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Abstract

Skeletal muscle is the largest organ in the body and contributes to innumerable aspects of
organismal biology. Muscle dysfunction engenders numerous diseases, including diabetes,
cachexia, and sarcopenia. At the same time, skeletal muscle is also the main engine of exercise,
one of the most efficacious interventions for prevention and treatment of a wide variety of
diseases. The transcriptional coactivator PGC-1a has emerged as a key driver of metabolic
programming in skeletal muscle, both in health and disease. We review here the many aspects of
PGC-1a function in skeletal muscle, with a focus on recent developments.
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Introduction

PGC-1a was originally identified as a PPARy-binding protein in a search for factors that
differentiate brown fat from white fat [1]. Its over-expression conferred on white fat some of
the characteristics of brown fat, including mitochondrial biogenesis and thermogenic
uncoupling [1, 2]. Since then, it has become apparent that PGC-1a binds to, and coactivates
many transcription factors in addition to PPARY, including most nuclear receptors[3].
Binding to each transcription factor allows PGC-1a to activate individual programs
controlled by that factor. For example, activation of PPARa generally leads to induction of
genes (e.g. CD36, CPT1) involved in fatty acid import and p-oxidation[4, 5]. PGC-1a has
different roles in different tissues, but in nearly every context PGC-1a powerfully drives the
transcriptional program of mitochondrial biogenesis [2, 6, 7]. To do so, PGC-1a coactivates
NRF1, NRF2 (a tetrameric factor composed of GABPA and GABPB), and ERRa to induce
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hundreds of nuclear-encoded genes of mitochondrial biology and simultaneously coordinate
the induction of mitochondrial replication and transcription of the mitochondrial genome.
Recent work has shown that binding of PGC-1a to ERRSs likely stabilizes both the ligand-
binding domain of ERRs and the activation domain of PGC-1a [8, 9].

In keeping with its powerful role in cellular metabolism, PGC-1a is heavily regulated both
transcriptionally and post-transcriptionally, including direct phosphorylation by p38 MAPK,
AMPK, PKA, GSK3B, and AKT, acetylation/deacetylation by GCN5/SIRT1 respectively,
methylation by PRMT1, glycosylation by the transferase OGT, ubiquitination by SCFCdc4
and others (reviewed in [7]). PGC-1a protein is also intrinsically disordered, rendering it
susceptible to proteosomal degradation, with a half-life on the order of 20 minutes.
Interestingly, recent work shows that this degradation is inhibited by NQOL1 in an NADH-
dependent manner, thus providing another regulatory link between redox sensing and
PGC-1a [10]. PGC-1p was identified by virtue of its primary homology to PGC-1a (40% of
the N-terminal activation domain and 48% of the C-terminal RNA-binding domain [11, 12])
and has many of the same properties as PGC-1a, including the powerful activation of
mitochondrial programs, but PGC-1f has been less extensively studied [11-13].

PGC-1a and B are strongly expressed in skeletal muscle, in particular in “red” oxidative
muscle. Multiple signals enhance PGC-1a expression in muscle, most notably exercise [14—
16] and B-adrenergic signaling[17, 18]. PGC-1p expression appears generally less strongly
regulated[19]. Transgenic forced expression of PGC-1a or §§ in murine skeletal muscle
drives mitochondrial biogenesis [20, 21] and engenders mice with increased capacity for
endurance exercise [21, 22]. The PGC-1a transgenic mice are protected from denervation
atrophy [23], muscle dystrophy [24], aging-associated sarcopenia [25], and other diseases.
The PGC-1s, and PGC-1a in particular, have thus received great attention in the context of
muscle health and disease. Recent developments in these many studies are outlined below.

Splice variants of mouse PGC-la

Various isoforms of PGC-1a have been identified since 2008, and have engendered some
confusion. The nomenclature for these isoforms is not yet standardized. Figure 1
summarizes the isoforms with the nomenclature used in each study. The full length PGC-1a
was first identified in 1998 by Puigserver et al (called PGC-1)[1], which was then changed
to PGC-1a with the discovery of family member PGC-1f [11, 12]. The full length PGC-1a
has since been called PGC-1al [17, 26] or PGC-1a-a [18] to distinguish from other
isoforms.

