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Abstract

In the past, contraction-induced production of reactive oxygen species (ROS) has been implicated in oxidative stress to skeletal muscle. As

research advances, clear evidence has revealed a more complete role of ROS under both physiologic and pathologic conditions. Central to the

role of ROS is the redox signaling pathways that control exercise-induced major physiologic and cellular responses and adaptations, such as

mitochondrial biogenesis, mitophagy, mitochondrial morphologic dynamics, antioxidant defense, and inflammation. The current review focuses

on how muscle contraction and immobilization may activate or inhibit redox signalings and their impact on muscle mitochondrial homeostasis

and physiologic implications.
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1. Introduction

Exercise is a powerful stimulus to physiologic adaptations

of the body, including cardiovascular, pulmonary, neuromus-

cular, endocrinal, and musculoskeletal systems.1 During exer-

cise performed at proper intensity and duration, the reactive

oxygen species (ROS) are generated within the muscle cells

and play an important role in regulating a wide range of bio-

logic functions that directly or indirectly affect these adapta-

tions.2 The balance of ROS generation and cellular antioxidant

defense may determine cellular redox status, which can influ-

ence either the de novo gene expression of new proteins or the

post-translational modification of existing proteins, or both. In

most cases, the influence of ROS is exerted via signal trans-

duction pathways wherein transcription factors (TF) are syn-

thesized and/or covalently modified via an oxidoreductive

(redox) process. Redox signaling is an important branch of

exercise physiology that describes the processes and mecha-

nisms by which ROS participate in and control exercise-

induced adaptive responses.3
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As a complicated biologic integration, redox signaling requires

almost all cellular components, such as the cell membrane,

nucleus, ribosome, mitochondrion, lysosome, and proteasome, to

participate in. Research during the past several decades reveals that

mitochondrion plays a critical role in the coordination of redox sig-

naling.4 This is because 1) mitochondrion is the organelle where

all energy substrates are finally metabolized to generate ATP, the

only energy form that various cellular functions depend on; 2) the

majority of ROS (mainly H2O2 and NO) is generated within the

mitochondria, which to a large extent determines the cellular redox

status5; and 3) mitochondrion itself undergoes constant turnover

controlled primarily by 3 processes: biogenesis, fission and fusion

dynamics, and autophagy (mitophagy).6 In addition, a healthy and

stable mitochondrial population (mitostasis) is important to other

cell functions in the skeletal muscle, such as force production, glu-

cose deposition, lipid metabolism, inflammation, apoptosis, and

aging.7 The current review, obviously, is not able to cover all

aspects of mitochondrial properties. The authors focus on several

areas in which mitostasis and redox signaling depend on each

other, with a special reference to exercise adaptation of skeletal

muscle health, which has been known as hormesis.8 For detailed

reviews, readers are referred to several recent and more compre-

hensive reviews.9�11
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2. Mitochondrial biogenesis: the role of peroxisome-

proliferator-activated receptor g coactivator 1-a (PGC-1a)

When animals are engaged in long-term physical work with a

high oxygen consumption, mitochondrial volume, density, and

oxidative enzyme activity in the skeletal muscle increase.1 The

observed increase in mitochondrial population is accomplished

primarily by enhanced mitochondrial biogenesis, regulated by

complex signaling pathways that require the synthesis, import,

and incorporation of proteins and other molecules into the exist-

ing mitochondrial reticulum, as well as replication of mitochon-

drial DNA.12 PGC-1a serves as a master transcriptional

coactivator, which not only controls the biogenesis of mitochon-

dria but also participates in the adaptation of antioxidant defense,

control of fusion and fission dynamics, and mitophagy.13

A wealth of literature has shown that endurance increases

PGC-1a levels in the skeletal muscle.14�16 This training adapta-

tion is usually, but not always, accompanied by elevated nuclear

respiratory factor 1 (NRF1) and mitochondrial transcription factor

A (TFAM) levels, 2 required elements for increases in nuclear-

encoded mitochondrial proteins and mitochondrial proliferation.

