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Abstract

Although it is well established that physical activity increases mitochondrial content in muscle, the
molecular mechanisms underlying this process have only recently been elucidated. Mitochondrial
dysfunction is an important component of different diseases associated with aging, such as Type 2
diabetes and Alzheimer’s disease. PGC-1a (peroxisome-proliferator-activated receptor y co-
activator-1a) is a co-transcriptional regulation factor that induces mitochondrial biogenesis by
activating different transcription factors, including nuclear respiratory factor 1 and nuclear
respiratory factor 2, which activate mitochondrial transcription factor A. The latter drives
transcription and replication of mitochondrial DNA. PGC-1a itself is regulated by several
different key factors involved in mitochondrial biogenesis, which will be reviewed in this chapter.
Of those, AMPK (AMP-activated protein kinase) is of major importance. AMPK acts as an energy
sensor of the cell and works as a key regulator of mitochondrial biogenesis. AMPK activity has
been shown to decrease with age, which may contribute to decreased mitochondrial biogenesis
and function with aging. Given the potentially important role of mitochondrial dysfunction in the
pathogenesis of numerous diseases and in the process of aging, understanding the molecular
mechanisms regulating mitochondrial biogenesis and function may provide potentially important
novel therapeutic targets.

Introduction

Mitochondrial biogenesis can be defined as the growth and division of pre-existing
mitochondria. Mitochondria are direct descendants of an a-protobacteria endosymbiont that
became established in a host cell. Owing to their bacterial origin, mitochondria have their
own genome and can autoreplicate. Mitochondrial proteins are encoded by the nuclear and
the mitochondrial genomes. The mtDNA (mitochondrial DNA) is a double-stranded circular
molecule of approx. 16.5 kb that contains 37 genes encoding 13 subunits of the electron
transport chain complexes I, 111, IV and V. The only other mitochondrial gene products are
the 22 tRNAs (transfer RNAs) and two rRNAs (ribosomal RNAS) necessary for translation
of the respiratory subunit MRNAS within the mitochondrial matrix. Correct mitochondrial
biogenesis requires the co-ordinated synthesis and import of approx. 1000-1500 proteins
encoded by the nuclear genome and synthesized on cytosolic ribosomes [1]. mtDNA
replication, as well as mitochondrial fusion and fission, which are discussed elsewhere in
this volume, must also be co-ordinated [2]. Mitochondrial biogenesis is influenced by
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environmental stress such as exercise, caloric restriction, low temperature, oxidative stress,
cell division and renewal and differentiation. Mitochondrial biogenesis is accompanied not
only by variations in number, but also in size and mass.

As the majority of proteins are encoded in the nucleus, a mechanism for targeting, import
and correct assembly exists to ensure correct mitochondrial function and shape. mRNAs are
translated in the cytosol after activation of the nuclear genome to precursor proteins. These
precursor proteins are synthesized with an N-terminal positively charged presequence
capable of forming a basic, amphipathic a-helix. They traverse inner and outer
mitochondrial membranes in an unfolded conformation by crossing through protein
translocases. The mitochondrial membrane potential and the action of matrix Hsp70 (heat-
shock protein 70) are used to drive translocation. The presequence is then cleaved by a
matrix protease and, often with the aid of molecular chaperones, the imported protein is
folded. However, a majority of mitochondrial protein precursors use different protein-import
pathways to the other mitochondrial compartments. Precursor proteins that follow these
routes do not typically contain the N-terminal targeting signals, but harbour targeting
information within their mature sequence. Currently, four major membrane protein
translocase complexes are known. The TOM (translocase of the outer membrane) is the
universal entry gate for all proteins that are imported into mitochondria. The different
protein pathways then diverge at this point. TIM (translocase of the inner membrane) sorts
matrix-targeted precursors. The PAM (presequence translocase-associated motor) regulates
matrix Hsp70 action to drive precursors into the matrix. Finally, the outer membrane SAM
(sorting and assembly machinery) inserts B-barrel proteins into the outer membrane. All of
these processes are an integral part of mitochondrial biogenesis.

Mitochondrial biogenesis and endurance exercise

It is well established that physical activity increases mitochondrial content. The first
observations to establish this association were done by comparing the mitochondrial content
in different muscle groups in animals. For example, it has been found that the breast muscle
of chickens, which fly infrequently, contain less mitochondria than the breast muscle of
pigeons, which are able to fly for long periods [3]. Other studies demonstrated that
continuously working muscles, such as the heart, had more mitochondrial activity and
content than sporadically functioning muscles, such as back muscles [3]. These early studies
in animals suggested that muscles involved in regular and sustained physical activity can
increase their mitochondrial activity and content to achieve their goals. In one of those, 6-
week-old rats subjected to exercise 5 days per week for 3 months showed an increase in
skeletal muscle cytochrome c concentration, as well as increased activities of key
mitochondrial enzymes and OXPHOS (oxidative phosphorylation) [4]. Further studies
established the same observations in humans [5, 6]. Another study compared exercise-
trained individuals, elite distance runners and sedentary individuals and found a much
greater percentage of oxidative, slow-twitch skeletal muscle fibres and more succinate
dehydrogenase activity in runners than in sedentary controls [7]. However, despite the well-
recognized link between mitochondrial biogenesis and stimuli such as endurance exercise,
the factors regulating mitochondrial biogenesis have remained elusive, until recently.

Factors regulating mitochondrial biogenesis

Transcription cascade of mitochondrial biogenesis

PGC-1a [PPAR (peroxisome proliferator-activated receptor)-y coactivator-1a]
—PGC-1a is a major regulator of mitochondrial biogenesis [8] that had been discovered
after the NFRs (nuclear respiratory factors) 1 and 2, and Tfam (mitochondrial transcription
factor A; also known as mtTFA). In the experiment leading to the discovery of PGC-1q,
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mice were exposed to the cold (4°C), which induced an increase in PGC-1a mRNA
expression in thermogenic tissues, namely brown fat and skeletal muscle. This cold-induced
expression of PGC-1a also increased the expression of key mitochondrial enzymes in the
brown adipose tissue, such as ATP synthetase (p-subunit) and COX (cytochrome c oxidase)
subunits (COX Il and COX IV). Further experiments in rats provided in vivo evidence of a
link between PGC-1a and mitochondrial biogenesis, as electrical stimulation induced an
increase in COX activity [9].