Isoforms of mouse PGC-1a were identified when an alternative promoter was found by two
different groups [17, 27]. Transcription from the alternative promoter generates mRNAs that
start at two different sites, and that include an alternative exon 1 (Exon 1’) which replaces
the canonical exon 1 via alternative splicing. The two new splice variants thus encode
different amino acids on the N-terminus (Figure 1), identified as PGC-1a2 and PGC-1a3 by
Chinsomboon et al[17], and PGC-1a-b and PGC-1a-c by Miura et al[18, 128]. Splice
variants from the alternative promoter are highly expressed in heart, BAT, skeletal muscle
and stomach, but not liver[17, 18, 128].
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PGC-1a expression is strongly induced by exercise in human and rodent skeletal muscle
[14-16]. Recent work has shown that this induction is nearly entirely mediated by dramatic
activation of the alternative promoter, with little to no activation of the canonical promoter
[17, 18, 128]. p-adrenergic stimulation likely contributes significantly to this induction,
activating cAMP signaling and recruitment of the CREB transcription factor to a canonical
CRE in the alternative promoter [17].

Characterization of muscle-specific transgenic PGC-1a-b mice revealed that this isoform
alone was enough to induce mitochondrial biogenesis, expression of fatty acid transporters,
and angiogenesis in muscle [28] . The transgenic mice also displayed increased exercise
capacity. Interestingly, despite the use of full length PGC-1a-b cDNA to generate the mice,
Tadaishi et al observed increased intensity of multiple different bands on a Western Blot,
using an antibody directed to the C-terminus of PGC-1a [28]. This suggests either
degradation of the transgene-encoded protein, or more intriguingly, post-translational
processes to PGC-1a-b protein.

In 2009, Zhang et al described a 270 amino acid isoform of PGC-1a that lacks amino acid
268-797, and which they named NT-PGC-1a[29]. This isoform results from an alternative
splicing event at the exon 7 boundary that leads to an in-frame stop codon shortly into exon
7. NT-PGC-1a is found primarily in brown fat and muscle. In brown fat, NT-PGC-1a
behaves much like FL-PGC-1a; expression is increased by fasting or cold exposure, and the
isoform binds to both PPARy and PPARa, leading to the induction of UCP1[29]. However,
unlike full length PGC-1a, which is exclusively nuclear, NT-PGC-1a is mostly cytoplasmic.
PKA activation increases nuclear localization of NT-PGC-1a, both in BAT and in muscle
[29, 30]. Nuclear exclusion of NT-PGC-1a occurs via interaction with the nuclear exportin
CRM1, and phosphorylation of NT-PGC-1a by PKA prevents binding to CRM1 [31].

Ruas et al recently described three new isoforms of PGC-1a (figure 2), named PGC-1a2,
PGC-1a3, and PGC-1a4 [26]. PGC-1a4 is transcribed from the alternative promoter, but
has the same splice variant at exon 7 as NT-PGC-1a [26]. Zhang et al did not describe the
N-terminus of NT-PGC-1a [29]. It is thus possible that NT-PGC-1a is the same as
PGC-1a-4. Ydfors et al, however, very recently used isoform-specific RT-PCR primers to
show that both NT-PGC-1a and PGC-1a4 isoforms are expressed in muscle, and both are
induced by exercise [32], suggesting that both forms of PGC-1a exists. PGC-1a4 induces
myocyte hypertrophy, a function not described for PGC-1a1[26]. PGC-1a4 in muscle
activates Akt and induces the expression of IGF1,a well known inducer of cell growth and
proliferation. On the other hand, PGC-1a4 does not induce mitochondrial biogenesis,
indicating that the function of this protein is distinct from PGC-1a1[26].

Two other isoforms were described by Ruas et al, PGC-1a2 and PGC-1a3[26]. These
isoforms differ from the earlier described PGC-1a2/PGC-1a3 in Chinsomboon et al (Figure
2)[17]. The Ruas isoforms are transcribed from the alternative promoter, but are much
shorter, containing only exon 1°,2, 3, 7 and 8, with possible splice variants of exon 3, 7 and
8 compared to PGC-1al. Resulting proteins are 379 amino acids and 370 amino acids in
length respectively. The sequence and size of the previously described PGC-1a2/PGC-1a-b
and PGC-1a3/PGC-1a-c (as shown in Fig 1) were confirmed by sequencing of cDNA [28,
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33], and Western blotting [17], respectively, indicating that the shorter Ruas isoforms are
different from the earlier Miura/Chinsomboon isoforms. Their specific function remains
unclear.

