatory regions in many mitochondrial genes encoded in the nucleus.
Genes of fatty acid oxidation, a largely mitochondrial process, are regulated by coactivation
of the nuclear receptor PPARα. PGC-1α also activates the expression of Tfam and factors B1
and B2 [9,32]; these factors are key regulators of proliferation and transcription of the
mitochondrial genome. Thus the PGC-1 coactivators orchestrate the activation of hundreds of
genes encoded by the nucleus, as well as the proliferation and transcription of the mitochondrial
genome, all of which is critical for the generation of these complex organelles. Genetic studies
in mice have shown that various tissues lacking either PGC-1α or β have significant defects in
mitochondria, but the animals still have functional mitochondria [23-26,33]. Deletion of both
PGC-1s, tested thus far only in the context of brown fat cells, leads to near complete loss of
mitochondria [34].

PGC-1s and fiber types
In most of their tissue-specific roles, the PGC-1 coactivators increase a core program of
mitochondrial biogenesis and respiration, as well as ancillary programs that go along with
increased respiration in each tissue [9]. The expression of PGC-1α in white fat cells, for
example, also gives them many of the properties of brown fat cells, including increased
mitochondrial biogenesis and expression of UCP-1. In the liver, fasting induces PGC-1α,
leading to gluconeogenesis and β-oxidation of fatty acids. Similarly, not only do the PGC-1s
activate the mitochondrial program in skeletal muscle, but genes encoding myofibrillar proteins
characteristic of oxidative fibers are also induced. Mice transgenically expressing PGC-1α
increase the proportion of fibers expressing MHC I and IIA [28], while interestingly, mice
expressing PGC-1β almost uniformly switch to oxidative IIX fibers [29]. The PGC-1
coactivators thus drive a complex phenotypic switch, including a core program of
mitochondrial biogenesis and an ancillary program of myofibrillar content (and angiogenesis,
see below).

Precisely which transcription factors mediate the activation of specific fiber-type genes by the
PGC-1s remains incompletely understood. The MEF2 family of transcription factors has been
implicated in fiber-type determination and is activated by exercise [35]. In cell culture
experiments, PGC-1α coactivates MEF2's to induce type I fiber genes like troponin I slow and
myoglobin [28]. However, PGC-1β is an equally robust inducer of MEF2 in these assays, yet
PGC-1β has very different effects on fiber composition in vivo [29]. Clearly, other factors must
exist to confer specificity on these programs. One possible candidate is PPARβ, a lipid-
sensitive nuclear receptor. Muscle-specific ablation of PPARβ causes a slow-to-fast fiber
switch, and muscle-specific overexpression of PPARβ has the converse effect [36-38]. The
effect of PGC-1s and PPARβ together on fiber-specific promoters, however, has not been
evaluated.

It is important to highlight that the PGC-1s are probably not the only determinants of fiber type
identity. Animals lacking PGC-1α specifically in skeletal muscle have reductions in type I and
IIa fibers, but they retain a fair number of these fibers [39]. Interestingly, animals lacking
PGC-1α throughout the body have normal amounts of type I and IIA fibers [23], underscoring
the existence of PGC-1α-independent compensatory mechansims. The fiber content of animals
lacking PGC-1β (or lacking both α and β) has not been reported.
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PGC-1α and exercise
Endurance training induces mitochondrial biogenesis and a fast-to-slow fiber type switch in
skeletal muscle. Both PGC-1α and β are more highly expressed in oxidative fibers [28,29], and
PGC-1α is preferentially expressed in type I and IIA-rich muscle beds like the soleus or deep
gastrocnemius [28]. PGC-1α expression in human and rodent skeletal muscle is strongly
induced by exercise (e.g., [40-42]), while PGC-1β expression appears unaffected. These
observations, combined with the powerful ability of PGC-1α to induce mitochondrial
biogenesis and fiber type switching, have led to the notion that PGC-1α mediates many of the
genomic effects of exercise.

