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Anabolic agents for improving muscle regener ation and function after injury

Gordon S. Lynch, Jonathan D. Schertzer and James G. Ryall

Basic and Clinical Myology Laboratoripepartment of Physiology,
The University of Melbourn&fctoria 3010, Australia

Summary involve an unavoidable disruption (or interruption) to the
o ) o muscles rormal blood supply (called ‘ischaemia’).

‘1. Muscle injury can result in a significant loss ofgpsequent return of the blood supply (reperfusion) is
function that can impact on quality of lifén this reiew  proplematic in that a sere secondary injury can ensue
we describe ho muscles can be injured byternal Betors  megiated by production of damaging free radicals when
such as: contusion, I_aceratlt_)n, or crush; by intemetofs  pood flav is restored12 The same process occurs after
such as muscle strains during sudden anersefalls; or  reyascularization of an amputated limb, compartment
during the performance of some actions during spdrs. syndromes associated wittascular injury and follwing
addition, we describe the injury to a muscle that occUggcessie burniquet applicatiod® Muscle injuries such as
when its blood supply is interrupted — an occurrenc&ysh, ischaemia-reperfusion, and contraction-mediated
common in clinical settings.An overview of muscle gamage imolve injury to the muscle’ upport structures
regeneration is presented as well as a discussion of som iHEIuding blood and neev upply), such that functional
the potential complications that can compromise successtdhair is compromiset: 5 All of these eents can seerely

muscle repair and lead to impaired function and permangpisair muscle structure and function, mobility and quality
disability. of life. Skeletal muscle injury is a significant health issue

2. Improving muscle regeneration is important forinat costs billions in health carevey year in most
hastening muscle repair and restoring muscle function agg,goped nations.

this review describes ways in which this can be aubie The cellular and molecular mechanisms of muscle

We describe recent adwces in tissue engineering thdeof regeneration after injury and generation hee teen
considerable promise for treating muscle damagé, byescriped tensizely. 1620 Unfortunately al evidence
highlight the fact that these techniques require rigoroysgicates that once muscles are damaged, the muscle
evduation before thg can become mainstream clinical repair/rgeneration process is noiays complete and can
treatments. _ often be slov or complicated by fibrotic infiltration and
_ 3. Growth promoting agents are purported 1Qcarring. Incompletand slov repair can result in disability
increase the size of existing andmi;eregenergtmg muscle handicap. Thus, deeloping therapeutic approaches to
ﬂbres_ an(_j there_fo_re could be emp|0_yed to lmeUUS_de enhance the generation process and hasten restoration of
function if administered at appropriate times during thg,scle function is critical for improving the long-term
repair process.This review provides an update on the ppysical outcome of patients and athletes suffering muscle
efficay of some grovth promoting agents, including jnjyries and for preenting or minimising functional
anabolic steroids, insulin-kk gowth factorl (IGF-1) and disability after surger§:
B,-adrenoceptor agonist§ fagonists), to impne muscle Muscle injury and repair iolves a compbe balance
function after injury Although these approachesvia pepween local muscle fibre repaiegeneration, and scar
clinical merit, a better understanding of the androgenigssye formatioR?2 A variety of methods he been
IGF-I, and B-adrenegic signalling pathways in sletal gyamined for the purpose of hastening muscigeneratie
muscle is important if we are to\dse safe and &ctive  hocesses in order to restore muscle function, by either
therapies to enhance muscle regeneration and function agﬁhancing muscle fibre gwth and regeneration and/or
injury. promoting vascularity and nexwepair Anti-inflammatory
medications, corticosteroids, gigal methods, andxercise
protocols hee been studied™?? Current research fefits
Skeletal muscles can be injured byternal fictors are eploring closer interactions betweenveepmental
such as: contusion, laceration, or cfusfiom road trauma, biology and tissue engineering in order to enhaméstieg
workplace accidents, or collisions on the sports field; or Bjgsue or declop new tissues to replace those that are
internal factors such as strains, e.g. a hamstrings musdgmaged irreparabf}** Regeneratie medicine and tissue
tear when running or kickin§® or during surgery iwolving ~ €ngineering provide el therapeutic approaches to restore
muscle laceration or during reconstrueti o  muscle structure and function to damaged skeletal muscles
transplantation sgery when muscles are excised byafter injury or diseas&?® These approaches include the
sugeons and transferred from one part of the body tse of stem cells (including eletal muscle-deved sem
another to preide supporting structures and help restorgells), bioinductre factors, and bioscaffolds tadilitate
some leel of function”® These transplantation proceduregelease of cells or biological growth factors to repair and/or