PGC-1a is a co-transcriptional regulation factor that induces mitochondrial biogenesis by
activating different transcription factors, including NRF-1 and NRF-2, which promote the
expression of Tfam. NRF-1 and NRF-2 are important contributors to the sequence of events
leading to the increase in transcription of key mitochondrial enzymes, and they have been
shown to interact with Tfam, which drives transcription and replication of mtDNA [10]. A
strong connection between PGC-1a and mitochondrial biogenesis was further established by
examining mtDNA content in mouse C2C12 myotubes expressing PGC-1a. Indeed, it was
demonstrated that PGC-1a stimulates mitochondrial biogenesis and respiration in muscle
cells through an induction of UCP (uncoupling protein) 2 and through induction of NRF-1
and NRF-2 gene expression. Moreover, PGC-1a binds to and co-activates the transcriptional
function of NRF-1 on the promoter for Tfam [11]. Another study confirmed the link
between exercise and mitochondrial biogenesis by an acute swimming bout, which increased
PGC-1a protein expression and NRF-1 binding to the 5-ALAS (8-aminolevulinate synthase)
promoter and NRF-2 binding to the COX IV promoter [12]. In addition to NRFs, PGC-1a
also interacts with and co-activates other transcription factors such as PPARs, thyroid
hormone, glucocorticoid, oestrogen and ERRs (oestrogen-related receptors) a and y [13].
ERRs are orphan nuclear receptors that target vast gene networks involved in all aspects of
energy homoeostasis, including fat and glucose metabolism, as well as mitochondrial
biogenesis and function [14].

Taken together, these data indicate that PGC-1a plays a crucial role in linking stimuli such
as cold or exercise to an internal metabolic response like mitochondrial biogenesis via,
among others, the NRF transcription factors (Figure 1).

PGC-1B—PGC-1p shares similar molecular structure and function with PGC-1a, including
nuclear-receptor binding and transcriptional activation, and also regulates mitochondrial
biogenesis. Ectopic expression of PGC-1p, such as in L6 myoblasts, induces mitochondrial
biogenesis and increases basal oxygen consumption. However, unlike PGC-1a, PGC-1p is
not up-regulated in brown adipose tissue in response to cold and is also not up-regulated in
muscle in response to exercise [15]. This suggests that PGC-1a and PGC-1p are stimulated
independently, although both clearly regulate mitochondrial biogenesis through NRF-1 to
enable mitochondria to meet the energetic requirements of the cell.

Signalling events leading to activation of the transcription cascade

AMPK (AMP-activated protein kinase)—AMPK is a major regulator of mitochondrial
biogenesis which regulates intracellular energy metabolism in response to acute energy
crises [16]. B-GPA (B-guanadinopropionic acid) is a creatine analogue acting as a chronic
pharmacological activator of AMPK. Indeed, B-GPA mimics exercise training and leads to
reductions in the intramuscular ATP/AMP ratio and phosphocreatine concentrations, which
in turn activates skeletal muscle AMPK. Rats fed for 8 weeks with B-GPA had a chronic
skeletal muscle AMPK activation, which resulted in increases in NRF-1-binding activity, &-
ALAS mRNA expression, cytochrome c protein expression and mitochondrial content, thus
demonstrating that AMPK activation promotes mitochondrial biogenesis through PGC-1a
and the NRFs [17]. To further examine the role of AMPK in mitochondrial biogenesis,
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transgenic mice overexpressing a DN (dominant-negative) mutant of AMPK in muscle (DN-
AMPK) were treated with $-GPA. This treatment had no effect on AMPK activity or
mitochondrial content in DN-AMPK mice, but induced an activation of muscle AMPK and
mitochondrial biogenesis in wild-type mice. Furthermore, this AMPK inactivation abrogated
the B-GPA-induced expression of PGC-1a and CaMKIV (calcium/calmodulin-dependent
protein kinase 1V) [18]. Pharmacological studies using other AMPK agonists, such as
AICAR (5-amino-4-imidazolecarboxamide 1-B-o-ribofuranoside), also established the link
between chronic AMPK activation and the up-regulation of key mitochondrial enzymes
[19]. Recently Reznick et al. [20] examined AMPK activity in young and old rats and found
that the acute stimulation of AMPK-a2 activity by AICAR and exercise was blunted in
skeletal muscle of old rats. Furthermore, mitochondrial biogenesis was diminished in these
old rats after the chronic activation of AMPK with -GPA [20]. These findings suggest that
AMPK activity is reduced with aging and that it may be an important contributing factor in
mitochondrial dysfunction and dysregulated intracellular lipid metabolism. It has been
shown recently that the AMPK agonist AICAR can increase endurance in sedentary mice by
genetically reprogramming muscle metabolism [21]. Moreover, PPARS activation also
partially mimics exercise. This led to the hypothesis that activation of PPARS, with an
agonist such as GW1516, could induce mitochondrial biogenesis. However, mitochondrial
biogenesis, measured as mtDNA expression, was not increased by drug alone, but was
increased by approx. 50% with the combination of exercise and treatment. Furthermore, co-
transfection experiments suggested that AMPK may be present in a transcriptional complex
with PPARS, leading to the hypothesis that the AMPK-PPARS interaction could be the
target of drugs to increase endurance, even without exercise [21].

Taken together, these data demonstrate that by sensing the energy status of the muscle cell,
AMPK is a key regulator of mitochondrial biogenesis.

CaMKIV—CaMKIV is another major regulator of mitochondrial biogenesis. It was first
noticed that CaMKIV influences gene expression in oxidative fibres of myocytes [22]. In
order to assess the role of CaMKIV in mitochondrial biogenesis, a transgenic mouse model
muscle-specifically expressing an active form of CaMKIV was created. It was shown that
the skeletal muscle of these mice contained more copies of mtDNA and possessed more
mitochondria as a percentage of the volume of myocytes [23]. In addition, mRNA
expression of cytochrome b and carnitine palmitoyltransferase-1 was increased in the
transgenic mice [23]. However, further studies using CaMKIV-null mice found similar
protein expression levels of PGC-1a and COX IV compared with wild-type mice.
Moreover, running increased PGC-1a and COX IV protein expression to the same amount
in both wild-type and CaMKIV-null mice, indicating that CaMKIV may not be required for
mitochondrial biogenesis [24]. It is also important to note that CaMKIV protein expression
could not be detected in murine skeletal muscle in this study [24]. It is also important to note
that CaMKIV does not seem to be expressed in human skeletal muscle, to the opposite of
CaMKII, which plays an important role during exercise [25]. Thus the role of CaMKIV in
the regulation of muscle mitochondrial biogenesis in response to exercise remains unclear.