If so, what are the upstream signals? A number of signaling pathways activated during exercise
can impinge on PGC-1α. Muscle contraction generates powerful Ca++ fluxes. The amplitude
and frequency of these fluxes activates various signaling pathways, including those regulated
by the calcineurin phosphatase and the calmodulin-modulated kinase, both of which can affect
PGC-1α expression and activity [43]. Calcineurin, in particular, is activated by low-amplitude
low-frequency Ca++ transients typical of locomotion or endurance training. Transgenic
expression of calcineurin in skeletal muscle induces a fast-to-slow fiber switch [44,45].
Conversely, mice in which calcineurin isoforms have been deleted, as well as animals or
isolated muscles treated with a calcineurin inhibitor, reveal either a loss of slow fibers or a
block in activity-dependent fast-to-slow fiber switch [46-48]. It is therefore likely that
calcineurin's effect on gene expression occurs in large part through PGC-1α. This may in part
occur through activation of the MEF2 transcription factors, known targets of Ca++ signaling.
Exercise induces MEF2 activity [35], and induction of the PGC-1α promoter by contraction
requires intact MEF2 binding sites[49].

Exercise also affects levels of high-energy phosphates like ATP and ADP, leading to the
activation of the AMP-sensitive AMP Kinase (AMPK) [50]. Recently, AMPK has been
implicated in fiber transformations and mitochondrial biogenesis induced by exercise and other
stimuli [51-55]. At least some of the genomic effects of AMPK in skeletal muscle occur through
PGC-1α [14], suggesting that PGC-1α may transduce exercise-induced AMPK signals. The
adrenergic system, via cyclic AMP and other second messengers, also probably contributes to
exercise-mediated skeletal muscle plasticity. β-adrenergic stimulation potently induces
PGC-1α expression in skeletal muscle, and β-adrenergic antagonists partially block the
induction of PGC-1α by exercise [56].

The p38 MAPK has also been shown to be activated by exercise and likely contributes to the
acute induction of PGC-1α expression [57]. In addition, p38 MAPK directly phosphorylates
PGC-1α in cell culture, leading to both stabilization of PGC-1α protein and dissociation from
the p160myb repressor [13,16], though whether this occurs in skeletal muscle in response to
exercise remains to be shown. The production of reactive oxygen species (ROS) also increases
during exercise, and ROS can induce PGC-1α [58], suggesting that ROS may also contribute
to the induction of PGC-1α by exercise[59]. Finally, hypoxia has long been presumed to be a
stimulus for genetic change during intermittent but sufficiently extreme exercise, and
PGC-1α is inducible by hypoxia in skeletal muscle cells [60]. The effects of all these pathways
on PGC-1β have not been studied extensively.

PGC-1α thus appears to represent an important nexus for translating extracellular information
into changes in gene expression. It seems highly likely that at least some of these pathways
impinge on the expression or function of PGC-1α (or PGC-1β) during exercise, contributing
in turn to ensuing phenotypic changes, including mitochondrial biogenesis, fiber type
switching, and angiogenesis (see below). Formally demonstrating this idea will require the use
of mice lacking PGC-1α. PGC-1α -/- mice are hyperactive and lean, and thus difficult to study
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without numerous confounding issues [33]. Mice lacking PGC-1α specifically in skeletal
muscle have moderately decreased performance capacity at baseline [39], but the effects of
endurance training in these mice have not been reported. Mice lacking both PGC-1α and
PGC-1β, if viable, will also be of great interest.