Introduction
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regenerate  sietal musclé®3l  While offering improved regeneration of dst-twitch exensor digitorum
considerable promise for the treatment of muscle damadengus (EDL) and slev-twitch soleus muscles after
realistically it will take mary years before these ergerg myotoxic injury caused by direct intramuscular injection of
techniques are perfected and become mainstream clinioatexin. Nandroloneincreased the mass ofgenerating
treatments. soleusmuscles and decreased the re&atamount of st

To evduate the current status of all the fditnt myosin heavy chain proteinubanabolic steroid treatment
approaches for treating muscle injury is beyond the scopad no effect on generating EDL musclé$.In a follow-
of this brief reiew. Instead, we he focussed attention on up study the authors found that anabolic steroid treatment
therapies that v purported anabolic or gwth promoting had no significant &ct on the functional properties of
effects on skeletal muscleThe basic rationale is that regenerating EDL osoleusmuscles at 21 days post nxite
growth promoting agents can hasten muscle regenerationibjury.>® Beiner and colleagug’s examined whether
increasing the size of existing and newlygererating nandrolone deconoate could enhance the function of
muscle fibres and thereby improving muscle functiomegenerating rat skeletal muscles fallng contusion
Muscle growth promoting agents include (but are nadbjury. They found that at 7 days post-injury anabolic
limited to) growth hormone, testosterone-dedi or steroid treatment had no beneficiafeef on the force
testosterone-li&k hormones such as anabolic steroidsproducing capacity ofastrocnemiusnusclesin situ but by
insulin-like gowth factorl (IGF-I), and B,-adrenoceptor 14 days post-injury muscles from treated rats had ivggro
agonists [8.-agonists). W will provide a brief @erview of  twitch (but not tetanic) forces. Although interesting, this
the current state of kmdedge rgarding the eficacy of does not represent a defindi improvement in muscle
some of these gwth promoting agents (anabolic steroidsstrength sincén vivo, al muscle actions result from graded
IGF-1 and B-agonists) to impnee mnuscle function after tetanic (not twitch) contractionsHowever, the authors
injury. concluded that anabolic steroids could help the functional
recovery of injured muscles and therefore “mayvéaan
ethical clinical application to aid healing inveee muscle
gontusion injury and their use in the treatment of muscle

Anabolic steroids

Androgenic-anabolic steroids (AAS) are syntheti¢ . R
derivatives of the male hormone testosterone capable gplunes warrants furth_er researcﬁ. . .
exating strong dects on the human body that can benefit In a recent preliminary studyplahs anterlo.r.(TA)
athletic performancé? Testosterone replacement theyap muscles from castrated male mice were |nju_red by

has been &ctively used to counteract loss of lean bod)5 d then treated with drol d te to determi
mass in hypogonadal méh34in older men with normal or 21¢ then treated with nandrolone decanoalte to determine

low serum testosteron®;3%and HIV-infected men with lo Whethe_r mus.cle generation could t?e ) enhanc¥d.
serum testosteroré. Similarly, muscle gravth has been Anabolic steroid treatment increased the incidence of small

achiered in eugonadal states after suprgpiological d_iameter fibres (as a propo.rtio_n.of the total number of
administration to young, heajtimen283°and Hl\tinfected fibres) at 14 days postipivacaine injury by 65% compared
men with normal testbsteronevés 40 Although some with injured muscles from untreated mice. At 28 days post-

studies hee demonstrated enhanced muscle strengfﬁ”ury’ there was no &ct of treatment on the number of

following testosterone administratiéh, others hge these smaller diameter fibres, but the incidence afelar

reported no effect of androgen theram muscle function fibres (as a propprtion of the total number of fibrea)sw
despite increases in muscle siZeAlthough anabolic two-fold greater in muscles from treated compared with
steroids hee been used for the treatment of HIxelated untreated micelt should be noted that the variable size of

wasting and other wasting conditions for rparears, mayn Lhe. regenerating dmusclef.tf)lbrez fould adlsct)hér\;gl(ﬁgte that
questions remain unanswered, including thosgerdéng uplvacaine injured some fibres but spared o -have

appropriate and safe doses for long-term administration a%anously ;hown Fhat thexeent (_)f.mu.scle f|b_re injury in
the associated potential risks or side efféf4. mice folloving an intramuscular injection ofipivacaine is
There hse keen numerous studies that vea significantly less than that after an intramuscular injection

i i 48
investigated the effects of anabolic steroids orelstal of a more parerful myotoxin such as notn.™ Regardless,

muscles that are simultaneously responding to other stimmfe study showed that anabohc steroid treatment could
such as functionalverload?s hindlimb suspension in rdfs 'MP'YVe myofibre gravth during the later stages of muscle