Thus, trained muscle demonstrates predictable physiologic and

biochemical outcomes, such as elevated mitochondrial oxygen

consumption and ATP production, mitochondrial morphologic

changes, increased oxidative enzymes, and enhanced fatty acid

oxidation.17 A cross-sectional study showed that endurance-

trained human subjects had 7-fold higher PGC-1a, 5-fold higher

TFAM, and more than 2-fold higher NRF1 protein contents in

their leg muscles than their sedentary counterparts.18 It is note-

worthy that although mitochondrial biogenesis is at least partially

dependent on intact PGC-1a signaling,19 PGC-1a is not absolutely

required for training adaptation; some studies using PGC-1a

knockout (KO) mice still derived significant improvement in mito-

chondrial oxidative markers.10 Interestingly, repeated intermittent

sprinting bouts were also shown to increase PGC-1a content by 6-

fold in rat muscle, along with a 2-fold increase in NRF1 and

TFAM.20 This phenomenon may explain why high-intensity inter-

val training is an effective way to achieve results that are compara-

ble to those achieved with long-term chronic training.9

To date, research indicates that contraction-induced PGC-1a
expression is partly dependent on the activation of Ca2+/calmodu-

lin-dependent protein kinase IV,
15

which phosphorylates cyclic

adenosine monophosphate-response element binding protein

(CREB), and calcineurin, which activates myocyte enhancer factor

2 (MEF2).13 Muscle contraction also increases ROS production in

the mitochondria that activates p38 mitogen-activated protein

kinase (MAPK) via protein kinase c (PKC). p38 phosphorylates

MEF2 and activates transcription factor 2 (ATF2). ATF2-CREB

dimerization appears to bind to PGC-1a promoter as a required

step.14 Alternatively, during strenuous exercise, adenosine 5’

monophosphate-activated protein kinase (AMPK) is activated due

to the elevated AMP/ATP ratio that enhances coactivation of

PGC-1a.16 Cellular redox status can profoundly influence the

gene expression and coactivating ability of PGC-1a in the muscle.

Sprinting exercise-induced upregulation of PGC-1a content was

severely hampered when rats were injected with ammonium
pyrrolidinedithiocarbamate (PDTC), an antioxidant and nuclear

factor-kB (NF-kB) inhibitor.18 Furthermore, when rats were

treated with PDTC daily during a chronic training program, the

elevation of muscle PGC-1a was hampered.18

Besides mitochondrial biogenesis, PGC-1a also stimulates a

range of other cell functions connected to estrogen-related recep-

tor-a (ERa) binding, fatty acid b-oxidation, and antioxidant

enzyme regulation. Reduced mRNA levels of superoxide dismu-

tase 1 (SOD1, or CuZnSOD), SOD2 (or MnSOD), and glutathione

peroxidase 1 (GPx1), as well as SOD2 protein content, were

observed in skeletal muscle from PGC-1a KO mice, whereas

mice with PGC-1a overexpression showed higher SOD2.21

Recent research reveals that PGC-1a plays a direct role in the

ROS-activated mitochondrial oxidative and antioxidant enzyme

(SOD2) gene expression.22 Nuclear receptor corepressor

(NcOR1), as a conserved protein, normally binds to peroxisome

proliferator-activated receptor b (PPARb) of the target gene pro-
moter to suppress transcription. Upon exposure to H2O2, the inhi-

bition is relieved, allowing transcription to take place.

Furthermore, PGC-1a promotes sirtuin (SIRT) 3 gene expression,

which deacetylates and activates mitochondrial enzymes, includ-

ing SOD2, through a post-translational mechanism.23 Taken

together, PGC-1a is probably the most important pathway that

confers a wide range of cellular functions that adapt to acute and

chronic exercise (Fig. 1). Some additional results of PGC-1a sig-

naling are mentioned in subsequent sections.
3. Mitochondrial fusion and fission dynamics

