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Summary in mitochondria. In this igard, contemporary studies V&
] ] ] o demonstrated thatxercise increases the transcription of an

1. Mitochondrial biogenesis in sletal muscle grray of genes with puta rles in training adaptatich.
results from the cumulat dfect of transient increases in Furthermore, a growing body of evidence shows that the
mRNA transcripts encoding mitochondrial proteins inyycogen content of shetal muscle is a major determinant
response to repeatedxeecise sessions. This ProcesSegylating the transcriptional aettion of mary genes
requires the coordinatedk@ession of both nuclear and;yoved in this adapte responsé. Collectively, these
mitochondrial (mtDNA) genomes and isgudated, for the  giscoveries hae gimulated current interest into thefegts
most part, by the peroxisome proliferatmtivated receptor of manipulating substratevalability to modulate both
yco-actvator (PGC-h). _ _ acute and chronic responses xereise. In this brief rdew,
. 2. Several other gercise-inducible proteins also play e will examine hw exercise-nutrient interactions impact
important roles in promoting an endurance phenotyRg, gene epression and cell signalling, and ultimatelywho

including the AMP-actiated protein kinase (AMPK), the {hege manipulations can modulate processes implicated in
p38 mitogen-actiated protein kinase (p38 MAPK) and thetraining adaptation.

tumour suppressor protein p53.

3. Commencing endurance-basedreise with lav  Exercise induces mitochondrial biogenesis
muscle glycogen\ailability results in a greater agttion o ) )
of mary of these signalling proteins compared to when the ~ Endurance xercise induces an increase in muscle
same mercise is undertadn with normal glycogen m!tochondr!a‘!'6 _A smg_le bout_ of gercise stlmulate_s
concentration, suggesting that nutrientilability is a mitochondrial biogenesis, as evidenced by increases in the

potent signal that can modulate the acute cellular respon§8ression of mitochondrial proteifisRepeated bouts of
to a single bout obercise. exacise (.e. training), maintain this @&ct. Training

4. When eercise sessions are repeated in the face BiProves exercise capacity and endurance, making it
low glycogen aailability (i.e. chronic training), the possible to work at higher intensities for longer time

phenotypic adaptations resulting from such irgations periods. Anincrease in thexercise stimulus results in a
are also augmented. greater increase in mitochondrial biogenesis. As a result,

exgcise training programs in which the stimulus is
Introduction progressiely increased result in a proliferation in muscle

) mitochondria up to the point where a further increase in
Almost 50 years ago, groundbreaking work by Johfaining  stimulus causes no further increase in
Holloszy demonstrated that endurance-base®rcse |jitochondria.

induced an increase in eletal muscle mitochondrial Mitochondrial biogenesis in skeletal muscle results

numbeflin rats subjected to an intense protocol of treadmlym the cumulatie dfects of transient increases in MRN
running: In that study mitochondria from muscles of yanscripts encoding mitochondrial proteins after sucoessi
exgcise trained animals exhibited highervels of  oygcise sessiors.This process requires the coordinated
respiratory ~ control and tightly ~coupled oxid@i eypression of both nuclear and mitochondrial (MN
phosphorylation compared to muscle from untrainedenomes throughavious co-factors specifically dedicated
animals. Thisincrease in electron transport capaciisw o families of genes encoding distinct categories of
associated with a concomitant rise in the ability to produGgjtochondrial proteind.During the past decade it has been
adenosme triphosphate TR) and was, in Iarge. Part, established thatverall coordination of these twprocesses
responsible for the prolonged endurance running timg regulated by the peroxisome proliferattivated
obsered after training. Since publication of that landmark receptory co-actvator (PGC-1r).81° This transcriptional
study devéopments of our understanding of thecq_actiator influences the transcriptional agty of nuclear
mechanlgms responsible foteecise-induced mltochond.rlal respiratory factors (NRF%)and peroxisome proliferator
biogenesis ha rogressed rather sidy. Indeed, only with 5ctivated receptors (PERs)! NRF-1 actvates epression
recent advances in molec_ular b|ology has it peen DOS$|b|eo§0the nuclear gene that encodes mitochondrial transcription
elucidate the mechanisms gréating mitochondrial factor A (Tfam), which mees to he mitochondria where it
biogenesis and moexercise training promotes an increasgeqylates transcription of the mitochondrial BN which
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increases in MRNA, and that thesaur$is’ of increased
mRNA abundance preceded increases in transcriptional and