In sum, some uncertainties remain over which isoforms are expressed in skeletal muscle,
and in response to which stimuli. Working out these details will likely be important, for
example for interpreting results from experiments using genetically modified animals. Two
murine floxed alleles of PGC-1a have been generated. The first deletes exons 3—4, and thus
likely affects all of the isoforms described above [34]. The second leaves exons 1-5 intact,
thus likely leaving NT-PGC-1a intact [35]. This difference may in part explain the less
pronounced phenotype observed in the latter mice [36-38].

Muscle PGC-1a and diabetes

Skeletal muscle is the main site of glucose disposal after glucose ingestion. Insulin
resistance in skeletal muscle is thus the main driver of post-prandial hyperglycemia.
Mitochondrial dysfunction and insufficiency has long been noted in muscle biopsies from
diabetic patients[39, 40]. Consistent with this observation, PGC-1a and § are mildly
repressed in diabetic muscle, as is the PGC-1-dependent mitochondrial program in general
[41-43]. These observations have led to the hypothesis that PGC-1 dysfunction, and thus
mitochondrial insufficiency, may contribute to insulin resistance in skeletal muscle. Genetic
models with PGC-1a have challenged this notion, however. Deletion of PGC-1a
specifically in skeletal muscle has little effect on systemic glucose handling and insulin
sensitivity [44], and deletion of PGC-1p specifically in skeletal muscle in the context of a
whole-body PGC-1a hypomorphic allele (see above) similarly reveals few changes in
glucose handling, despite profound defects in mitochondrial function [38]. Conversely,
overexpression of PGC-1a in skeletal muscle increases insulin resistance in response to a
high fat diet, likely as a result of increasing fatty acid influx in excess to its consumption in
myocytes [44]. Interestingly, exercising these same PGC-1a-overexpressing mice not only
rescues the insulin resistance, but in fact renders the mice more insulin sensitive than
similarly exercised wildtype controls [45]. PGC-1a overexpression in muscle thus enhances
the insulin-sensitizing effects of exercise, though how this occurs is not clear. Genotype-
environment interactions thus remain incompletely understood, and whether PGC-1
insufficiency ultimately contributes to insulin resistance in muscle remains similarly unclear.

PGC-1a affects glycogen and lipid levels in the muscle

Exercise increases metabolic demand in the muscle. Induction of PGC-1a likely helps to
meet this increased demand. PGC-1a fulfills this in a number of ways, such as increasing
mitochondrial biogenesis, thus increasing the capacity for generation of ATP, or increasing
angiogenesis, thus providing more nutrients to the muscle. Another mechanism is the effect
of PGC-1a on fuel intake and storage in the muscle. For example, increased PGC-1a
expression in the muscle increases glucose uptake, likely via increase in GLUT4 expression
[36, 46]. Peak induction of PGC-1a occurs post-exercise, which has suggested a role in
replenishment of glycogen stores depleted during exercise. In support of this hypothesis,
transgenic increase in PGC-1a expression in adult skeletal muscle dramatically increases
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glycogen synthesis and storage, and inhibits breakdown of glycogen[36]. Conversely,
PGC-1a KO mice have reduced basal glycogen storage, delayed replenishment of glycogen
stores after exercise, and therefore reduced exercise capacity due to insufficient glycogen
available during exercise[36].

More recent work has also revealed that PGC-1a also increases lipogenesis in skeletal
muscle. The role of PGC-1a in increasing catabolism of lipids in muscle is well established
[47-49]. Espinoza et al showed in myocyte cell culture that PGC-1a as well as PGC-1f not
only increased catabolism, but also increased anabolism of lipids, including intracellular
fatty acids and ceramides [50]. Later studies showed that this was also true in transgenic
animals [51]. Fatty acid synthase, FATP4 and de novo lipogenesis was increased in muscle
specific PGC-1a transgenics. Higher FAS and lipid levels were also observed in the muscle
of athletes after exercise. Overall, these effects on homeostasis strongly support the post-
exercise role of PGC-1a in replenishing and increasing the amount of energy stores
available for a subsequent exercise session [36, 47]. Interestingly, in the absence of exercise,
inappropriately high PGC-1a and thus rate of glycogen and fat anabolism might lead to
metabolic imbalance, including diabetes, as discussed above.