PGC-1α and angiogenesis
Peripheral vascular disease is a leading cause of morbidity and the most common cause of limb
amputation in the industrialized world. Chronic ischemia can have profound effects on muscle
makeup. Since oxidative phosphorylation is by far the most efficient way to produce ATP, the
robust output of ATP in muscle vitally depends on the efficient delivery of both oxygen and
nutrients. Angiogenesis is therefore a critical homeostatic response to chronic ischemia.
Angiogenesis is a complex process whereby new blood vessels are formed from preexisting
vessels [61,62]; it differs from vasculogenesis, the de novo formation of vessels during
embryogenesis. The process is in large part coordinated by soluble factors emanating from
tissues in need of neovascularization. VEGF, the best studied of these factors, is a powerful
activator of endothelial proliferation, permeability, and migration, and is critical for almost all
forms of neovascularization [63]. The angiogenic response to ischemia, however, is frequently
insufficient, and great efforts are therefore underway to find ways to stimulate angiogenesis in
ischemic tissue.

What gene regulatory events orchestrate angiogenesis has been the subject of intense study for
decades. The best understood process is that involving the transcription factor Hypoxia
Inducible Factor-1α (HIF-1α). In the presence of oxygen, HIF-α is inhibited by hydroxylation
and targeted for degradation in the presence of oxygen [64,65]. Low oxygen halts these
processes, and the stabilized HIF-1α heterodimerizes with the ubiquitous HIF-1β to activate a
number of genes involved in the hypoxic response. Among these are VEGF and other soluble
factors that coordinate a strong angiogenic response to hypoxia.

Recently, PGC-1α has emerged as an important and novel inducer of angiogenesis in skeletal
muscle[60,66]. PGC-1α strongly induces expression of VEGF, and other angiogenic factors
like PDGFB and angiopoietin 2, in cultured muscle cells and skeletal muscle in vivo.
Transgenic expression of PGC-1α in skeletal muscle dramatically increases capillary density.
Furthermore, PGC-1α is induced by lack of nutrients and oxygen, and the full induction of
VEGF under these conditions requires PGC-1α. This suggested that PGC-1α may play a role
in the angiogenic response to ischemia. Indeed, PGC-1α -/- mice show a striking failure to
normally reconstitute blood flow to the limb after an ischemic insult. Conversely, PGC-1α
transgenesis accelerates the recovery of blood flow during limb ischemia. These findings
strongly implicate PGC-1α in the regulation of angiogenesis in muscle in response to ischemia.
Surprisingly, the mechanism by which PGC-1α induces VEGF does not appear to involve the
canonical HIF pathway. Instead, PGC-1α coactivates the orphan nuclear receptor ERRα on
both the promoter and a newly-identified enhancer in the first intron of the VEGF gene[60].
Thus, PGC-1α and ERRα control a novel, HIF-independent angiogenic pathway that delivers
needed oxygen and substrates in the face of ischemia.

It is likely that PGC-1α also plays a role in angiogenesis under physiologic conditions, in
addition to pathologic ischemia. Microvascular density, maximum blood flow, and oxidative
capacity are remarkably coupled in skeletal muscle under normal circumstances. Oxidative
muscles contain rich capillary networks, and more capillaries abut oxidative than glycolytic
fibers. In fact, the ratio of capillary surface area to that of the inner mitochondrial membrane
in any given fiber appears to be tightly maintained at about 1:200 [67]. It is presumed that this
tight coupling reflects the increased need for oxygen delivery to mitochondria, and the reduced
effective diffusion distance created by the presence of metabolically active mitochondria. To
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maintain this tight relationship, endurance exercise triggers angiogenesis in skeletal muscle to
match the mitochondrial biogenesis [67]. Similarly, chronic electrical stimulation of fast-twitch
muscles at a frequency naturally occurring in slow-twitch muscles dramatically increases
capillary density, along with increasing oxidative capacity. Few data exist to address the
molecular mechanisms underlying this process. As already stated, PGC-1α expression is
strongly induced by exercise in rodents and humans, and PGC-1α is a powerful inducer of both
mitochondrial biogenesis and angiogenesis in skeletal muscle[30,60]. It seems likely,
therefore, that PGC-1α plays a key role in both exercise-induced angiogenesis and
mitochondrial proliferation, thereby tightly coordinating the delivery of oxygen and nutrients
with their consumption by mitochondria. This remains to be proven.