NO (nitric oxide)—More recently, NO has been shown to be involved in mitochondrial
biogenesis. HeL A cells expressing eNOS (endothelial NO synthase) display an increase in
mtDNA content, cytochrome ¢ and COX IV protein expression levels, as well as PGC-1a,
NRF-1 and Tfam mRNA expression [26]. Moreover, the NO produced by eNOS activates
guanylate cyclase to increase the amount of cGMP present, which transmits a signal to the
nucleus through an unknown mechanism, leading to the induction of PGC-1a gene
transcription and mitochondrial biogenesis as a consequence.
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SIRTL1 [sirtuin (silent mating type information regulation 2 homologue) 1]—The
silent information regulator protein (Sir2) homologue SIRT1 is another activator of
PGC-1a. SIRT1 protein is induced in liver during fasting through a nutrient-signalling
response mediated by pyruvate kinase. SIRT1 then activates PGC-1a by deacetylation [27].
Resveratrol is a phytoalexin produced by certain plants that activates SIRT1, and has been
shown to enhance mitochondrial biogenesis in skeletal muscle and improve exercise
tolerance [28]. However, recent studies have found that resveratrol may not be a direct
activator of SIRT1 [28a].

TORC [transducer of regulated CREB (cCAMP-response-element-binding
protein)-binding protein] 1—PGC-1a gene transcription is also strongly activated by
TORC1, a co-activator of CREB. The other two members of the TORC family, TORC2 and
TORCS3, also strongly activate PGC-1a transcription. Indeed, it has been shown that forced
expression of TORCs in primary muscle cells induced the endogenous mRNA of PGC-1a
and its downstream target genes in the mitochondrial respiratory chain and TCA
(tricarboxylic acid) cycle (Krebs cycle), providing further evidence for the key role of
PGC-1a in mitochondrial biogenesis [29].

Calcineurin—Calcineurin is a calcium/calmodulin-dependent protein phosphatase known
to be the master regulator of fast-to-slow twitch muscle-fibre-type changes [30]. Transgenic
mice overexpressing calcineurin display a substantial increase in the number of slow-twitch
muscle fibres, as well as an increase in skeletal muscle PGC-1a expression, which in turn
leads to improved insulin action [31]. Conversely, inhibition of calcineurin by cyclosporin
promotes slow-to-fast fibre-type transformation [30]. Calcineurin also up-regulates a large
number of genes involved in mitochondrial energy metabolism in cultured cardiomyocytes
[32]. However, cyclosporin, which is a calcineurin inhibitor, did not prevent the up-
regulation of mitochondrial markers when administered to training rats [33]. Taken together,
these results indicate that despite playing an important role in mitochondrial biogenesis,
calcineurin cannot fully account for exercise-training-induced adaptations in skeletal
muscle.

p38 MAPK (mitogen-activated protein kinase)—p38 MAPK has been suggested to
play an important role in myogenic cell differentiation [34]. p38 MAPK shows increased
activation following muscle contraction or running exercise protocols in rodents [35] and
humans [36]. Transgenic mice specifically overexpressing p38 MAPK in skeletal muscle
show enhanced PGC-1a expression and increased mitochondrial proteins [37]. Finally, an
acute bout of exercise in mice or rats increases p38 MAPK, leading to PGC-1a activation
[37, 38]. Taken together, these studies indicate that p38 MAPK may have an important role
in exercise-induced mitochondrial biogenesis in skeletal muscle.

RIP140 (receptor-interacting protein 140)—Several transcriptional co-repressors, of
which RIP140 is one, have been implicated in the regulation of mitochondrial biogenesis
[39]. RIP140 is ubiquitously present in many tissues and its expression is regulated by
various hormones. It is abundantly expressed in skeletal muscle such as extensor digitorum
longus and gastrocnemius, which are rich in glycolytic (or fast-twitch, type I1) and mixed
muscle fibres respectively. In contrast, RIP140 mRNA is lower in oxidative (or slow-twitch,
type I) muscles such as soleus and diaphragm [40]. Studies in RIP140-null mice indicate that
RI1P140 deficiency results in increased mitochondrial gene expression and oxidative
capacity. These mice are lean and protected against diet-induced obesity due to increased
energy expenditure [41]. These metabolic changes are accompanied by increased oxidative
muscle fibres in the extensor digitorum longus. Transgenic expression of RIP140 in skeletal
muscle results in more glycolytic muscle fibres and decreased mitochondrial gene
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expression [39]. These findings indicate that RIP140 and PGC-1a have opposite effects on
the metabolic properties of skeletal muscle fibres. RIP140 regulates mitochondrial oxidative
metabolism in a similar way in adipocytes. RIP140-null adipocytes have increased
mitochondrial biogenesis and fatty acid oxidation, as well as increased UCP1 gene
expression [42].

Sin3A—Sin3A is a core component of a multiprotein co-repressor complex and it has been
shown that its deficiency increases the expression of genes involved in oxidative metabolism
[43]. It is, however, not clear how the Sin3A transcriptional complex controls mitochondrial
gene expression, but it may modulate nuclear receptor function through its interaction with
the nuclear receptor co-repressor and silencing mediator of retinoid and thyroid hormone
receptor co-repressor complexes [44]. Taken together, these data suggest that these co-
activators and co-repressors play an important function in maintaining cellular oxidative
metabolism through modulation of mitochondrial gene expression.

Tissue-specific abnormalities in mitochondrial biogenesis and their clinical relevance

Reduction in mitochondrial function has been found to be associated with many pathologies
associated with aging, such as Type 2 diabetes and Alzheimer’s disease [45].

Hepatic and intramyocellular lipid content can be measured non-invasively in vivo with 1H-
MRS (magnetic resonance spectroscopy). The rate of ATP synthesis can be assessed by
direct observation of 31P-magnetization transfer between P; and ATP using phosphorus 31P-
MRS. Finally, 13C spectroscopy can be used to trace the incorporation of [2-13C]-labelled
acetate into glutamate in skeletal muscle during a constant infusion of [2-13CJacetate. The
rate of incorporation reflects TCA cycle (Krebs cycle) activity providing an index of
mitochondrial function [46, 47].