14+ *§ mitochondrial proteins during the training intention.
124 *§ Over time, these transient ‘pulses’ of increased MRN
§ &’ 104 *§# expression eentually lead to an accumulation of we
% o . "\ muscle proteins, which constitute the ‘training adaptation’
s O I} “ ,’ / *§b and subsequent imprements in metabolic and endurance
‘L-')-% 64 Do [ 4 capacity.
(G 44 \ ,’ \ \ R Perryet al® also observed that with each sucoessi
e= L1 “I v,/ ‘7 \ training session, the acute increases in PG@ARNA was
oA u Ll & ] b attenuated (Figure 1), supporting thepbthesis that
— — — — reduced transcriptional responses with repeated training
CIH S I I occurs oo time with continued smcise puisesie. ofe
N on® S AR . . ' P S
N “ A athletes with a prolonged history of training). Altermelj,
it could be that as an inddual accumulates a ‘history’ of
training, the primary mechanism behind the adapti
1.8 response shifts from transcriptionalgoéation to post-
£S5 16 * translational modification of existing proteins. Further
8~ * * research into thesex@cise-induced mechanisms will
32 1.4 * ’,,—%--_‘ provide greater insight into the comgplecontrol of
5 Q - _% - mitochondrial biogenesis.
(‘_.') = 1.2+ IE' While considerable research has focused on the role
G0 _{’ of PGC-In as a ‘master gulator’ of training adaptation,
o= 1071 = several other signalling proteins @ important roles in this
0.8 process. Onexercise-induced signal that leads to increased
— . . . mitochondrial biogenesis is the increase in AMP
Q@ S0 o o o cor?ce.ntration in muscle_duringxeeci_se Fhat results in
& @,ﬂ' &‘1' ,&ﬂ' activation of the AMP-actiated protein kinase (AMPK).
N g ) A

AMPK functions as a ‘fuel gauge’ in skeletal muscle
because when it becomes waated in response to decreased
Figure 1. Early time-course of signalling events involved  enegy levels (i.e. muscle contraction, or energy restriction),
in the mitochondrial adaptive response to exercise in it inhibits ATP-consuming pathways and setes pathways
human skeletal muscle. Repeated transient mRNbursts  involved in carbopdrate and fatty acid catabolism to
precede increases inanscriptional and mitochondrial pF  restore ATP leels. AMPK promotes dtty acid (R)
teins during training in human skeletal muscleGC-1a  oxidation in skeletal muscle duringegcise by inhibiting
mRM (top panel) and protein content (lower panel) duringhcetyl-CoA carboxylase @CH) and actvation of
two weeks of high-intensity intervalining. *Significantly maloryl-CoA, thus remuing inhibition of mitochondrial
different from Pre; § Significantly défrent from all 24 h fatty ag/l-CoA translocation by carnitine
time points; # Significantly dérent flom ®'4 h; b Signifi-  palmitgyltransferase-1 (CPT-1). Numerous studiesseha
cantly diferent from all 4 h time points; tSignificantly dif-reported that thesexercise-induced effects on@C{3 and
ferent from 24 h (allP < 0.05). Values a& mean+ SEM maloryl-CoA are closely paralleled by adtion of
for 8-9 subjects per time point. AMPK.1415The mechanism by which aettion of AMPK
induces increased mitochondrial biogenesis is explained by
encodes fundamental respiratory proteins and otiwors the_ recent findingi6that AMPK directly phosphorylates and
involved in mtDNA transcription and replicatich.The ~actvaies PGC-&.™ The AMPK also phosphorylates and

attve . Senaiaebd
PRARs regulate genes for lipid transport and metabolisfRactvaies histone deacetylase 5 (KO5)™" which, in turn,
and lipid catabolis®® By interacting with these '©ads to the remal of HDACS from the nucleus, aaing

transcription factors, PGCal directs a coordinated up- the myocyte enhancer factor 2 (MEF2) to bind and/ateti

regulation of muscle mitochondrial content and the capacifff€ PGC-& gene.