PGC-1a, exercise and aging

Aging is associated with progressive decline in the physiological functions of different
organs, eventually leading to organ failure and death. Many have hypothesized that aging is
in part caused by progressive mitochondrial dysfunction. Aged animals bear accumulated
mitochondrial DNA damage, more enlarged or ‘giant’ mitochondria, a decrease in
respiratory capacity, an increase in ROS production, a decrease in autophagy of damaged
mitochondria, increased opening of the permeability transition pore, and other abnormalities
[52-55]. These damages can lead to decreased ATP supply, increased damage to other
organelles and mutation of nuclear DNA, as well as increased apoptosis. Mice with
accelerated rates of mitochondrial DNA mutation (mtDNA mutator mice), have decreased
mitochondrial function, and show accelerated aging, decreased mobility and decreased life
span. [56].

Exercise reverses at least some aspects of aging. Recent findings in the mtDNA mutator
mice support this hypothesis[57]. Sustained (5 months) endurance exercise in these mice
improved mobility in the mice, and increased mitochondrial biogenesis, not only in the
skeletal muscle, but also in other organs including the lung and the heart. The morphology
of mitochondria also improved markedly. Overall, exercise decreased age-related
degeneration of multiple different systems, and life-span increased[57]. This suggests that
exercise not only reverses sarcopenia, but also has systemic benefits.

The activity of PGC-1a and PGC-1 in different tissues has been shown to decrease with
age [58-61], and could be a contributing factor for mitochondrial dysfunction and
development of sarcopenia. Conversely, as noted above, PGC-1a expression increases in
muscle with exercise, and may thus confer some of the benefits of exercise in aging.
Transgenic increase in PGC-1a expression in the muscle strikingly protects against
development of sarcopenia in old (22 month old) mice, with increased respiration in
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individual mitochondria and in the muscle, decreased inflammation, improved preservation
of muscular structure and decreased apoptosis [62]. Conversely, exercising mice that
entirely lack PGC-1a failed to protect against age-associated decrease in mitochondrial
function and increases in inflammatory markers in skeletal muscle [63, 64]. On the other
hand, muscle-specific deletion of PGC-1a does not alter the ability of exercise to stimulate
mitochondrial biogenesis in young mice [65], reflecting either a difference between young
and old mice, or a non-muscle effect of total-body deletion of PGC-1a.

In a recent report, specific transgenic expression of PGC-1a in the muscle of mitochondrial
mutator mice increased mitochondrial biogenesis and function in skeletal muscle, as seen
when PGC-1a is expressed in wildtype mice [66]. There were however, no improvements in
the accelerated age-associated defects in bone, body weight, fat percentage, fat content, liver
function or kidney function in these mice. A mild improvement in heart mitochondrial
function and ejection fraction was seen, which may reflect transgene expression of PGC-1a
in the heart [66]. Overall, there thus appeared no evidence of delay or inhibition of systemic
aging, and there was no increase in life span in the mice. The lack of effect of muscle
PGC-1a in this study contrasts with the remarkable effect seen in the previous study (with
natural aging)[62], and may reflect an inability to surmount the more dramatic accelerated
aging of the mutator mouse, and/or that the mutator mouse is an imperfect model for aging
itself. On the other hand, exercise itself almost completely reversed the accelerated aging of
the mutator mouse [57]. Therefore, the benefits of exercise, though perhaps in part
dependent on induction of PGC-1a, extend beyond PGC-1a alone.

PGC-1a and calorie restriction

Caloric restriction (CR) increases life span and decreases aging in a number of different
experimental organisms, although the effect on humans remains uncertain. The effect of CR
on mitochondria has been extensively investigated. CR reduces emission of ROS from
mitochondria in a number of different cell-types including skeletal muscle [67, 68],
increases respiratory capacity of both cells and individual mitochondria [69, 70], increases
mitochondrial coupling[70], decreases mitochondrial DNA damage, and reduces sensitivity
and rate of opening of PTP [71, 72]. Overall, there is a large body of evidence that CR
improves mitochondrial function and reduces mitochondrial dysfunction with age.