PGC-1α and disease
The large mass of proteins that make up the myofibrillar apparatus of skeletal muscle is a
critical reservoir for amino acids in the body. This reservoir can be tapped for energy needs in
times of want, such as prolonged food deprivation, or in various pathologic conditions, such
as cancer, sepsis, and renal and heart failure. Whereas protein breakdown is normal in response
to prolonged fasting, wasting and cachexia associated with chronic disease can be debilitating.
Indeed, skeletal muscle wasting is a poor prognostic factor in many chronic diseases like cancer
and heart failure. Breakdown of the myofibrillar proteins is initiated, at least in part, by a set
of E3-ubiquitin ligases, including Murf1 and Atrogin-1/MAFbx, which target proteins for
degradation by the proteosome [6]. Expression of these ligases is strongly induced under
various catabolic conditions, both physiologic and pathologic, by the translocation of the
transcription factor FoxO3 to the nucleus, where it activates the Murf1 and Atrogin-1 genes.
Anabolic signals, such as insulin or Insulin Growth Factor, antagonize this process.

It has long been known that different muscle fibers have different sensitivities to catabolic
signals. Glycolytic fibers, for example, atrophy faster during fasting or sepsis than do oxidative
fibers [68,69]. Conversely, physical activity is one of the most effective ways to prevent loss
of muscle mass in pathologic catabolism. Catabolic states like cancer, sepsis, and renal failure,
strongly suppress PGC-1α expression in skeletal muscle in vivo [70,71], while exercise
increases PGC-1α levels. These observations suggested that PGC-1α may protect against
atrophy. Denervation of the mouse hindlimb leads to marked atrophy, modeling the wasting
seen in human motor neuron diseases like ALS. Transgenic expression of PGC-1α in skeletal
muscle completely blocked this atrophic response [71]. Similarly, atrophy can be induced by
direct gene delivery of constitutively active FoxO3 into skeletal muscle, thereby inducing
Murf1 and Atrogin-1. Again, co-delivery of PGC-1α completely blocked atrophy in this setting
[71].

PGC-1α may also protect against drug-induced myopathy. Statins are widely used for the
treatment of elevated cholesterol, and muscle breakdown is their most significant, and
sometimes deadly, side effect. Treating cells or animals with statins induces the atrophic
program, including expression of Atrogin-1 [72]. Strikingly, increased expression of
PGC-1α powerfully blocked the induction of Atrogin-1 and the ensuing muscle damage in this
setting as well [72]. Thus, PGC-1α appears to have powerful anti-atrophic functions.

How PGC-1α expression is regulated in catabolic states, and how PGC-1α protects against
atrophy, remain unclear. PGC-1α, normally a potent coactivator of transcription, is in this case
efficiently suppressing the activity of FoxO3 on the Murf1 and Atrogin-1 genes. The presence
of excess PGC-1α reduces the FoxO3 occupancy on the Atrogin-1 promoter[71], suggesting
that PGC-1α is not acting as a direct inhibitor of transcription. Innervation is a powerful
anabolic signal, and PGC-1α induces components of the neuromuscular junction (NMJ) [73].
PGC-1α may therefore in part block catabolic signals indirectly by increasing anabolic
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signaling from the NMJ. In addition, the mitochondrial biogenesis induced by PGC-1α may
account for part of the protection by improving Ca++ handling and/or cellular energetics.

PGC-1α also confers protection against muscular dystrophy. Duchenne's muscular dystrophy
(DMD) is a universally fatal disease caused by mutations in the gene dystrophin. The absence
of dystrophin leads to skeletal and cardiac muscle degeneration, and invariably death by young
adulthood. Mice deficient in the dystrophin gene (mdx mice) recapitulate many of the attributes
of DMD. Strikingly, transgenic expression of PGC-1α in mdx mice markedly improves muscle
degeneration and improves muscle function[73]. Again, how PGC-1α protects against
dystrophy is not clear. Some mechanisms likely overlap with the anti-atrophic program.
PGC-1α also induces utrophin, a dystrophin homolog that can compensate for the absence of
dystrophin [73,74].