Using these methods, Petersen et al. [46] found reductions in mitochondrial oxidative and
phosphorylation activity, as well as increased intramyocellular and intrahepatocellular lipid
content and skeletal muscle insulin resistance in aging [46]. More recent studies using
similar 13C-MRS methods have found similar reductions in neuronal mitochondrial TCA
metabolism associated with healthy aging [48]. It is not clear why mitochondrial dysfunction
occurs with aging, but age-associated accumulation of mutations in mtDNA may play a role.

In further studies, Petersen and co-workers [47, 49] measured basal rates of mitochondrial
function in human skeletal muscle of young, lean and sedentary insulin-resistant offspring of
parents with Type 2 diabetes. They found an ~30% reduction in rates of ATP synthesis in
muscle using 31P-MRS [39], and a similar reduction in rates of muscle mitochondrial TCA
flux using 13C-MRS [47]. These young, lean and sedentary insulin-resistant subjects also
exhibited increased intramyocellular lipid content, which has previously been associated
with insulin resistance [50]. Muscle biopsy studies were then conducted to assess
mitochondrial content in a similar group of young, lean and sedentary insulin-resistant
offspring of Type 2 diabetic parents to assess whether reduced mitochondrial activity could
be attributed to reduced mitochondrial content and/or mitochondrial dysfunction [51].
Mitochondrial density was assessed by electron microscopy and was reduced by 38% in the
insulin-resistant offspring compared with the control subjects. These findings suggest that
reduced mitochondrial activity may be due to reduced mitochondrial content, and provide
further evidence to support the concept that hereditary mitochondrial dysfunction
contributes to the development of insulin resistance and Type 2 diabetes. These data further
suggest that alterations in nuclear-encoded genes regulating mitochondrial biogenesis may
form a genetic basis for inheritance of at least some forms of Type 2 diabetes. In this regard
two studies found reduced NRF-1-dependent gene expression and reduced PGC-1a and
PGC-1p gene expression in skeletal muscle of Type 2 diabetic subjects and overweight first-

Essays Biochem. Author manuscript; available in PMC 2014 January 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jornayvaz and Shulman Page 7

degree relatives of Type 2 diabetic subjects [52, 53], but these results could not be replicated
in a group of young lean insulin-resistant offspring of parents with Type 2 diabetes [51],
suggesting that other factors are responsible for the reduced mitochondrial content in these
individuals.

More recently Petersen et al. [54] have also found profound reductions in insulin-stimulated
rates of muscle mitochondrial ATP production in insulin-resistant offspring, demonstrating
that these individuals have alterations in both basal and insulin-stimulated mitochondrial
metabolism.

It is noteworthy to mention that physical inactivity by itself can be a confounding factor
regarding mitochondrial biogenesis, especially in Type 2 diabetes. Indeed, the above-
mentioned studies describe skeletal muscle mitochondrial biogenesis in physical-activity-
matched subjects, which were sedentary.

Taken together, these data demonstrate decreased mitochondrial activity, which most likely
can be attributed to reduced mitochondrial content, in healthy young lean individuals prone
to develop Type 2 diabetes. A key question which remains to be answered is whether
reduced mitochondrial function causes the increase in intramyocellular lipid content and
insulin resistance, or whether the reduction in mitochondrial function is secondary to the
insulin resistance or some other factor. Although this is a critical question either way, given
the key role that increased intracellular lipid has on the pathogenesis of insulin resistance
this reduction in mitochondrial activity would be expected to exacerbate their insulin
resistance.

Diabetes drugs and their potential role in mitochondrial biogenesis

TZDs (thiazolidinediones) are activators of PPARYy. TZDs include pioglitazone and
rosiglitazone, which are frequently used in the treatment of Type 2 diabetes. Pioglitazone
has been shown to induce mitochondrial biogenesis by the activation of the PGC-1a
pathway in human subcutaneous adipose tissue [55], but also in HUVECs (human umbilical
vein endothelial cells), along with a reduction of mitochondrial ROS (reactive oxygen
species) [56]. Rosiglitazone treatment for 8 weeks also increased expression of PGC-1a and
activity of oxidative enzymes in skeletal muscle of patients with Type 2 diabetes [57]. These
effects of TZDs on skeletal muscle mitochondria are secondary to PPARYy activation in
adipocytes, leading to a subsequent increase in adiponectin and mtDNA copy number in
human muscles [58]. A potential direct effect of TZDs on muscle cannot be excluded.
Indeed, a study showed that rosiglitazone increased AMPK activity in muscle in Type 2
diabetes and obesity [59]. Metformin, another frequently used drug in the treatment of Type
2 diabetes, has also been shown to increase the skeletal muscle content of PGC-1a in rats,
suggesting increased mitochondrial biogenesis. These effects seem to be mediated, at least
in part, by an increase in AMPK phosphorylation [60].

Caloric restriction and mitochondrial biogenesis

Caloric restriction without malnutrition is a well-known dietary intervention that
consistently increases median and maximal life expectancy by delaying the aging process in
a wide variety of species, including flies and mice [61]. Oxidative stress theory suggests that
the aging process involves the accumulation of oxidative damage to mitochondria and other
cellular components. Oxidative damage is induced by ROS, which are a by-product of
mitochondrial OXPHOS, a process that is responsible for approx. 85-90% of cellular
oxygen consumption [62] (Figure 2). However, this theory remains controversial, as some
studies involving mouse models with respiratory chain deficiency induced by tissue-specific
mtDNA depletion or by a massive increase of point mutations in mtDNA have very minor or
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no increase of oxidative stress [63]. Therefore future studies are needed to address the
relative importance of mitochondrial dysfunction and ROS in aging.