Many different studies have shown that PGC-1a is increased with CR. Increase in PGC-1a
was first observed in brain, liver, heart and brown adipose tissue with CR [73]. Baker et al
soon followed showing significant increase in PGC-1a in gastrocnemius of rats after 40%
CR diet beginning at 16 weeks of age[59]. Other studies have shown increased PGC-1a
expressing in cell culture models of CR [74] and in mouse skeletal muscle and visceral
adipose tissue [75]. Generally, there is good evidence that PGC-1a expression is increased
in a number of different organs in different organisms with different CR protocols, although
some controversy remains [76]. The mechanisms by which PGC-1a is induced by CR
remain incompletely understood, but may in part involve the class 111 deacetylases SIRT1
and SIRT3. Expression of Sirtl and 3 decreases with age and increases with caloric
restriction, and both Sirtl and Sirt3 increase PGC-1a biological activity [77, 78]. Sirtl
directly deacetylates PGC-1a [78], and/or acts indirectly by activating AMPK which then
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phosphorylates PGC1-a[77]. The expression of PGC-1a is also regulated by SIRT3 [77],
although the mechanism of this control remains unknown.

Resveratrol, a polyphenol found in red wine, has been shown to have potent antitumor
activity (Jang 1997). In addition, feeding of resveratrol to rodents on a high fat diet has been
shown to prevent obesity, improve metabolic function, reduce inflammation and prevent
diabetes development [79-82]. The gene expression profile of mice on resveratrol resembles
that of mice subjected to caloric restriction, including increased mitochondrial pathways,
which has led to the suggestion that resveratrol can be used as a caloric restriction mimetic
[83]. In 2006, Lagouge et al first reported that resveratrol activates SIRT1, leading to
deacetylation and activation of PGC-1a[79]. Price et al recently expanded on these findings
with transgenic mice [84]. When SIRT1 expression was suppressed in adult inducible SIRT1
knockout mouse, the resveratrol-induced increase in mitochondrial biogenesis and function
was reduced, as was the induction of AMPK activity and increase in NAD+ levels[84],
indicating that SIRT1 can act upstream of AMPK. On the other hand, previous studies have
suggested that the activation of AMPK was upstream of SIRT1, and that activation of
AMPK (by Ca2+ store release from ER) was necessary for SIRT1 activation [85].
Furthermore, AMPK also phosphorylates PGC-1a, which then improves availability of
PGC-1a for SIRT1 deacetylation. It is possible therefore that there is feedback between
SIRT1 and AMPK activation, and both components must be present for resveratrol
induction of mitochondrial biogenesis. Further elucidation will be necessary.

If CR improves mitochondrial function and increases expression of PGC-1a, is there
evidence that PGC-1a induction is important for benefits to mitochondria? In particular is
induction of PGC-1a and subsequent mitochondrial biogenesis in muscle important for anti-
aging effects of CR? Finley et al studied this question using mice with muscle specific
deletions of PGC-1a[44]. They reported that CR-induced increases in oxidative
mitochondrial biogenesis were lost in these animals. However, CR-induced improvements in
whole body metabolic homeostasis were not dependent on muscle PGC-1a[44]. This study
therefore shows that PGC-1a induction may be important for reversal of sarcopenia with
CR, but other mechanisms mediate systemic metabolic benefits of CR. This is in line with
studies that showed that overexpression of PGC-1a by itself is not sufficient to explain
overall systemic benefits of exercise [62, 65]. There is currently no report on the effect of
CR on whole body PGC-1a KO, nor on other tissue-specific PGC-1a deletions. A putative
role of PGC-1a in mediating the benefits of CR, though often assumed to be critical, thus
remains uncertain.