Mitochondria are organized into dynamic networks extending

throughout the cytosol in close contact with the nucleus, endo-

plasmic reticulum, and Golgi network, thus facilitating the cross-

talk among these organelles. It is now known that mitochondria

undergo constant fusion and fission dynamics, and the morpho-

logic changes are closely related to their function, stability, and

turnover.24 Mitochondrial fusion in mammals requires mitofusins

(Mfn1 and Mfn2), with the assistance of optic atrophy protein

1.25 Mitochondrial fission is controlled by the interaction of 2

proteins: dynamin-related protein 1 (DRP1) and human fission

protein 1 (Fis1). Balanced mitochondrial fusion and fission events

are beneficial for oxidative phosphorylation and optimal meta-

bolic output in the muscle. Fusion provides a chance for mito-

chondria for rapid transmission of Ca2+ signals, whereas fission

of the mitochondrial network into individual units is necessary

for efficient mitophagy to eliminate damaged mitochondria.26

This process also stimulates mitochondrial biogenesis to ensure a

healthier pool of functional mitochondria.

Recent research shows that mitochondrial dynamics are con-

trolled by redox signaling. ROS, PGC-1a, forkhead box O

(FoxO), and NF-kB have been identified as potential regulators

during metabolic disturbance such as exercise.27 H2O2-stimulated

Mfn1/2 expression is attenuated in PGC-1a KO C2C12 muscle

cells, whereas PGC-1a overexpression enhances Mfn2 mRNA

and protein production.28 PGC-1b induces fission protein expres-

sion in C2C12 myoblasts and myotubes, and increases the length

of mitochondrial tubules.12 An acute bout of prolonged exercise

has been shown to increase Fis1 expression but decrease Mfn1/2



Fig. 1. Contraction-activated cell signaling pathways that lead to increased PGC-1a and mitochondrial biogenesis in the skeletal muscle. Arrow-headed lines rep-

resent activation; dot-ended lines represent inhibition. AMP:ATP = adenosine monophosphate/adenosine triphosphate ratio; AMPK = AMP-activated protein

kinase; ATF = activating transcription factor; CaMK = Ca2+/Calmodulin-activated protein kinases; cAMP = cyclic adenosine monophosphate; CREB = cAMP

response element-binding protein; ERRa = estrogen-related receptor a; GPx1 = glutathione peroxidase 1; MAPK = mitogen-activated protein kinases; MEF2 =

myocyte enhancer factor-2; NAD:NADH = nicotinamide adenine dinucleotide / nicotinamide adenine dinucleotide hydrogen ratio; NRF = nuclear respiratory fac-

tor; PGC-1ɑ = peroxisome proliferator-activated receptor g coactivator 1-a; PKA = protein kinase A; PKC = protein kinase C; ROS = reactive oxygen species;

SIRT3 = sirtuin 3; SOD = superoxide dismutase; TFAM = mitochondrial transcription factor A; UCPs = uncoupling proteins.
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in a duration-dependent manner.29 These findings suggest that

heavy exercise may lead to a fragmented mitochondrial network,

which compromises energy-production efficiency. On the other

hand, endurance exercise was reported to increase mRNA levels

of Mnf1/2 and DRP1 in rats30 and in human muscle.31,32 How-

ever, the effect of training on mitochondrial dynamics is not

always predictable. Some studies have shown that chronic exer-

cise promotes Fis1 and Mfn expression in the same direction,

suggesting that fission may be required to reorganize the mito-

chondrial network in response to metabolic demand.33 ROS

appear to modulate mitochondrial dynamics, as Mfn2 protein

content decreased in leg muscle of trained rats, but the reduction

was blocked by PDTC.19 These results indicate that mitochon-

drial fusion and fission may be an important process underlining

the functional adaption to endurance training. Depending on the

mode, intensity, and duration of exercise, as well as the species

under investigation, the outcome on mitochondrial dynamics

may be different.
4. Redox control of mitophagy

Mitochondrial quality and quantity control (mitostasis) in

response to exercise is regulated not only by mitochondrial bio-

genesis but also by selective degradation of dysfunctional mito-

chondria that may be caused by ROS and oxidative damage via

the autophagy-lysosome pathway (mitophagy).34�38 Activation of

mitophagy may be viewed as a protective mechanism because
accumulation of damaged mitochondria may reduce metabolic