Several studies have demonstrated that caloric restriction modulates cellular ROS
production and damage to cellular macromolecules in various tissues. Studies in mammals
have shown that caloric restriction reduces the generation of free radicals by mitochondria,
as well as whole-body energy expenditure, and paradoxically induces mitochondrial
proliferation [64]. In humans, a study examined the effect of caloric restriction on skeletal
muscle mitochondrial function in non-obese humans and found that the expression of genes
involved in the regulation of mitochondrial biogenesis, including PGC-1a, Tfam, eNOS and
SIRT1, was increased in the caloric restriction group. In parallel, mitochondrial content was
significantly increased in the caloric restriction group compared with the control group [65].
SIRT1-null mice are hypermetabolic, utilize ingested food inefficiently, have inefficient
liver mitochondria and have elevated rates of lipid oxidation [66]. Their absence of lifespan
extension has been interpreted as evidence that SIRT1 is required for the caloric restriction
response [67]. AMPK may also play a role linking caloric restriction and mitochondrial
biogenesis. Indeed, AMPK also regulates food intake by responding to hormonal and
nutrient signalling in the hypothalamus [68]. Moreover, fasting by itself induces AMPK in
skeletal muscle [69], although caloric restriction seems less efficient. Long-term caloric
restriction in mice does not change AMPK activity in skeletal muscle or heart, but increases
it in liver [70]. However, others have reported a decreased AMPK activity in rat liver [71].
Short-term caloric restriction has finally been shown to increase AMPK activity in the
myocardium of young and old rats [72]. Thus caloric restriction may increase AMPK in rat
heart, but not in skeletal muscle or liver.

These data suggest that caloric restriction increases whole-body energy efficiency by
inducing the biogenesis of mitochondria that utilize less oxygen and produce less ROS.
However, the exact mechanisms linking caloric restriction and up-regulation of
mitochondrial mass and function remain poorly understood.

Conclusion

Although it has been known for a long time that physical activity is associated with
increased mitochondrial content, critical factors involved in the regulation of mitochondrial
biogenesis have only been recently identified. PGC-1a plays a central role and is a major
regulator of this process. It is itself modulated by numerous factors, such as AMPK and p38
MAPK. These may or may not be induced by exercise. Given the potentially important role
of mitochondrial dysfunction in the pathogenesis of numerous diseases and in the process of
aging, future research aiming at understanding the molecular mechanisms regulating
mitochondrial biogenesis and function may provide potentially important novel therapeutic
targets to treat and prevent these diseases.

References

1. Baker MJ, Frazier AE, Gulbis JM, Ryan MT. Mitochondrial protein-import machinery: correlating
structure with function. Trends Cell Biol. 2007; 17:456-464. [PubMed: 17825565]

2. Chan DC. Mitochondria: dynamic organelles in disease, aging, and development. Cell. 2006;
125:1241-1252. [PubMed: 16814712]

3. Paul MH, Sperling E. Cyclophorase system. XXIlII. Correlation of cyclophorase activity and
mitochondrial density in striated muscle. Proc. Soc. Exp. Biol. Med. 1952; 79:352-354. [PubMed:
14920424]

4. Holloszy JO. Biochemical adaptations in muscle. Effects of exercise on mitochondrial oxygen
uptake and respiratory enzyme activity in skeletal muscle. J. Biol. Chem. 1967; 242:2278-2282.
[PubMed: 4290225]

Essays Biochem. Author manuscript; available in PMC 2014 January 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jornayvaz and Shulman

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Page 9

. Gollnick PD, Armstrong RB, Saubert CW 4th, Piehl K, Saltin B. Enzyme activity and fiber

composition in skeletal muscle of untrained and trained men. J. Appl. Physiol. 1972; 33:312-319.
[PubMed: 4403464]

. Hoppeler H, Luthi P, Claassen H, Weibel ER, Howald H. The ultrastructure of the normal human

skeletal muscle. A morphometric analysis on untrained, men, women and well-trained orienteers.
Pflugers Arch. 1973; 344:217-232. [PubMed: 4797912]

. Fink WJ, Costill DL, Pollock ML. Submaximal and maximal working capacity of elite distance

runners. Part I1. Muscle fiber composition and enzyme activities. Ann. NY Acad. Sci. 1977;
301:323-327. [PubMed: 270925]

. Puigserver P, Wu Z, Park CW, Graves R, Wright M, Spiegelman BM. A cold-inducible coactivator

of nuclear receptors linked to adaptive thermogenesis. Cell. 1998; 92:829-839. [PubMed: 9529258]

. Irrcher I, Adhihetty PJ, Sheehan T, Joseph AM, Hood DA. PPARY coactivator-1a expression during

thyroid hormone- and contractile activity-induced mitochondrial adaptations. Am. J. Physiol. Cell.
Physiol. 2003; 284:C1669-C1677. [PubMed: 12734114]

. Virbasius JV, Scarpulla RC. Activation of the human mitochondrial transcription factor A gene by
nuclear respiratory factors: a potential regulatory link between nuclear and mitochondrial gene
expression in organelle biogenesis. Proc. Natl. Acad. Sci. U.S.A. 1994; 91:1309-1313. [PubMed:
8108407]

Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G, Mootha V, Troy A, Cinti S, Lowell B,
Scarpulla RC, Spiegelman BM. Mechanisms controlling mitochondrial biogenesis and respiration
through the thermogenic coactivator PGC-1. Cell. 1999; 98:115-124. [PubMed: 10412986]

Baar K, Wende AR, Jones TE, Marison M, Nolte LA, Chen M, Kelly DP, Holloszy JO.
Adaptations of skeletal muscle to exercise: rapid increase in the transcriptional coactivator PGC-1.
FASEB J. 2002; 16:1879-1886. [PubMed: 12468452]

Ventura-Clapier R, Garnier A, Veksler V. Transcriptional control of mitochondrial biogenesis: the
central role of PGC-1a. Cardiovasc. Res. 2008; 79:208-217. [PubMed: 18430751]

Giguere V. Transcriptional control of energy homeostasis by the estrogen-related receptors.
Endocr. Rev. 2008; 29:677-696. [PubMed: 18664618]

Meirhaeghe A, Crowley V, Lenaghan C, Lelliott C, Green K, Stewart A, Hart K, Schinner S, Sethi
JK, Yeo G, et al. Characterization of the human, mouse and rat PGC1 (peroxisome-proliferator-
activated receptor-y co-activator 1) gene in vitro and in vivo. Biochem. J. 2003; 373:155-165.
[PubMed: 12678921]

Hardie DG. AMP-activated/SNF1 protein kinases: conserved guardians of cellular energy. Nat.
Rev. Mol. Cell Biol. 2007; 8:774-785. [PubMed: 17712357]