PGC-1la and angiogenesis

PGC-1a in skeletal muscle cells potently drives angiogenesis, i.e. the formation of new
blood vessels, concomitant with mitochondrial biogenesis [86]. PGC-1a thus coordinates
fuel/oxygen consumption in mitochondria with fuel/oxygen delivery via blood vessels.
PGC-1a accomplishes this task by inducing the expression and secretion of VEGF and other
angiogenic factors from myocytes. Interestingly, the induction of VEGF occurs
independently of the hypoxia-inducible factor (HIF) system[86]. Instead, PGC-1a
coactivates ERRa on, for example, an enhancer in the first intron of the VEGF gene[86].
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Exercise is a potent angiogenic stimulus in skeletal muscle, and deletion of PGC-1a in
skeletal muscle of mice abrogates exercise-induced angiogenesis[17, 33]. B-adrenergic
signaling appears to be important for this process by potently inducing specific isoforms of
PGC-1a (see Isoforms section). Exercise thus induces angiogenesis in skeletal muscle via
PGC-1a. PGC-1p also induces angiogenesis, although PGC-18 is not induced by exercise
[87]. Muscle specific expression of the exercise-inducible isoform PGC-1a-b is also
sufficient to induce angiogenesis in the skeletal muscle[28].

The powerful ability of PGC-1a to activate angiogenesis in skeletal muscle raised the
possibility that it may be useful in the treatment of ischemic limb diseases. Implantation of
mesenchymal stem cells is a promising but as yet unused treatment for various ischemic
diseases including PAD. In a recent study, Lu et al showed that increased expression of
PGC-1a in implanted MSCs increased both the engraftment of the cells and the stimulation
of angiogenesis in diabetic hindlimb ischemia [88]. Transgenic expression of PGC-1a in
skeletal myocytes was also beneficial in the hindlimb ischemia model [86], though this
approach is clearly less clinically applicable. These results are promising, but numerous
questions remain, including whether PGC-1a in muscle also regulates arterioles and larger
arteries, and the optimal mode of delivery.

Recent work has implicated PGC-1s in the regulation of angiogenesis in a number of other
organs, including fat [89], retina [90], and heart [91], underscoring the important role of
PGC-1a in vascular homeostasis in the muscle and elsewhere.

Myokines and PGC-1a

The mechanism of how induction of PGC-1a by exercise in skeletal muscle can have
beneficial effects in other organs remains unknown. One possibility is that exercised muscle
releases ‘myokines’, secreted proteins and small molecules that circulate and signal to other
cells or other organs[92, 93]. Evidence for the existence and secretion of cytokines can be
found in experiments with paralyzed muscle. Electrostimulation of muscles in paralyzed
patients was found to induce many of the same factors as exercise in uninjured muscle,
including myostatin, 1L-6,1G-1 FGF-2 and FSTL [94, 95].

In 2012, Bostrom et al reported the finding of a new myokine, irisin, a protein which they
reported to be increased by both forced endurance exercise and in PGC-1a muscle specific
transgenic mice[96]. Irisin is the cleaved product of the membrane protein FNDC5. Increase
in systemic irisin levels decreases high-fat diet-induced obesity, and increases glucose
tolerance in high-fat fed mice. Importantly, irisin induced ‘browning’ of white adipose tissue
through induction of UCP1[96]. Therefore, irisin could be therapeutic in combating obesity
and diabetes. Since then, a number of reports have supported these findings to various
extents. Skeletal muscle FNDCS5 expression and circulating irisin was found to be lower in
obese patients [97], and there was an increase in serum irisin after acute exercise [98].
Furthermore, Roca-Rivada et al (2012) reported that adipose tissue might also secrete irisin
with exercise[99]. Other reports, however, find irisin to be higher in obese (compared to
non-obese) rats, and not associated with improvement in insulin sensitivity[100, 101]. Level
of irisin in active humans also showed no correlation with diabetes status or BMI [102] or
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different forms of exercise[103]. In summary, the precise role of irisin in human exercise
remains incompletely understood. No matter the role in physiology, however, the potential
for irisin as a therapeutic target or agent seems high. It is highly likely that other PGC-1a-
regulated myokines also exist.