function of the cell and even stimulate apoptosis by membrane

permeabilization and release of cytochrome c, thus activating cas-

pase-3.39 A decline of mitochondrial inner membrane potential

(Dcm) may serve as the internal signal during the initial phase of

mitophagy, when unc-51 like autophagy activating kinase 1

(ULK1) is activated and recruits Beclin-1 to form a double-mem-

braned phagophore, the preform of autophagosome. Phagophore

attracts the binding of microtubule-associated protein 1 light chain

3-II (LC3II), B-cell lymphoma 2/adenovirus E1B 19kDa interact-

ing-protein 3, and the autophagy adaptor protein, p62/sequesto-

some 1 (hereafter p62) to form autophagosomes, which engulf

damaged mitochondria and fuse with lysosome, which contains

rich proteases that degrade mitochondrial proteins.40 FoxO family

proteins play a central role in activating both the ubiquitin-protea-

some pathway and the mitophagy pathway.41 Activation of FoxO

can take place when insulin-like growth factor-I/Akt/the mamma-

lian target of rapamycin (IGF/Akt/mTOR) signaling is weakened

when muscle is immobilized or when AMPK is activated during

strenuous muscle contraction.42 PGC-1a attenuates proteolysis

due to its ability to upregulate mitochondrial biogenesis and anti-

oxidant enzymes, reduce ROS and oxidative stress, and inhibit

FoxO pathway.43,44 PGC-1a is also known to regulate Mfn2

expression, thus partially controlling mitochondrial fission.45

PGC-1a overexpression with transgenic approach or in vivo trans-

fection has been shown to prevent muscle from catabolic wasting

during disuse and aging.23,46,47 Fig. 2 illustrates the role of FoxO



Fig. 2. Role of FoxO signaling in activating ubiquitin-proteolysis and autophagy-

lysosomal pathway when skeletal muscle is immobilized. Various factors that acti-

vate or inhibit FoxO signaling are also illustrated. Arrow-headed lines represent

activation; dot-ended lines represent inhibition. AKT = protein kinase B; AMPK =

adenosine monophosphate-activated protein kinase; ATGs = autophagy-related

genes; DRP1 = dynamin-related protein 1; Fis1 = mitochondrial fission 1 protein;

FoxO = forkhead box transcription factor; IGF-1 = insulin-like growth factor 1;

Mfn2 = mitofusin 2; Mul-1 = mitochondrial E3 Ubiquitin protein ligase 1; MuRF-

1 = muscle RING-finger protein-1; mTOR = mammalian target of rapamycin;

PI3K = phosphoinositide 3-kinase; PGC-1ɑ = peroxisome proliferator-activated

receptor g coactivator 1-a; PINK = phosphatase and tensin homolog-induced

kinase; SIRT1 = sirtuin 1; ULK1 = unc-51-like autophagy activating kinase.
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in promoting proteolysis and mitophagy as well as factors that reg-

ulate FoxO in muscle cells.

An acute bout of exercise has been shown to activate

mitophagy in skeletal muscle. The evidence was derived pri-

marily by the observation that LC3I was converted to LC3II

by lipidation and that p62 content was reduced.48 This early

phase of autophagosome formation requires the activation of

AMPK, which phosphorylates ULK1, a major initiator of

mitophagy.49 During exercise at high intensity, Parkin accu-

mulation on mitochondrial membrane has been reported,

which is presumably recruited by phosphatase and tensin

homolog-induced kinase 1 (PINK1), a kinase responsive to

membrane damage and reduction of Δcm.50 Prolonged

exhaustive exercise has also been shown to increase activation

of FoxO1 and FoxO3, strong stimulators of mitophagy.41 A

number of studies have reported an exercise-induced increase

in autophagy and mitophagy;51 however, these studies shared

a common limitation: they report mainly changes in protein

content of various autophagy pathway components shortly

after exercise, whereas the flux of autophagy during exercise

remains largely unknown.51 It is noteworthy that the effect of

chronic exercise training on mitophagy may appear different

from that of acute exercise; several studies have shown a

decrease of mitophagy flux after endurance training.48,52,53

Training is known to improve mitochondrial morphologic and

functional integrity with less damage, so the signals to activate

mitophagy may be lessened in the trained muscle. Additionally,

training induces mitochondrial and cellular antioxidant defense
systems, resulting in a more stable redox status, which also

softens the redox-sensitive signals for the mitophagy pathway.