5 2
or heay resistance training in humaffs However, few regenzratlt(r)]ﬁ. imi tud ined théeet of two
studies haee examined the effect of anabolic steroids on nother prefiminary study examine 0

skeletal muscle igenerationper se One of the most doses of nandrolone deconoate ayereeration and satellite

important ivestigatve techniques used in studying this.ce.IIS In mouse skeletal musclgs fatiog an intramuscular
njection of venom from the jararacucu smakBothrops

process is to folw the muscle fibre degeneration and . o3 .
subsequent spontaneous fibre regeneration after ]gH’:\I’aCUSSl) of South America® At 6 mg/kg, the anabolic

intramuscular injection of a myotoxin, such as amakStero'd increased the number of myotubes after 3 and 7

venoms (e.g. notexin or cardiotoxin) or local anaesthetiéjé'?‘yS post venom injection and the number of musclg fibres
such as bpivacaine lydrochloride®® Ferry and colleagué with normal morphology after 21 daydMuscle satellite

examined whether treating rats with nandrolone deconoa‘fgII prollferatlo_n at 7 and 21 daysaw also mcrgased n
mice that receied this dose. However, regeneration \as
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not improved in the injured muscles of mice treated withregeneration after myotoxic injury using the aptamer

nandrolone deconoate at a lower dose of 2 mgKuus, NBI-31772 which binds all six IGFBPs with highfiafty

the higher dose (6 mg/kg) of the anabolic steroids w and releases “free” endogenous IGF-I. Continual release of

required in mice in order to produce a beneficial effect diBI-31772 into the circulation of micéia a mini-osmotic

muscle regeneration afterveee myotoxic damage? pump increased the rate of functional rexg in mouse
Another important issue is whether anabolic steroidibialis anterior muscles after notexin-mediated damége.

may hae dinical application in treating the symptoms ofThese results support the notion that abrogating IGFBP

skeletal muscle diseases especially where muscle repaiteractions with systemic IGF-I has therapeutic potential

mechanisms are defeai and recurring episodes of fibre for enhancing muscle repair after muscle injury.

injury and inefficient and incomplete regeneration are a )

critical aspect of the pathopsiology, such as in Duchenne B.-adrenoceptor agonists

muscular dystroph(DMD). In a gudy on dystrophiendx Although {,-adrenoceptor agonist§ fagonists) are

mice, an animal mogiel 9f DMD. that alshebits ongoing traditionally prescribed for aNgating bronchospasm in the
injury and regeneration in the limb muscles throughout tr}‘raeatment of asthma because of their bronchodilatdéegtsf

lt')fESp]f‘ n ltrzaétn:g?tlwn? atnabollct:) s;?erm?s d('jd tnot?ha (on smooth muscle, sonfg-agonists actually ve potent
eneticia cL™ In Tact, anabolic steroid treatment, ho)ic effects on sketal muscle especially when

aggraated the dystrophic pathology in the EDL &meus  yinistered systemically and at higher d&8&€8.These

muscles, aswdenced from elsted creatine kinase aditly . ; : .
e muscle hypertrophic effects @ -agonists combined with
and a doubling of the number of centrally nucleated musc&q vp b @-ag

ir k lipolyti i h irable f
fibores (an inde of accumulated injury and repair). thelr nawn lipolytic actions, hee proved desirable for

Interestingly the size of some fibre populations actuallxnOse working in the Wiestock industry trying to impre
. ! . ) eat quality and yiel879 Not surprisingly B.-agonists
decreased imdxmice after anabolic steroid treatméft. quaity y prisingly B,-ag