PGC-1a and Mitochondrial remodeling

The role of PGC-1a as a regulator of mitochondrial biogenesis, respiration, and antioxidant
defenses, is well studied [2, 104-106]. Post-natal expression of PGC-1a in the muscle of
adult transgenic mice is sufficient to induce robust mitochondrial biogenesis and respiratory
capacity [36]. More recent work has focused on the effect of PGC-1a on changing the role
and composition of existing mitochondria. There is growing consensus that not only
mitochondrial biogenesis, but also mitochondrial adaptation to changing physiological
conditions is modulated by expression of PGC-1a. PGC-1a is now for example known to
regulate mitochondrial fusion and fission [107, 108]. Isolated mitochondria from muscle
specific PGC-1a transgenics (MCK-PGC-1a) also have increased respiration and ROS
production from complex | and 111 [109]. Interestingly, the enhanced respiration requires
fatty acids as substrates (palmitoyl co-A with carnitine) [110], while, conversely,
mitochondria isolated from PGC-1a knock-out mice have decreased respiration capacity
with palmitoyl/carnitine fuel[38]. Multiple reports showed increases in the levels of some
proteins in isolated mitochondria from MCK-PGC-1a muscle (subunit V-a of the ETC[109]
and ANT1[110]), and no change or even decrease in other mitochondrial proteins
(UCP3[110]) compared to WT, again demonstrating mitochondrial remodeling.

The mechanisms of mitochondrial remodeling are under active investigation. One intriguing
hypothesis is that PGC-1a remodels mitochondria by directly controlling transcription of
mitochondrial genes. Aquilano et al reported the presence of PGC-1a and the PGC-1a
activating protein SIRT1 in mitochondria of different cells in vivo and in cell culture[111].
They further showed that PGC-1a and SIRT1can be immuno-precipitated in a protein
complex with Mitochondrial Transcription Factor A (TFAM) in liver purified mitochondria
[111]. This supports the hypothesis that PGC-1a might play a role in transcriptional control
on mitochondrial genes, a surprising notion because the transcriptional apparatus in the
mitochondrion differs extensively from that in the nucleus. Safdar et al advanced this notion
by presenting evidence that acute exercise increases PGC-1a nuclear and mitochondrial
subcellular localization in the skeletal muscle of mice[112]. They further showed that the
complex with TFAM in skeletal muscle is increased with exercise. Future studies focused on
identifying if and how PGC-1a modulates the mitochondrial genome will be of great
interest.

PGC-1a and autophagy

Autophagy is the degradation of cytoplasmic constituents within lysosomes [113]. By
breaking down damaged or unused cytoplasmic materials, autophagy serves to recycle
biological building material and conserve energy in the process of cellular renewal and
homeostasis. The level of basal autophagy in the skeletal muscle has been shown to be
reduced with age [114]. Decreased or inhibition of autophagy can lead to atrophy of skeletal
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muscle and muscle loss [115]. However, basal autophagy levels in the muscle can be
restored by either caloric restriction or CR with exercise [114]. Exercise results in activation
of autophagy and increased autophagy flux in muscle [116]. In order to test if exercise
increase in autophagy plays an important role in the beneficial effects of exercise, two
different groups used different transgenic mice with normal levels of resting/sedentary
autophagy, but with inhibition of exercise induced autophagy[117, 118]. He et al showed
that mice with constitutively active anti-autophagic BCL2 gene had decreased exercise
endurance, abnormal glucose metabolism after exercise, and exercise in these mice failed to
prevent glucose intolerance after high fat feeding [117]. Lira et al, in comparison used the
haplodeficient Atg6+/— mice[118]. Atg6 plays an essential role in autophagosome
formation. They observed that inhibiting the increase in autophagy after exercise abrogates
exercise-induced increases in genes associated with mitochondrial biogenesis. Increase in
capillary density and increase in endurance were also lost in the mutant mice[118]. These
studies directly show that increased autophagy is necessary for some of the beneficial
metabolic effects of exercise. If autophagy plays an important role in exercise muscle
homeostasis, does PGC-1a plays a role in controlling autophagy? Lira et al also observed
that overexpression of PGC-1a skeletal muscle of the mice induced increase in basal
autophagy flux and in some mitophagic proteins including Bnip3[118]. Whether changes in
autophagy are due to direct effects of PGC-1a and/or due to increased mitochondrial
biogenesis is unknown. Further studies using PGC-1a knockout mice to investigate if
PGC-1a is necessary for exercise induced basal autophagy will need to be done.