5. Redox adaptation of uncoupling proteins (UCPs)

Mitochondrial production of ROS is partly dependent on

the cross-membrane proton motive force (Dcm). UCPs are a

heterogeneous family of proteins that partially dissipate the

proton electrochemical gradient, thereby reducing ROS pro-

duction.54 Several members of the UCP family are found in

the brown adipose tissue of rodents for adaptive thermogenesis

(UCP1), in the skeletal muscle (UCP3), and elsewhere in the

body (UCP2). UCP3 appears to be a potential regulator of

transmembrane proton potential to influence oxidative phos-

phorylation during muscle contraction.55 The exact implica-

tion of and mechanism for exercise-induced UCP3 are still

elusive. UCP3 gene expression was increased by an acute bout

of exercise in mouse muscle, and the upregulation depended

on mitochondrial H2O2 production.
30,56 Although H2O2 stimu-

lated UCP3 in wild type muscle cells, PGC-1a in KO abol-

ished these effects.28 Thus, UCP gene expression seems to be

redox sensitive, and PGC-1a could be an important mediator

in the upregulation of UCP3. To explore the physiological sig-

nificance of UCP3 upregulation, Chen et al.50 examined the

time course of UCP3 level along with mitochondrial respira-

tion and ROS production during a prolonged bout of exercise

in rat skeletal muscle. The increase of UCP3 mRNA and pro-

tein peaked at 150 min, when a reduction of ROS production

and state 4 respirations in the mitochondria were observed. In

the UCP3-/- mice, exercise failed to increase mitochondrial

uncoupling respiration.56 The authors suggest that control of

UCP3 expression may shunt protons outside the inner mem-

branes, thereby decreasing Dcm and ROS production to pro-

tect mitochondria from oxidative stress.

6. Redox signaling of antioxidant enzymes

An abundance of literature has reported muscle antioxidant

adaptation to chronic exercise training.2,3 Mitochondrial SOD

(SOD2) demonstrates the most predictable and robust upregula-

tion, showing increases in both protein content and activity. Fur-

thermore, an acute bout of exercise can stimulate the mRNA

levels of SOD2, suggesting a transcriptional activation of its gene

expression.57 Gluthathione peroxidase activity also responds to

endurance training, but it is not clear whether the increased activ-

ity is entirely due to enzyme protein increase or post-translational

modification. ROS seem to be a required molecular signal for

exercise-induced SOD2 upregulation in muscle, whereas the ini-

tial studies revealed that NF-kB and MAPK signaling pathways

are heavily involved.57,58 Inhibition of NF-kB with PDTC

severely diminished the inhibitor of nuclear factor kB (IkB)-
induced kinase (IKK) activation, IkB phosphorylation, and p50

nuclear accumulation in response to exercise, while allopurinol,

the inhibitor of xanthine oxidase, abolished exercise-activated

NF-kB, extracellular signal-regulated kinases 1/2 (ERK1/2), and

p38 signaling during sprinting in rats.58 Importantly, allopurinol

partially blocked the exercise-induced mRNA of SOD2 and

induced nitric oxide synthase, both enzymes requiring NF-kB
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signaling. These studies emphasized the critical role of mitochon-

dria in modulating antioxidant defence that directly affect ROS

production and intracellular redox status, which can impact on all

redox signaling pathways in the cell.3

Recent research strongly suggests that, as the master regu-

lator of mitochondrial function, PGC-1a also controls antiox-

idant enzyme expression in the mitochondria. PGC-1a KO

fibroblasts exhibit a decrease in SOD2, catalase, and GPx1

mRNA contents compared to wild type fibroblasts,28 whereas

reduced mRNA levels of SOD1, SOD2, and GPx1, as well as

SOD2 content, were observed in skeletal muscle from PGC-

1a KO mice.21 However, mice with PGC-1a overexpression

showed higher SOD2 levels in both young and aged muscles.