Bergeron R, Ren JM, Cadman KS, Moore IK, Perret P, Pypaert M, Young LH, Semenkovich CF,
Shulman GI. Chronic activation of AMP kinase results in NRF-1 activation and mitochondrial
biogenesis. Am. J. Physiol. Endocrinol. Metab. 2001; 281:E1340-E1346. [PubMed: 11701451]
Zong H, Ren JM, Young LH, Pypaert M, Mu J, Birnbaum MJ, Shulman GI. AMP kinase is
required for mitochondrial biogenesis in skeletal muscle in response to chronic energy deprivation.
Proc. Natl. Acad. Sci. U.S.A. 2002; 99:15983-15987. [PubMed: 12444247]

Winder WW, Holmes BF, Rubink DS, Jensen EB, Chen M, Holloszy JO. Activation of AMP-
activated protein kinase increases mitochondrial enzymes in skeletal muscle. J. Appl. Physiol.
2000; 88:2219-2226. [PubMed: 10846039]

Reznick RM, Zong H, Li J, Morino K, Moore IK, Yu HJ, Liu ZX, Dong J, Mustard KJ, Hawley
SA, et al. Aging-associated reductions in AMP-activated protein kinase activity and mitochondrial
biogenesis. Cell. Metab. 2007; 5:151-156. [PubMed: 17276357]

Narkar VA, Downes M, Yu RT, Embler E, Wang YX, Banayo E, Mihaylova MM, Nelson MC,
Zou Y, Juguilon H, et al. AMPK and PPAR? agonists are exercise mimetics. Cell. 2008; 134:405—
415. [PubMed: 18674809]

Wu H, Naya FJ, McKinsey TA, Mercer B, Shelton JM, Chin ER, Simard AR, Michel RN, Bassel-
Duby R, Olson EN, Williams RS. MEF2 responds to multiple calcium-regulated signals in the
control of skeletal muscle fiber type. EMBO J. 2000; 19:1963-1973. [PubMed: 10790363]

Essays Biochem. Author manuscript; available in PMC 2014 January 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jornayvaz and Shulman

23.

24.

25.

26.

27.

28.

Page 10

Wu H, Kanatous SB, Thurmond FA, Gallardo T, Isotani E, Bassel-Duby R, Williams RS.
Regulation of mitochondrial biogenesis in skeletal muscle by CaMK. Science. 2002; 296:349-352.
[PubMed: 11951046]

Akimoto T, Ribar TJ, Williams RS, Yan Z. Skeletal muscle adaptation in response to voluntary
running in Ca2+/calmodulin-dependent protein kinase 1V-deficient mice. Am. J. Physiol. Cell.
Physiol. 2004; 287:C1311-C1319. [PubMed: 15229108]

Rose AJ, Kiens B, Richter EA. Ca2+-calmodulin-dependent protein kinase expression and
signalling in skeletal muscle during exercise. J. Physiol. 2006; 574:889-903. [PubMed: 16690701]

Nisoli E, Clementi E, Paolucci C, Cozzi V, Tonello C, Sciorati C, Bracale R, Valerio A, Francolini
M, Moncada S, Carruba MO. Mitochondrial biogenesis in mammals: the role of endogenous nitric
oxide. Science. 2003; 299:896-899. [PubMed: 12574632]

Rodgers JT, Lerin C, Haas W, Gygi SP, Spiegelman BM, Puigserver P. Nutrient control of glucose
homeostasis through a complex of PGC-1a and SIRT1. Nature. 2005; 434:113-118. [PubMed:
15744310]

Lagouge M, Argmann C, Gerhart-Hines Z, Meziane H, Lerin C, Daussin F, Messadeq N, Milne J,
Lambert P, Elliott P, et al. Resveratrol improves mitochondrial function and protects against
metabolic disease by activating SIRT1 and PGC-1a. Cell. 2006; 127:1109-1122. [PubMed:
17112576]

28a. Pacholec M, Bleasdale JE, Chrunyk B, Cunningham D, Flynn D, Garofalo RS, Griffith D, Griffor

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

M, Loulakis P, Pabst B, et al. SRT1720, SRT2183, SRT1460, and resveratrol are not direct
activators of SIRT1. J. Biol. Chem. 2010; 285:8340-8351. [PubMed: 20061378]

Wu Z, Huang X, Feng Y, Handschin C, Gullicksen PS, Bare O, Labow M, Spiegelman B,
Stevenson SC. Transducer of regulated CREB-binding proteins (TORCs) induce PGC-1a
transcription and mitochondrial biogenesis in muscle cells. Proc. Natl. Acad. Sci. U.S.A. 2006;
103:14379-14384. [PubMed: 16980408]

Chin ER, Olson EN, Richardson JA, Yang Q, Humphries C, Shelton JM, Wu H, Zhu W, Bassel-
Duby R, Williams RS. A calcineurin-dependent transcriptional pathway controls skeletal muscle
fiber type. Genes Dev. 1998; 12:2499-2509. [PubMed: 9716403]

Ryder JW, Bassel-Duby R, Olson EN, Zierath JR. Skeletal muscle reprogramming by activation of
calcineurin improves insulin action on metabolic pathways. J. Biol. Chem. 2003; 278:44298—
44304. [PubMed: 12941959]

Schaeffer PJ, Wende AR, Magee CJ, Neilson JR, Leone TC, Chen F, Kelly DP. Calcineurin and
calcium/calmodulin-dependent protein kinase activate distinct metabolic gene regulatory programs
in cardiac muscle. J. Biol. Chem. 2004; 279:39593-39603. [PubMed: 15262994]

Terada S, Nakagawa H, Nakamura Y, Muraoka I. Calcineurin is not involved in some
mitochondrial enzyme adaptations to endurance exercise training in rat skeletal muscle. Eur. J.
Appl. Physiol. 2003; 90:210-217. [PubMed: 12856186]

Zetser A, Gredinger E, Bengal E. p38 mitogen-activated protein kinase pathway promotes skeletal
muscle differentiation. Participation of the Mef2c transcription factor. J. Biol. Chem. 1999;
274:5193-5200. [PubMed: 9988769]

Nader GA, Esser KA. Intracellular signaling specificity in skeletal muscle in response to different
modes of exercise. J. Appl. Physiol. 2001; 90:1936-1942. [PubMed: 11299288]

Boppart MD, Asp S, Wojtaszewski JF, Fielding RA, Mohr T, Goodyear LJ. Marathon running
transiently increases c-Jun NH2-terminal kinase and p38 activities in human skeletal muscle. J.
Physiol. 2000; 526:663-669. [PubMed: 10922016]