PGC-1a and inflammation

Aging is accompanied by an increase in persistent, low grade systemic inflammation,
characterized by increased pro-inflammatory cytokines, including IL-1B, IL-6 and TNFa
[119-121]. Increased low-grade inflammation can contribute to specific inflammatory
diseases, including type 2 diabetes with inflammation of white adipose tissue, development
of cardiovascular diseases including arteriosclerosis, and neuroinflammation that contributes
to progression of Parkinson’s disease. Exercise decreases low-grade inflammation, possibly
in part explaining the benefits of exercise on these diseases [64, 122, 123].

Experimental evidence in mice and cells supports the hypothesis that exercise reduction of
inflammation is dependent on PGC-1a expression. Fifteen-month old mice with whole-body
knockout of PGC-1a have elevated plasma TNFa and IL-6 level [64], but surprisingly no
organ specific increase in TNFa either in the adipose, liver or quadriceps. In muscle specific
PGC-1a knockout mice (MKO), Handschin et al also observed increased systemic IL-6,
with increases in mMRNA levels of TNFa, IL-6 and CD68 [124], TNFa expression in muscle
and protein in serum was also shown to be significantly induced with exercise in muscle of
MKO mice compared to WT controls [125].

In cell culture, increased expression of PGC-1a decreased inflammation and expression of
pro-inflammatory cytokines induced by TNF-a, TLR agonists or fatty acids [126]. The
mechanism for this is through decrease in p65 phosphorylation and does not affect NFKB
binding to promoter or NFKB expression levels. Interestingly, in PGC-1a KO mice, the
decrease in TNFa with exercise was abrogated [64]. In a different study, 2-weeks of forced
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exercise on 8 month old diabetic mice was enough to induce increase in mouse heart
expression of PGC-1a mRNA and protein [122], and this corresponded with decreased
inflammation in the heart and decreases in circulating inflammatory cytokines.

In summary PGC-1a in muscle appears to block pro-inflammatory pathways, and this may
in part explain the anti-inflammatory effects of exercise, though mechanistic details remain
to be elucidated.

Conclusions

As outlined above, the PGC-1 coactivators are central to the regulation of metabolism and
ancillary programs in skeletal muscle. Much remains to be understood of the molecular
mechanisms involved. In addition, the therapeutic potential of targeting PGC-1a in muscle
is exciting but remains uncertain and untested. Increasing PGC-1a in muscle to treat
diabetes has been proposed, but as noted above, more recent experimental results may no
longer justify this approach. Induction of PGC-1a and consequent neovascularization is
protective in mouse models of peripheral artery disease , but this has not yet been tested in
larger pre-clinical models. Activation of PGC-1a in muscle also prevents denervation-
induced atrophy [23] and aging-associated sarcopenia [25], but the mechanisms remain
poorly understood, and again the approach has not been tested in larger models. Similarly,
transgenic induction of PGC-1a prolongs the maintenance of muscle function in the SOD1
mouse model of Amyotrophic lateral sclerosis (ALS)[127]. PGC-1a expression in muscle
also partially prevents muscle degeneration in the mdx mouse model of Duchene Muscle
Dystrophy[24], most commonly ascribed to the induction of utrophin as a compensation of
loss of dystrophin, though this mechanism has not been proven.

In summary, preclinical findings in rodents suggest that the induction of PGC-1a (and
perhaps PGC-1p, though it is much less studied) may have significant benefits on a number
of muscle diseases. The challenges ahead will include delineating the mechanisms involved,
determining to what extent metabolic effects of PGC-1a are involved, identifying ways to
induce PGC-1a expression [86] or activate PGC-1a protein, and testing the approaches in
larger animal models. Excitement is high, but the road ahead remains long.
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Figure 1. Regulation and roles of PGC-1a in skeletal muscle
Exercise and calorie restriction induce PGC-1a expression and activation. Induction of

PGC-1a affects multiple pathways and processes in the myocyte, as well as systemic
physiological effects.
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Figure 2. The many isoforms of PGC-1a
A. Schema of PGC-1q alternative and proximal promoter (top) and of the different PGC-1a

isoforms (bottom), along with the names for isoforms used in different publications.
Numbers above the isoform are amino acid sequence compared to PGC-1a1/PGC-1a-a
isoform. Numbers below the isoforms are amino acid sequence not found on PGC-1al/
PGC-1a-a. References are given in parentheses.
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