have dso been used and abused by ynathletes iwvolved
Insulin-like growth factor-I in competitve bodyhuilding, strength- and peer-related
sports, and sports such as wrestling where athletes need to
Regardless of the initial cause of muscle injury“make weight” in order to compete in specific weight
effective fibre reeneration is dependent on the timedlasses:’2 However, because of their anabolic effects on
induction of myogenic regulatory factors and wgtio skeletal muscle, B,-agonists hee sgnificant clinical
factors, including IGF-P2%551GF-| actvates both myoblast potential particularly for muscle asting disorders
proliferation and subsequently differentiation, cruciaincluding the muscular dystrophiés.
processes for successful muscle repair agémeratior?® Skeletal muscle contains a significant proportion of
The importance of IGF-I in musclegeneration has been B-adrenoceptors, mostly of thep,-subtype, with
demonstrated in transgenic mice, where muscle-speciéipproximately 7-1098,-adrenoceptors present and a sparse
overexpression of IGF-I maintainedgeneratie apacity in  population of a-adrenoceptors, usually in higher
aged mic®’ and reduced the skeletal muscle pathology iproportions in sla-twitch muscle$?.70.73.74 Slow-twitch
dystrophic mdx mice3®5® Exogenous administration of muscles hee dso been shan to hae a geater density of
recombinant human IGF-I (rhIGF-l) increased the rate @-adrenoceptors than fast-twitch musclés. Since
functional recwery after myotoxic injur§® and improed B-adrenoceptors exist in the heart as well aslesél
the dystrophic pathology inmdx mice®-%3 Clearly, muscle, ap approach inolving the systemic administration
administration of IGF-1 and other growth factors has thef exogenousp-agonists must takinto account potential
potential to accelerate healing processes and other tissaffscts on tissues other than skeletal muscle, particularly the
after trauma, but their use in sports medicine is restricté@art. Synthetic 3,-agonists promote sletal muscle
because of the potential for abuse as performandeypertrophyvia activation of CAMP dependent mechanisms
enhancing agenfs. that increase protein synthesis and inhibit protein
Although rhIGF-1 administration and transgenic IGF-degradation pathays’?7> Recently PI3K-Akt signalling,
| overexpression hee beneficial effects on gltetal muscle, which is known to be implicated in skeletal muscle
their mechanism of action &irs considerably Transgenic hypertroply, has also been lirdd tof3,-adrenegic receptor
IGF-I overexpression in mice produced musclesignalling’®
hypertrophy® whereas rhIGF-I administration to mice did We ad others hee dso shown that systemic
not81-63 We have speculated that these differentiafeets administration off3-agonists can promote regeneration of
may be attributed to different interactions with IGF-bindingnjured skeletal muscles, specifically to hasten the
proteins (IGFBPs) following systemic dediy of IGF-1 to functional recwery of rat muscles after myotoxic injury
mice compared with muscle-specifioremexpression of with bupivacain€’” or notin.*®’8 Daily fenoterol
IGF-1 in transgenic mice. Although the effects of rhIGF-ladministration to rats (1.4 mg/kg/daiyp.) enhanced the
administration and IGF-Iwerexpression on sdetal muscle force output of injured/igenerating rat EDL muscles by
regeneration h&e keen well characterised, the role 0ofl9% at 14 days post injurwwhich was associated with
IGFBPs in skeletal muscle regeneration remains poorigcreases in protein content and muscle fibre ifaily
understood. Recentlywe eamined whether inhibiting clenhkuterol treatment to rats (2 mg/kg/dédoy oral gavage)
IGF-1 interactions with IGFBPs influenced musclencreased protein content ingeneratingsoleus muscles
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and caused significant transitions fromvsko fast fibres® IGF-I and related therapeutics, anfl,-adrenoceptor
More recently we have studied aspects @-adrenoceptor agonists; exhibit significant “cross-talk” and verge on
signalling during early generation of rat EDL ansloleus pathways responsible for protein synthesigxtracellular
skeletal muscles afterupivacaine injury and found that cross-talk between these signals includes increased IGF-I
despite P-agonist (fenoterol) treatment decreasindevels and the modulation of IGFBPs due (9 agonist
B-adrenoceptor density in regenerating rat EDL soldus administratiorf> and increased Vels of IGF-l as a
muscles, the cAMP responsefi@drenoceptor stimulation, consequence of anabolic steroid administraifoi.
relatve 1 healtty (uninjured) muscles, remained Intracellular cross-talk between these signalsxieresve
elevated’® and includes aatation of PI3K by thef/y sutunits of G-