Akimoto T, Pohnert SC, Li P, Zhang M, Gumbs C, Rosenberg PB, Williams RS, Yan Z. Exercise
stimulates Pgc-1a transcription in skeletal muscle through activation of the p38 MAPK pathway.
J. Biol. Chem. 2005; 280:19587-19593. [PubMed: 15767263]

Wright DC, Han DH, Garcia-Roves PM, Geiger PC, Jones TE, Holloszy JO. Exercise-induced
mitochondrial biogenesis begins before the increase in muscle PGC-1a expression. J. Biol. Chem.
2007; 282:194-199. [PubMed: 17099248]

White R, Morganstein D, Christian M, Seth A, Herzog B, Parker MG. Role of RIP140 in metabolic
tissues: connections to disease. FEBS Lett. 2008; 582:39-45. [PubMed: 18023280]

Essays Biochem. Author manuscript; available in PMC 2014 January 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jornayvaz and Shulman

40

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Page 11

. Seth A, Steel JH, Nichol D, Pocock V, Kumaran MK, Fritah A, Mobberley M, Ryder TA,
Rowlerson A, Scott J, et al. The transcriptional corepressor RIP140 regulates oxidative
metabolism in skeletal muscle. Cell Metab. 2007; 6:236—245. [PubMed: 17767910]

Leonardsson G, Steel JH, Christian M, Pocock V, Milligan S, Bell J, So PW, Medina-Gomez G,
Vidal-Puig A, White R, Parker MG. Nuclear receptor corepressor RIP140 regulates fat
accumulation. Proc. Natl. Acad. Sci. U.S.A. 2004; 101:8437-8442. [PubMed: 15155905]
Christian M, Kiskinis E, Debevec D, Leonardsson G, White R, Parker MG. RIP140-targeted
repression of gene expression in adipocytes. Mol. Cell. Biol. 2005; 25:9383-9391. [PubMed:
16227589]

Pile LA, Spellman PT, Katzenberger RJ, Wassarman DA. The SIN3 deacetylase complex represses
genes encoding mitochondrial proteins: implications for the regulation of energy metabolism. J.
Biol. Chem. 2003; 278:37840-37848. [PubMed: 12865422]

Nagy L, Kao HY, Chakravarti D, Lin RJ, Hassig CA, Ayer DE, Schreiber SL, Evans RM. Nuclear
receptor repression mediated by a complex containing SMRT, mSin3A, and histone deacetylase.
Cell. 1997; 89:373-380. [PubMed: 9150137]

Wallace DC. Mitochondrial diseases in man and mouse. Science. 1999; 283:1482-1488. [PubMed:
10066162]

Petersen KF, Befroy D, Dufour S, Dziura J, Ariyan C, Rothman DL, DiPietro L, Cline GW,
Shulman GI. Mitochondrial dysfunction in the elderly: possible role in insulin resistance. Science.
2003; 300:1140-1142. [PubMed: 12750520]

Befroy DE, Petersen KF, Dufour S, Mason GF, de Graaf RA, Rothman DL, Shulman GI. Impaired
mitochondrial substrate oxidation in muscle of insulin-resistant offspring of type 2 diabetic
patients. Diabetes. 2007; 56:1376-1381. [PubMed: 17287462]

Boumezbeur F, Mason GF, de Graaf RA, Behar KL, Cline GW, Shulman GI, Rothman DL,
Petersen KF. Altered brain mitochondrial metabolism in healthy aging as assessed by in vivo
magnetic resonance spectroscopy. J. Cereb. Blood Flow Metab. 2010; 30:211-221. [PubMed:
19794401]

Petersen KF, Dufour S, Befroy D, Garcia R, Shulman GIl. Impaired mitochondrial activity in the
insulin-resistant offspring of patients with type 2 diabetes. N. Engl. J. Med. 2004; 350:664-671.
[PubMed: 14960743]

Shulman GI. Cellular mechanisms of insulin resistance. J. Clin. Invest. 2000; 106:171-176.
[PubMed: 10903330]

Morino K, Petersen KF, Dufour S, Befroy D, Frattini J, Shatzkes N, Neschen S, White MF, Bilz S,
Sono S, et al. Reduced mitochondrial density and increased IRS-1 serine phosphorylation in
muscle of insulin-resistant offspring of type 2 diabetic parents. J. Clin. Invest. 2005; 115:3587—
3593. [PubMed: 16284649]

Patti ME, Butte AJ, Crunkhorn S, Cusi K, Berria R, Kashyap S, Miyazaki Y, Kohane I, Costello
M, Saccone R, et al. Coordinated reduction of genes of oxidative metabolism in humans with
insulin resistance and diabetes: Potential role of PGC1 and NRF1. Proc. Natl. Acad. Sci. U.S.A.
2003; 100:8466-8471. [PubMed: 12832613]

Mootha VK, Lindgren CM, Eriksson KF, Subramanian A, Sihag S, Lehar J, Puigserver P, Carlsson
E, Ridderstrale M, Laurila E, et al. PGC-1a-responsive genes involved in oxidative
phosphorylation are coordinately downregulated in human diabetes. Nat. Genet. 2003; 34:267—
273. [PubMed: 12808457]

Petersen KF, Dufour S, Shulman GI. Decreased insulin-stimulated ATP synthesis and phosphate
transport in muscle of insulin-resistant offspring of type 2 diabetic parents. PLoS Med. 2005;
2:6233. [PubMed: 16089501]

Bogacka I, Xie H, Bray GA, Smith SR. Pioglitazone induces mitochondrial biogenesis in human
subcutaneous adipose tissue in vivo. Diabetes. 2005; 54:1392-1399. [PubMed: 15855325]
Fujisawa K, Nishikawa T, Kukidome D, Imoto K, Yamashiro T, Motoshima H, Matsumura T,
Araki E. TZDs reduce mitochondrial ROS production and enhance mitochondrial biogenesis.
Biochem. Biophys. Res. Commun. 2009; 379:43-48. [PubMed: 19084501]

Mensink M, Hesselink MK, Russell AP, Schaart G, Sels JP, Schrauwen P. Improved skeletal
muscle oxidative enzyme activity and restoration of PGC-1a and PPARJ/S gene expression upon

Essays Biochem. Author manuscript; available in PMC 2014 January 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jornayvaz and Shulman

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Page 12

rosiglitazone treatment in obese patients with type 2 diabetes mellitus. Int. J. Obes. (Lond). 2007;
31:1302-1310. [PubMed: 17310221]