Furthermore, PGC-1a promotes SIRT gene expression, which

deacetylates and activates mitochondrial enzymes, including

SOD2.59 In immobilized (IM) skeletal muscle, local transfec-

tion of PGC-1a DNA was shown to boost SOD2 expression

and recover SOD2 activity due to SIRT3 upregulation and

deacetylation.23 Significantly, local overexpression of PGC-

1a was capable of restoring age-associated loss of SOD2 pro-

tein content and activity, as well as stimulating catalase and

GPx1 expression in old mice.60 The molecular mechanism by

which PGC-1a regulates antioxidant gene expression is still

under heavy investigation, but recent research in this area

demonstrates that in C2C12 muscle cells, SOD2 gene promo-

tor contains several PPAR receptor elements (PPREs) that are

normally occupied by NCoR1, a conserved repressor of

SOD2 transactivation.22,61 An increase in intracellular PGC-

1a can overcome PPREs binding by NcOR1, allowing SOD2

mRNA to be transcribed. Although it is still unclear how cel-

lular redox status may affect the exchange of PGC-1a and

NcOR1, this finding has provided us with significant insight

into the ways in which muscle responds to oxidative stress

during exercise.
7. The role of mitochondria in muscle immobilization

atrophy

Muscle atrophy caused by prolonged IM is characterized by

decreased muscle fiber cross-sectional area, reduced force pro-

duction, increased fatigability, and insulin resistance.62 Atro-

phy may result from a decreased protein synthesis or an

increased protein degradation, or both.63 Recent research indi-

cates that IM-induced protein degradation can be activated by

2 separate but related redox signaling pathways: the ubiquitin-

proteolysis and the autophagy-lysosomal pathway.63 During

muscle IM, the signaling of IGF1/Akt/mTOR axis is with-

drawn, causing FoxO dephosphorylation and nuclear seques-

tration. FoxO is the most important activator of both of the

above-mentioned catabolic pathways (Fig. 2).41 Two weeks of

hindlimb IM in mice has been shown to enhance the mRNA

and protein levels of Atrogin-1 and muscle RING-finger

protein-1, which target at both regulatory (e.g., calcineurin and

myogenic differentiation 1) and structural (e.g., myosin and

troponin I) proteins, along with elevated dephosphorylated/

phosphorylated FoxO1/3 ratio.23,64,65 FoxO also appears to

promote mitophagy-related protein expression, with increased
PINK1, Parkin, and LC3II levels. Importantly, mitochondrial

ubiquitination was enhanced, and total mitochondrial density

decreased by 50% in the IM muscle. In addition, mitochondrial

quality was severely compromised, indicated by decreases of

citric synthase and cytochrome c oxidase activities, along with

a dramatic decline of ATP production rate (per unit of mito-

chondrial protein).23

A downregulation of PGC-1a was observed in muscle atro-

phy of different models and was thought to be a major molecu-

lar mechanism for enhanced FoxO phosphorylation, NF-kB
activation, and protein loss.63 PGC-1a plays a protective role

against protein catabolism and muscle wasting, with a variety

of ramifications. For instance, denervation-induced muscle

atrophy and the effects of Duchenne muscular dystrophy are

ameliorated when the PGC-1a level is preserved or elevated.66

Inactivity-induced deficit of PGC-1a in skeletal muscle results

in a chronic systemic inflammatory state, evidenced by

increased tumor necrosis factor-a (TNF-a) and interleukin 6

(IL-6) expression and by NF-kB activation.21 However, in the

absence of chronic disease, despite NF-kB activation, overpro-

duction of proinflammatory cytokines, and oxidative stress,

inflammation does not consistently lead to muscle atrophy.67

On the other hand, PGC-1a overexpression via local transfec-

tion was demonstrated to preserve mitochondrial volume and

function and to reverse atrophy-associated inflammation.23

These findings highlight the critical role of mitochondria in

the preservation of protein balance and prevention of muscle

atrophy.