for substrate metabolism and oxigatihosphorylation. The p38 mitogen-acited protein 1I;ilr;ase (p38
The results of Perryet al® provide important MAPK) phosphorylates and aeties PGC-& ™™ and can

mechanistic insight into the time course of th@!SC increase PGGalexpression by phosphorylating the

mitochondrial adapée response after a single bout oftf@nscription factor AF-2. Exercise results in rapid
exacise in human skeletal muscle. Theserkers had actvation of p38 MAPK, which mediates both the

. ! X "
subjects undertak 7 ntense endurancexacise sessions actvation and increased expression of PGE# Another
over a 2 wk taining block. Their results (Figure 1) transcription &ctor that may be regulated by AMPK and/or

demonstrate that daily bouts ofeecise result in transient P38 MAPK, and is emging as a potent regulator of
mitochondrial content and function is the tumour
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suppressor protein p53. Preliminary evidence in support giycogen content. Citrate synthase wtti along with

a role for p53 in rgulating mitochondrial capacity has beerresting muscle glycogen concentration anxdr@se time
provided from seeral animal studies demonstrating thatuntil exhaustion were all enhanced by training twicerye
p53 knock-out (KO) mice display reduced enduranceecond day ife. with low glycogen &ailability) when
exacise capacity compared with wild type anin?t$ compared with training once daily (with high glycogen
Skeletal muscles from p53 & mice also ghibit reduced availability), thus confirming their ypothesis that ‘train-
subsarcolemmal and intermyofibrillar mitochondrialow’ could enhance training adaptation and, under the
content (and reduced state 3 respiration in the latter) as wadhditions of that experimentxercise capacity.

as reducedytochrome oxidase (COX) activity and PG@G-1 Since the work of Hanseet al?’ the results of
expressior’® p53 may rgulate  @ercise-induced several studies demonstrate that, independent of prior
mitochondrial biogenesis through interactions with Tfam itraining status, a single bout ofeecise, or short-term (3-10
the mitochondria where it functions to co-ordinatevk) training programs in which a portion ofovkouts are
regulation of the mitochondrial genome. Indeed, theommenced with either Wo muscle glycogen (and/orvo
absence of p53 reduces Tfam mRBhd protein lgels as exogenous glucosevailability) augment training adaptation
well as mtDM\ content in resting musck. Recently, (i.e.they increase the maximal adties of selected genes
Saleem & Hoo# found that that a single bout of endurancend proteins wolved in carbohydrate and/or lipid
exacise can signal to localise p53 to the mitochondrimetabolism and promote mitochondrial biogenesis) to a
where it may seerto psitively modulate the activity of the greater gtent than when all erkouts are undertaken with

mitochondrial transcription factor Tfam. normal or eleated glycogen stores:34 An overview of the
_ ) _ N ) ) putative cell signalling pathways with roles in gelating
Ramping up the signal: Nutritional manipulation to the enhanced mitochondrial adaptations observed when

increase the training impulse endurance-based training is undeetakinder conditions of

The notion that nutrientvailability could interact reduced carbohydratealability is depicted in Figure 2.

with contractile stimuli to modulate acute responses to We |nvest|gated acute skele_tal .muscle signalling
exacise can be traced back to theorlv of Chan and e_vents in WeII—tra_uneq endgrap cydists N response toa
colleague®® These wrkers determined the effect of S'F‘g'e bout of high-intensity interval tre_unlng (HIB x 5
muscle glycogen \ailability and contraction on min atl 85% IOf \:DZmaQ comnrgsr:&cé&/vn?] e|trr1]er \Plo or
intracellular signalling and gene transcription in human(&ormal muscie glycogen sto phosphory ation
who performed 60 min of submaximateecise under tw was geater when HIT ws comme_nce_q with locompared
different e&ercise-diet conditions: either with prior Wt')th no(;mﬁl musc_le Iglytc):ogen\;alatgllty. Webra\;(;a!so
ingestion of a normal carbohydrate diet or after & |popsered that a singie .OUI of enhdurance-baseercese
carbolydrate diet intended to reduce poeeise muscle (HIT ?g moderate-intensity continuous running) increases
er. 1 1
glycogen content. Their data sted that reduced glycogen p535. phosphorylat|or_1 during the early reeny from .
availability increased phosphorylation of nuclear p3§xause mgtem_poral t|me-cogrse that was associated with
MAPK compared to when the samaeesise bout \s upstream signaling through either AMPK or p38MAPK