Civitarese AE, Ukropcova B, Carling S, Hulver M, DeFronzo RA, Mandarino L, Ravussin E,
Smith SR. Role of adiponectin in human skeletal muscle bioenergetics. Cell Metab. 2006; 4:75—
87. [PubMed: 16814734]

Bandyopadhyay GK, Yu JG, Ofrecio J, Olefsky JM. Increased malonyl-CoA levels in muscle from
obese and type 2 diabetic subjects lead to decreased fatty acid oxidation and increased lipogenesis;
thiazolidinedione treatment reverses these defects. Diabetes. 2006; 55:2277-2285. [PubMed:
16873691]

Suwa M, Egashira T, Nakano H, Sasaki H, Kumagai S. Metformin increases the PGC-1a protein
and oxidative enzyme activities possibly via AMPK phosphorylation in skeletal muscle in vivo. J.
Appl. Physiol. 2006; 101:1685-1692. [PubMed: 16902066]

Weindruch R, Sohal RS. Seminars in medicine of the Beth Israel Deaconess Medical Center.
Caloric intake and aging. N. Engl. J. Med. 1997; 337:986-994. [PubMed: 9309105]

Murphy MP. How mitochondria produce reactive oxygen species. Biochem. J. 2009; 417:1-13.
[PubMed: 19061483]

Trifunovic A, Wredenberg A, Falkenberg M, Spelbrink JN, Rovio AT, Bruder CE, Bohlooly YM,
Gidlof S, Oldfors A, Wibom R, et al. Premature ageing in mice expressing defective mitochondrial
DNA polymerase. Nature. 2004; 429:417-423. [PubMed: 15164064]

Bevilacqua L, Ramsey JJ, Hagopian K, Weindruch R, Harper ME. Effects of shortand medium-
term calorie restriction on muscle mitochondrial proton leak and reactive oxygen species
production. Am. J. Physiol. Endocrinol. Metab. 2004; 286:E852—-E861. [PubMed: 14736705]

Civitarese AE, Carling S, Heilbronn LK, Hulver MH, Ukropcova B, Deutsch WA, Smith SR,
Ravussin E. Calorie restriction increases muscle mitochondrial biogenesis in healthy humans.
PLo0S Med. 2007; 4:e76. [PubMed: 17341128]

Boily G, Seifert EL, Bevilacqua L, He XH, Sabourin G, Estey C, Moffat C, Crawford S, Saliba S,
Jardine K, et al. SirT1 regulates energy metabolism and response to caloric restriction in mice.
PLoS One. 2008; 3:1759. [PubMed: 18335035]

Haigis MC, Guarente LP. Mammalian sirtuins: emerging roles in physiology, aging, and calorie
restriction. Genes Dev. 2006; 20:2913-2921. [PubMed: 17079682]

Kahn BB, Alquier T, Carling D, Hardie DG. AMP-activated protein kinase: ancient energy gauge
provides clues to modern understanding of metabolism. Cell Metab. 2005; 1:15-25. [PubMed:
16054041]

de Lange P, Farina P, Moreno M, Ragni M, Lombardi A, Silvestri E, Burrone L, Lanni A, Goglia
F. Sequential changes in the signal transduction responses of skeletal muscle following food
deprivation. FASEB J. 2006; 20:2579-2581. [PubMed: 17065218]

Gonzalez AA, Kumar R, Mulligan JD, Davis AJ, Weindruch R, Saupe KW. Metabolic adaptations
to fasting and chronic caloric restriction in heart, muscle, and liver do not include changes in
AMPK activity. Am. J. Physiol. Endocrinol. Metab. 2004; 287:E1032-E1037. [PubMed:
15251868]

To K, Yamaza H, Komatsu T, Hayashida T, Hayashi H, Toyama H, Chiba T, Higami Y,
Shimokawa I. Down-regulation of AMP-activated protein kinase by calorie restriction in rat liver.
Exp. Gerontol. 2007; 42:1063-1071. [PubMed: 17709221]

Shinmura K, Tamaki K, Bolli R. Short-term caloric restriction improves ischemic tolerance
independent of opening of ATP-sensitive K+ channels in both young and aged hearts. J. Mol. Cell.
Cardiol. 2005; 39:285-296. [PubMed: 15878170]

Essays Biochem. Author manuscript; available in PMC 2014 January 07.



Jornayvaz and Shulman Page 13

Essays Biochem. Author manuscript; available in PMC 2014 January 07.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Jornayvaz and Shulman Page 14

Resveratrol ? AICAR [3 GPA Exercise
""a. \ R :"5-— -_—
f eNOS i‘ SsIRTs  * TORCs s *_,f fcar ™.
":‘.MPK } p3s MAPK 1 |

e .,--""'-- v t ik |
| _.-"'?'"'_-_-..., " Calcineurin |

-'-

. [ $PGC-1d]
- -;;\ S Nucleus :
"u ,

'IERRs 1‘ PPARs,

— = "'h.

= :: — T
] "
l ¥ mtoNA—— ¥ Mitochondrial protelns- t Glucose utilization t Fatty acid oxidation '
| | !
1 5
II LS H 1 i
hflltochondrla ] Skeletal muscle cell _..~
e S _Mitochondrial biogenesis: | e

Figure 1. Pathwaysinvolved in mitochondrial biogenesis

eNQS, SIRTs, TORCs, AMPK and possibly CaMKIV cause an increase in PGC-1a gene
transcription, which results in an increase in NRFs, leading to mtDNA expression and
mitochondrial proteins, thus promoting mitochondrial biogenesis. An increase in PGC-1a
also results in an activation of ERRs and PPARSs.
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Figure 2. Superoxide production by the mitochondrial electron transport chain

Superoxide (O,°7) anions are produced at complexes | and 111 of the electron transport chain.
The superoxide released in the intermembrane space can enter the cytosol via the voltage-
dependent anion channel (VDAC) and cause oxidative damage if not scavenged by
superoxide dismutase. Hydrogen peroxide (H»05) is converted into hydroxyl radical (OH").
Reactive nitrogen species can be formed with the interaction of superoxide with NO to
produce peroxynitrite (ONOO®™). Superoxide, the hydroxyl radical and peroxynitrite are
ROS that cause oxidative stress to organelles. CoQ, coenzyme Q; Cyt ¢, cytochrome c.
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