Recent literature has revealed that mitophagy may be acti-

vated during muscle IM and contribute to the loss of muscle

mass.67 Activation of the FoxO pathway stimulates the

PINK1-Mfn2-Parkin axis that facilitates the removal of dam-

aged mitochondria to maintain a healthier mitochondrial pool.

However, increased mitophagy during IM may be a double-

edged sword; removal of damaged mitochondria maintains a

smaller but more intact mitochondrial population but in the

short term sacrifices mitochondrial volume. In a recent study,

we have shown that 2 weeks of IM increased both PINK1 and

Parkin expression several-fold, whereas the mitochondrial

ubiquitin ligase mitochondrial E3 ubiquitin protein ligase 1

level was dramatically elevated.23,64 The Mfn2 level plunged,

but optic atrophy protein 1 expression increased in the IM

muscle. Importantly, ubiquitinated Mfn2 and mitochondrial

contents more than doubled with IM. After in vivo transfection

of PGC-1a, tibialis anterior muscle overexpressing PGC-1a
showed decreases in PINK1, Parkin, and LC3II protein lev-

els.64 In the above study, the role of AMPK, a strong activator

of FoxO, was not evaluated; but SIRT levels were upregulated

by PGC-1a transfection. SIRT1 is known to regulate the activ-

ity of NFkB and FoxO, the key controllers for proinflamma-

tory cytokine expression and mitophagy.68 SIRT1 deacetylates

and activates PGC-1a, perceivably forming a feed-forward

cycle to inhibit FoxO. Furthermore, SIRT3 deacetylates SOD2

in the mitochondria, thus controlling ROS emmision.69 There-

fore, the role of SIRTs in PGC-1a-induced mitochondrial bio-

genesis and inhibition of mitophagy should not be

underestimated in muscle IM atrophy.



Fig. 3. Role of NFkB signaling in causing inflammation and loss of redox

homeostasis in skeletal muscle cells. Arrow-headed lines represent activation;

dot-ended lines represent inhibition. COX-2 = cyclooxygenase-2; IL = inter-

leukin; NADPH = nicotinamide adenine dinucleotide phosphate hydrogen;

NF-kB = nuclear factor-kB; PGC-1ɑ = peroxisome proliferator-activated

receptor g coactivator 1-a; ROS = reactive oxygen species; SIRT1 = sirtuin 1;

TNF-a = tumor necrosis factor-a; XO = xanthine oxidase.
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8. The role of redox signaling in muscle inflammation

Inflammation represents a pathophysiologic state that sub-

stantially alters cellular oxidative-antioxidant homeostasis.

During inflammation, ROS production is boosted by the action

of certain enzymes, such as nicotinamide adenine dinucleotide

phosphate hydrogen oxidase (NADPH), cyclooxygenase-2,

and xanthine oxidase, which activate NF-kB, the primary

redox-sensitive signaling pathway for inflammation

(Fig. 3).70,71 Exercise at moderate intensity does not usually

stimulate NF-kB activation because ROS are mostly removed

by cellular antioxidant systems. Furthermore, elevated PGC-

1a is known to inhibit p65 DNA binding.59 Moreover, SIRT1

activation during muscle contraction deacetylates p65, pre-

venting its nuclear entry and binding.72 However, if exercise

intensity is high or if exercise has a significant component of

muscle-lengthening contraction, such as in downhill running

and heavy weightlifting, local myofibril injury may activate

NAPDH oxidase to produce superoxide radicals (O2
.�) and,

consequently, other ROS, including NO, H2O2, and hypochlo-

rous acid. Elevated plasma levels of TNF-a may also stimulate

mitochondria to produce O2
.� and H2O2.