Skeletal muscle is the primary site of glucose uptake in response to insulin, and muscle
resistance to the actions of insulin is a major causative factor in type II diabetes. The role of
the PGC-1s in insulin resistance appears complex. PGC-1α induces GLUT4, the dominant
glucose transporter in skeletal muscle [75]. Gene expression of both PGC-1s, as well as the
entire program of oxidative phosphorylation, is coordinately repressed in skeletal muscle of
patients with type II diabetes [76,77]. Strikingly, this is true even of unaffected family
members, suggesting an early, possibly causal relationship. On the other hand, mice
transgenically expressing PGC-1α in skeletal muscle are not sensitized to insulin signaling
[31], and mice lacking PGC-1α in skeletal muscle are not resistant to insulin action [33,78].
The role of PGC-1α in muscle insulin resistance thus remains equivocal. Interestingly, the
absence of PGC-1α in skeletal muscle does lead to pancreatic β-cell dysfunction and low insulin
levels [78]. This implies the existence of important, PGC-1α-dependent, cross-talk between
muscle and β-cells. How this occurs is not clear, though the presence of low-grade
inflammation in mice lacking PGC-1α in skeletal muscle may account for some of the effect
[78].

Future directions
Many unanswered questions clearly require attention. Though many pathways can impinge on
PGC-1α expression or activity, which of these operate in skeletal muscle in response to external
cues is still unclear. For example, how deprivation of oxygen and nutrients induces PGC-1α,
and precisely what pathways induce PGC-1α during exercise, remains only partly understood.
How the PGC-1s integrate these multiple incoming signals is also in need of further study. For
example, lack of oxygen/nutrients somehow induces PGC-1α to activate its angiogenic
program, but not that of mitochondrial biogenesis. Post-translational modifications of the
PGC-1s are likely to play an important role. The presumed role of PGC-1α in endurance
training-induced angiogenesis, mitochondrial biogenesis, and fiber type conversion, also
awaits formal confirmation. Finally, the effects wrought by PGC-1α on muscle appear to have
important effects on distant tissues; what these effects are, and how the organ cross-talk occurs,
is only beginning to be examined. A possible anti-inflammatory role of the PGC-1s is
particularly enticing [78].

Despite these many unanswered questions, what is clear is the powerful ability of PGC-1α and
β to re-program numerous aspects of skeletal muscle. The improvements in exercise
performance, induction of angiogenesis, and protection against atrophy and dystrophy are
particularly noteworthy. The ability of the PGC-1s to orchestrate large programs of gene
expression makes them appealing nodal points for pharmaceutical intervention. For example,
human clinical trials that use VEGF for the treatment of chronic limb ischemia have yielded
disappointing result [62,79,80], likely in part because VEGF alone cannot generate fully
functional vessels. PGC-1α, on the other hand, appears to activate a complete and well-
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orchestrated angiogenic program, including the induction of VEGF as well as a number of
other angiogenic factors like angiopoietin 2 and PDGFB[60]. Thus, independent of their precise
role in physiological muscle plasticity, drugs that induce one or both PGC-1s could improve
many muscular diseases, ranging from peripheral vascular disease to Duchenne's muscular
dystrophy. Efforts to look for such drugs are underway [81].
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Highlighted publications
* Wende etal [30]: The authors generated a double transgenic mouse that induces PGC-1α
expression in skeletal muscle in response to removal of doxycycline from the chow. They
demonstrate that transient induction of PGC-1α in adult skeletal muscle induces mitochondrial
biogenesis, respiration, fatty acid oxidation, and glycogen sparing.