commenced with normal glycogen stofesSubsequent and further demonstrated that thexereise-induced

studies confirmed that commencingeeise when muscle activation of 953 _was glycoger_1-depen_dente.( low
glycogen concentration ag lw resulted in a greater carbolydrate aailability was associated with a three-fold

transcriptional actition of interleukin-6, gruvate increases in p53 phosphorylation 3 h post@se, while

detydrogenase kinase 4 (PDK4), xo&inase, and heat h_igh cgrbzt?gbldrate aailability completely suppressgd pS3

shock protein 72 compared with when muscle glycoge%grl‘)a”'r:jg't Th,? bltle_tnhancedl P53 r(lestpc(;nsgth W'thhw Iod

concentration was high or normal at the starixefase?6 Zacr nglmrahe atalha III );lwas. aiso da.sfolc'a € ;(N it en er:ce
It was not until the pioneering study of Hansen phosphorylation immediately poskeecise (

al.2” however, that the werall hypothesis that endurance 0t P38MAPK phosphorylation), suggesting that AMPK

exacise commenced with womuscle glycogen kel could may be the dominant upstream signalling kinagelleging

enhance training adaptation came into existence. The%@tracule-mduced pS3 activity.

workers tested their ypothesis using an xperimental b Exermset ctorcr;rtnenced W|thF\)/l%egcogen has.als.o
design in which both legs of the same vmdiial were een demonstrated (o increases P@@dne expression in

. a1 . .
trained according to different protocols: ong ferformed t““?“ag ske:gttal m#scle?.j3|l?ndg(r)et gl. zgedf 10 h'.ghbll
one training session each dawhereas the other de rained cyclists who rode for min @bs~ of maxima

performed tw training sessions separated by a brie"flerObIC power (D,,,) with either lav or normal muscle

recovery every second dayThis latter training schedule glycogen lgels  (achiged by mior exercise/diet

resulted in a marked decrease in muscle glycogen contgHFr\t’em'Otn)'tThi mRR O.f PGC-In wafs mhznce.ttdhtaoa
after the first bout ofx@rcise and when the second bout of'¢at€r Blent when Rercise was periormed wi

exacise was performed on the same,diayvas commenced compareq with norma! glycogervaability (.8'1'fO|d Vs.
with very lov starting muscle glycogenvailability. This 2.5-fold increase), while cytochrome ¢ oxidase usb|

protocol allowed Hanseat al?’ to compare training with and yruvate dehydrogenase kinase isozyme 4 iRiére

| | | traini ith hiah | increasgd after W@ (1.3- and 114-f9!d increase,
oW muscie glycogenvs. fraining Wi 'gh muscie respectiely), but not normal glycogen conditiofs.
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Figure 2. Schematic overview of the potential cell signalling pathways with roles in regulating the enhanced mitochon-

drial adaptations observed when commencing endurance-based training under conditions of reduced carbohydrate
availability. Reduced muscle glygen availability enhances both AMPK and p38MAPK phosphorylation that subse-
quently results in in@ased PGC-& activation and translocation to both the nucleus and mitochondria. In the nucleus,
PGC-1a co-activates the transcription faceNRF1 and NRF2 to inease the xpression of C& subunits and Tfam as
well auto-egulating its own gpression. In the mitochondria, PGGrIo-activates Tfam to co-ordinategulation of
mtDNA and induces thexpression of &y nitochondrial proteins of the electron transport chaire (COX subunits). Simi-

lar to PGC-1a, p53 activity is also increased wheregising under conditions of low carbohydrate availability (possibly
due to upstream signaling through AMPK) wdér translocates to mitdwondria to modulate Tfam activity and mtBN
expression. Additionallynuclear p53 abundance may also be enhancedevbdunctions to increasexpression of Drpl

and Mfn2 to later assist in mitochondrial fission and fusiaspectively Finally, reduced carbohydrate availability
increases both adipose tissue and intramuscular lipoljisislecieased circulating insulin and increased adrenaline con-
centrations. Thaesulting elevations in free fatty acids activate the nuclear transcription f&RP&RJ, to increase rpres-

sion of ley poteins involved inegulation of lipid oxidation sut as (PT-1, PDK4 and CD36. Thin solid linegpresent
activation, dashed lines represent translocation.