The potential fof3-agonists to impnee the size and protein complg following andrenoceptor stimulatié’®
strength of muscles of human patients affected nd actiation of PI3K and p70S6K by IGF-I and folling
neuromuscular diseases where musclegemeratte AR stimulation®®8° Details rgading these signalling
mechanisms are defedj has recaied relatively limited pathways and their interactions are incomplete and further
attention. Preliminaryrials using theB,-agonist, albterol, delineation of neel signalling molecules will yield ne
to treat young bys with facioscapulohumeral dystrgph therapeutic tayets for enhancing skeletal muscle
found that yeatong administration at doses of 16 and 32egeneration after injury (Figure 1).
mg/day had only limited beneficial effects on strength, and  For anabolic therapies, concernsgeeding potential
was associated with some adverse cavdszular related pharmaceutical toxicity and safety issues are often only
events such as palpitations and in some cases, musoiated to high doses, so low-dose, short-term treatment
tremoré® Fowler and colleaguésadministered albuterol at stratgies are liely to hae less toxic effects and their
a lower dose of 8 mg/day for 28 weeks to boys with DMlinical merit is worthy of testing. D this end, gtensie
or BMD and found modest increases in strength with mareclinical and clinical studies are needed to determine the
side efects. Alluterol was well tolerated, but elicited onlyoptimum doses and treatment regimens that will elicit
modest impreements in muscle mass and strength. It isignificant impreements in muscle fibre size and strength
our contention that one of thadtors currently limiting the without causing deleterious side fesfts such as
application off3,-agonists for DMD and related disorders iscardiovascular complications or perhaps the formation of
that albuterol is simply not a powerful enough anabolimimours if grevth factors are administered systemically
agent to counteract the veee muscle wasting and to Alternatively, intramuscular delery and the use of
stimulate muscle generatie mechanisms sfiitiently. We emeping tissue engineering technologies that facilitate the
have <down unequiocally that newer generation timed and controlled release of gth factors, anabolic
B,-agonists, such as formoterol, veapowerful skeletal and/or antifibrotic agents, could help minimise potential
muscle anabolic effects (in mice and ratskere when side effects whilexerting beneficial effects on generating
administered in micromolar dos#s®? Most importantly muscle fibres to hasten restoration of muscle function after
formoterol is more selest for theB,-adrenoceptor and its injury.
effects on the heart (comprising predominantly
B,-adrenoceptors) are much less than those of old@fFknowledgements

gener_ation _[32-agqnists lile alouterol or clgnbterol_. Supported by research grant funding from the
B'.°°k'T‘9 stlmulat!on of theB,-adenoceptors S pOSSIbIeAustralian Research Council Disapy-Project funding

with highly selecre B,-adrenoceptor antagonists (such a§ o e (DPOE65071, DPO772781), the National Health and
CGP 20712A65) and the importance of bIOCkIngi\/ledical Research Council of Australia (350439, 454561,

B,-adrenoceptors in heart failure to abrogate cardiotoxgo%le’), the Muscular Dystropthssociation (USA, 3595,

B,-adrenoceptor-mediated effects is well kndiff: 4167), and Pfizer Inc. (USA).

Conclusions: Overcom_l ng safety concernsfor anabolic References
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Figure 1. Signalling cascades induced by anabolic agents that result in enhanced functional recovery after skeletal
muscle injury. The etracellular and intacellular mechanisms of action of anabolic steroids, IGF-I relatedathartics
and g,-adrenoceptor gonists, exhibit significant “cross-talk” and cegrge , protein synthetic pathwaysExtracellular
cross-talk between these signals includes increased IGFelsland modulation of IGFBPs (either increased or eased
levels of specific IGFBPs) following, agonist administation8® and increased Mels of IGF-1 due to anabolic stEd
administration®®-87 Intracellular cross-talk between these signals is extensive and includes activation of PI3Kghy the
sutunits of G-protein compiefollowing andrenoceptor stimulation (foeview see lynch & Ryall (20082 and Lynchet al.
(2007Y®) and activation of PI3K and p70S6K by IGF-I and in response to AR stimuf&fi8These signalling pathways
have not beenharacterised completely and further delineation of novel signaling molecules will yiglthempeutic tar

gets for enhancing musclegeaeration. [a: alpha subunit of G-protein compled/y. 8 and y sukunits of G-protein com-
plex; AR: andogen receptor; B2-ARp,-adrenoceptor; CRE: '35'-cyclic adenosine monophosphate (CAMP) response ele-
ment; CREB: cAMP response element-binding protein; IGF-I: insuladfowth factor-I; IGFBPs: insulin-like gowth
factor binding poteins; IGF-IR: insulin-lile growth factor-I receptor; IRS %2: insulin receptor substrate 1/2; PI3K: phos-
phoinositide-3 kinase; p70S6K: 70 kDa ribosomal protein S6 kinase; PKA: protein kinase A].
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