** Hanai etal [72]: The authors show that statins, drugs widely used for the treatment of
hypercholesterolemia, induce Atrogin-1 and atrophy in skeletal muscle cells in vitro and in
zebrafish muscle in vivo. Ectopic expression of PGC-1α in cells or animals blocked both
atrophy and the induction of Atrogin-1, demonstrating that PGC-1α can protect against statin-
induced myopathy.

** Handschin etal [78]: Deletion of PGC-1α strictly in skeletal muscle led to hypophagia,
hypermetabolism, resistance to weight gain induced by high fat diet, and impaired pancreatic
β-cells. These observations demonstrate the existence of important PGC-1α-dependent cross-
talk between skeletal muscle and other organs, most notably the endocrine pancreas.

** Arany etal [60]: This manuscript demonstrates that PGC-1α is a powerful inducer of
angiogenesis in skeletal muscle, likely in large part by direct induction of VEGF and other
angiogenic factors. Moreover, PGC-1α is induced by nutrient/oxygen deprivation, and
PGC-1α -/- mice have a slowed recovery of blood flow after ischemic injury to the limb,
indicating that PGC-1α plays an important role in angiogenesis in vivo.

** Sandri etal [71]: The authors show that transgenic expression of PGC-1α in skeletal muscle
protects against atrophy caused by muscle denervation. Similarly, expression of PGC-1α by
transient transfection of intact skeletal muscle protects against the induction of Atrogin-1 and
the atrophy induced by ectopic expression of FOXO3. Thus, PGC-1α appears to have potent
anti-atrophic activities.

** Handschin etal [73]: PGC-1α induces the expression of numerous genes encoding
components of the neuromuscular junction, likely in large part by coactivating the transcription
factor GA-Binding Protein. In addition, transgenic expression of PGC-1α in skeletal muscle
ameliorates the muscle degeneration observed in mdx mice, a model of Duchenne's muscular
dystrophy. These observations demonstrate that PGC-1α has anti-dystrophy properties.

* Gerhadt-Hines etal [17]: Continuing work previously done in hepatocytes, the authors
demonstrate that PGC-1α in skeletal muscle is directly deacetylated, and activated, by the Sirt1
histone deacetylase. This may provide an important link between metabolic regulation in
skeletal muscle and aging-related pathologies.

* Uldry etal [34]: The reduction of both PGC-1α and PGC-1β in brown fat cells in culture led
to profoundly reduced mitochondrial content and activity. This provided the only evidence to
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date that the PGC-1s are not only powerful activators of mitochondrial biology, but in fact
appear necessary for normal mitochondrial function.

* Akimoto etal [49]: Cell culture models of skeletal muscle are severely limited, lacking
innervation, 3-dimensional organization, complete differentiation, and many other attributes
of normal skeletal muscle. The authors develop imaging techniques for visualizing activity
from the PGC-1α promoter in skeletal muscle in live mice and in real-time. This approach is
likely to lead to interesting insights into the regulation of PGC-1α expression in skeletal muscle.

* Jager etal [14]: The AMP Kinase responds to increases in AMP by activating programs that
favor the generation of ATP. The authors show AMPK directly phosphorylates PGC-1α, and
that activation of a number of genes by AMPK requires PGC-1α. Hence AMPK, a central
metabolic sensor, transduces some signaling to the genome via PGC-1α.

* Miura etal [56]: The authors show that β-adrenergic agonists are powerful inducers of
PGC-1α expression in skeletal muscle. Moreover, the induction of PGC-1α by exercise is
partially dependent of β-adrenergic signaling.
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Figure 1.
Schematic of the role of PGC-1α in muscle plasticity. Physiological cues (top) are transduced
via key signaling cascades and impinge on the expression of PGC-1α mRNA and the function
of PGC-1α protein. In turn, PGC-1α interacts with, and coactivates, a number of transcription
factors (examples of which are shown in red), leading to the activation of a number of broad
genetic programs (bottom).
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