While there is graving evidence to sho that acute muscle are &y determinants of the awgtition of signalling
signaling eents are generally augmented when endurangeoteins important to muscle plastictThe attenuation of
training is commenced with Wo carbolydrate aailability, kinase phosphorylation in muscle with high mitochondrial
several disconnectsxst between upstream signalingeets  content suggests that these proteins may require a greater
and selected destream substrates. For example, wstimulus input for actition to propagate these cues
hypothesized that the greater AMPK aation in response downstream to ke fphenotypic adaptations, asaw/
to intense training with e glycogen aailability3® would  previously found by Yt al1®
result in concomitant increases in the localization and/or  Alternatively, there may be other mechanisms by
phosphorylation of some of thesewdwstream targets of which lov muscle glycogenailability increases the acute
AMPK, but this vas not the case: there were ndeténces training response. Indeed, recent evidence demonstrates that
in the localization of HBC5 and the phosphorylation state glycogen binding to the glycogen-binding domain on the
of CREB when subjects commenced intenseraise with  AMPK 3 sulunit allosterically inhibits AMPK actity and
either lav or normal muscle glycogenvels 33 In that study phosphorylation by upstream kinasésMcBride et al3’
we speculated that the magnitude of increase in AMPileported that AMPK is inhibited by glycogen, particularly
phosphorylation may not i@ been sufficient to specifically preparations with high branching content. Meezpthese
increase its actity towards HDAC5 and CREB. In support workers also showed that this inhibition of AMPK
of this contention, it has recently been reported that tlaetivation by seeral different types of carbohydratesasv
mitochondrial content and oxide#i capacity of skletal dependent on the glycogen-binding domain being abolished
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by mutation of residues required for carbohydrate bindingrounds. Just e low gycogen &ailability modulates the
Collectively, these results strongly suggest that glycogen &ctivities of proteins with putate mles in promoting
a potent regulator of AMPK activity through its associatiormitochondrial biogenesis is not precisely clddoweve,
with the glycogen-binding domain on the AMPR the time-course data of Perey al® may offer some insight
subunit®’ into this conundrum. The normal time-course ofvatitin
Finally, carbolydrate aailability is not the only of the majority of gercise-induced genes is that their
variable manipulated in marof these inestigations. Under actiity peaks earlyi(e. 1-4 h) during receery and has
conditions of lev muscle glycogen, circulating freatfy typically returned to resting (pre«@cise) values within
acids and catecholamine concentrations are als@tete 16-24 h. Commencingxercise with lav muscle glycogen
(Figure 2) and it seems reasonable to consider that theseres and/or withholding carbohydrate during veop
perturbations may contuibe to the promotion ofxercise from strenuous endurancexeecise may ‘prolong’ the
training-induced mitochondrial biogenesis. Evidence itransient increases in mRNtranscription, resulting in a
support of this contention comes from studies in animaigeater or more sustained sigfial.Low glycogen
where chronically raising plasma AFconcentration awailability after eercise may be important for the
induces increased biogenesis of mitochondria ielesl structural integrity of the peer-generating capacity of the
muscle3® However, it should be noted that when the postpreviously exercised musculature. Certainly further work is
exacise rise in plasmaafty acid concentration is abolishedwarranted to define the time-course of post-transcriptional
(by administration of acipimox, a pharmacological inhibitoregulation and if withholding carbohydrate during reay
of adipose tissue lipolysis), the normaleeise-induced from exercise is associated with functionally meaningful
increase in mRAN abundance of selected metabolic geneshanges in the activity ofely poteins that can further
(i.e. PDK4 and PGC-1) persists®® These results clearly promote the endurance phenotype.
demonstrate that the increase in circulatiradtyf acid
concentrations during the later stages afreise and References
subsequent regery are not essential to induce esital
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