73 Activation of PKC

and NF-kB-induced kinase, a member of the MAPK family, is

known to activate IKK, which phosphorylates the IkB submit

of NF-kB complex and unleashes p50/p65 for nuclear bind-

ing.70,74 A direct and significant outcome is the enhanced gene

expression of proinflammatory cytokines, such as TNF-a,
IL-1b, and IL-6 from immune cells and/or damaged muscle

tissues. Proinflammatory cytokines also promote the expres-

sion of adhesion molecules, such as vascular cell adhesion

molecule 1 (VCAM-1), cytokine-induced neutrophil chemoat-

tractant-1 (CINC-1), and monocyte chemoattractant protein-1

(MCP-1), as well as NOS expression.75 The increased blood

flow due to NO production and the chemotactic effects of

adhesion molecules facilitate polymorphonutrophil and circu-

lating cytokines to infiltrate into the affected area. Elevated

proinflammatory cytokines inevitably affect mitochondrial

ROS generation and metabolic function. In a study conducted

by Liao et al.,73 rats subjected to downhill running (�10%)

with increasing duration demonstrated progressive increases in

muscle TNF-a concentration and myeloperoxidase activity, a

clear indication of inflammation. Meanwhile, there was a

steady decrease of mitochondrial aconitase activity, whereas

SOD2 activity was not altered.

Recent research indicates that mitochondria are involved in the

inflammatory process and that PGC-1a plays a role as an anti-

inflammatory agent. Studies in PGC-1a KO animals demonstrate

that PGC-1a modulates local or systemic inflammation by regu-

lating the expression of proinflammatory cytokines, such as

TNF-a and IL-6.76 PGC-1a KO mice showed higher basal

mRNA expression of TNF-a and IL-6 in skeletal muscle, as well

as higher serum IL-6 levels.13 In addition, PGC-1a overexpressed

mice showed lower expression of TNF-a and IL-6.21 These data

suggest that PGC-1a plays a protective role in inflammatory

response by reducing proinflammatory cytokine production.

Moreover, a single exercise bout increased skeletal muscle

TNF-a mRNA and serum TNF-a content in PGC-1a KO mice
but not in wild type mice.13 When mouse hindlimb muscle was

immobilized followed by remobilization, clear signs of inflam-

mation were observed in the muscle, such as NF-kB activation,

increased mitochondrial H2O2 production, and elevated TNF-a
and IL-6 contents. These responses were largely abolished

when the muscle was transfected with PGC-1a.23 These find-

ings echoed an earlier study showing that PGC-1a transgenic

mice had lower muscle proinflammatory cytokine production

and oxidative damage.21

9. Conclusion

Evolution has turned ROS into an essential component of

cellular life through redox signaling. In skeletal muscle, contrac-

tion-induced ROS production underscores numerous adaptations

in response to exercise, as documented during the past half cen-

tury. Muscle contraction can dramatically change the balance

between ROS production and antioxidant defense, often resulting

in a small surplus of ROS, which activates several signal trans-

duction pathways including, but not limited to, NF-kB, MAPK,

PGC-1a, FoxO, and SIRT. Exercise at appropriate intensity and

duration stimulates PGC-1a signaling that promotes mitochon-

drial biogenesis and antioxidant adaptation, whereas rigorous

exercise, especially eccentric contraction, can lead to hyperacti-

vation of NF-kB and FoxO, promoting ubiquitin proteolysis and

mitophagy, as well as stimulating inflammation. These catabolic

signaling pathways are also activated in IM muscle. Mitochon-

drial homeostasis (mitostasis) is regulated by mitochondrial bio-

genesis, fusion and fission dynamics, and mitophagy; and their

morphological and functional integrity is essential for muscle per-

formance during exercise. PGC-1a is a master mitochondrial
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regulator that exerts profound influences on many other redox

signaling pathways. Experimental overexpression of PGC-1a has

already demonstrated positive effects on muscle contractile func-

tion, protein preservation, mitochondrial stability, and resistance

to oxidative stress and inflammation. We hope that future

research will continue to explore the mechanism and application

of improved mitostasis on a number of health issues, such as can-

cer cachexia, muscle disuse atrophy, and sarcopenia.
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