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Strategies to increase muscle size
• Lifestyle interventions
– Resistance training
– Physiotherapy
– Nutrition / supplements

• Pharmacological therapy
– Anabolic steroids and SARMS
– TGF-β blockers
– Others

• Gene and cell therapy
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RESISTANCE TRAINING

Magnitude of adaptation: individual
variation and the effect of training type
Ahtiainen et al. 2015 (Submitted)

~1 % muscle mass or
0.5 kg lean mass per month

5 months of resistance training

~4 % per month

Unpublished data so figures removed, sorry…

Modified: Wernbom et al. 2007 (Sports Medicine)
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Resistance training for muscle
wasting
• Resistance training has been shown to be an efficient
countermeasure to combat:
– Disuse muscle atrophy (Glover and Phillips COCN&MC (2010))
– Sarcopenia, even in very old (Stewart et al. 2014)

• Strength training in 80-90 olds (Fiatarone (1994):
– Strength ↑113 %, stair-climbing power ↑28 %, thigh CSA
↑ 3 % (↓2 % in the nonexercisers)

“4 subjects in the exercise group who had previously
used a walker required only a cane after the study”

Resistance training is medicine

Westcott 2012
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PHYSIOTHERAPY

Physiotherapy
1

• Increase in muscle size and reduction of
muscle loss is possible using:
1. Electrical stimulation (Maffiuletti et al. 2013)
2. Vibration (Machado et al. SJMSS 2010)
3. Vascular occlusion training (Wernbom et al.
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2008 SJMSS 2008)

...alone or most effectively
in combination with
resistance training
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NUTRITION

Post-workout protein: meta-analysis
Muscle mass
Protein (usually milk/whey) vs. isoenergic or non-energy placebo

~ 0,7 kg
(2-5 months) (training
alone ~ 2 kg) 
potentiation ~30 %

Cermak et al. Am J Clin Nutr. 2012
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Post-workout protein: meta-analysis
Muscle mass

Cermak et al. Am J Clin Nutr. 2012

Post-workout protein: meta-analysis
1RM strength

~13,5 kg (2-5 months)
(leg press)

Cermak et al. Am J Clin Nutr. 2012
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Timing effect has been overemphasized?
Schoenfeld et al. 2013: The effect of protein recovery drink on
muscle hypertrophy adjusted for the whole day protein intake

Still a trend exists
for the recovery
protein to be
beneficial…

But slightly less
so…

Timing effect has been overemphasized?
Schoenfeld et al. 2013: The effect of protein recovery drink on
muscle hypertrophy adjusted for the whole day protein intake

Still a trend exists
for the recovery
protein
to be important than protein in recovery
 More
beneficial…

drink or meal is probably the total amount and
quality
But slightly
lessof protein intake during the day
so…
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Creatine increases lean mass
• Phosphocreatine provides rapidly ATP for skeletal
muscle in high-intensity sports
– Thus Cr exists naturally in meat, but can be also produced
in the body and supplemented

• A supplementation example of Cr from older adults:

deVries & Phillips 2014 MSSE

Not just increased water: creatine
increases performance
•

•
•

Creatine ↑ muscle size, strength and high intensity performance (<3
min)
When 1-2 kg extra weight does not interfere, may also improve
endurance performance in some sports (Cooper et al. 2012)
Lower leg strength (Lanhers et al. 2015):
Meta-analysis on maximal weight lifted (kg) in squat
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HMB
• Beta-hydroxy-beta-methyl-butyrate (HMB) is a
metabolite of leucine amino acid
– Small to moderate increase in muscle size and strength in
healthy, elderly and clinical populations (Fitchen et al. 2013)
• Only effective when training stimulus is new or very high

– It may also reduce muscle atrophy in situations such as bed
rest (Deutz et al.2013)
“Lean mass increased 2.1 ± 0.5 kg in
placebo… while HMB-FA/ATPsupplemented gained 8.5 ± 0.8 kg of
lean body mass over the 12-week
study” Lowery et al. 2015 JSCR
No way!

Catabolic supplements. Recovery vs.
adaptation: antioxidants
• Some parameters of objective and subjective recovery
may be improved in some individuals using antioxidant
supplements (Jakeman & Maxwell 1993)
• High dose antioxidant supplementation, at least vitamins
C/E, can interfere both EE and SE-induced cell signalling in
skeletal muscle fibers
 Antioxidant supplementation has decreased performance
and health adaptation in some resistance and endurance
training studies (e.g. Paulsen et al. 2014, Ristow et al. 2009)
 Safer to avoid antioxidant supplements during normal
training
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Alcohol ingestion after exercise
• SE (8×5 leg extension, 80% 1 RM) + 30 min 10×30 s HIT cycling
• 0h + 4 h post-exercise, subjects consumed either:
• 25 g whey protein
(PRO)
• 1.5 g/kg alcohol +
protein (ALC-PRO)
• 25 g carbohydrate
+ alcohol (ALCCHO)

Parr et al. 2014 PLoS One

Myofibrillar fractional synthetic rate (FSR) throughout
2–8 h recovery following a single bout of concurrent
training

Strategies to increase muscle size
• Lifestyle interventions
– Resistance training
– Physiotherapy
– Nutrition / supplements

• Pharmacological therapy
– Anabolic steroids and SARMS
– TGF-β blockers
– Others

• Gene and cell therapy
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PHARMACOLOGY

Decrease in muscle size
Muscle loss (also called atrophy, wasting, cachexia) occurs:
• in many diseases:
– Cancer, heart failure, kidney disease, COPD, cystic fibrosis, AIDS,
hyperthyroidism, neural diseases (e.g. ALS and MS), muscular dystrophies,
alcohol myopathy, diabetes, rheumatoid arthritis, Alzheimer's disease,
infectious diseases / sepsis etc.

• and in other situations:
– Malnutrition, injuries and accidents, low level of (resistance) exercise or
inactivity / immobilization, medication such as glucocorticoids and
chemotherapy, aging (sarcopenia)

• Is associated with e.g. decreased lifespan and health (Fearon et al.
Nature Reviews 2013)

• Decrease in myofiber CSA in intensive care unit patients is ~3-4 %
per day or ~20 %/wk in lower leg muscles (Helliwell et al.1998)!
• How to increase muscle size or to prevent muscle loss?
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Lots of new players

Sepulveda et al. 2015

Complexity
• Even the most famous signaling pathway, mechanistic
Target of Rapamycin (mTOR), is super complex

Caron et al. 2010
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AAS and SARMS
• Anabolic steroids such as testosterone alone or in
combination with GH can increase muscle mass in muscle
wasting situations (Ragnarsson et al. 2013, Giannoulis et al. 2012)
• They affect unspecifically to tissues such as skeletal muscle
and have thus various side-effects
• Selective Androgen Receptor Modulators (SARMs) bind
androgen receptors similarly as AAS, but are more specific
• E.g. Enobosarm
• Small ↑ in fat-free mass in aging males and in postmenopausal females (Dalton et al., 2011)
– Cyclist Nikita Novikov was suspended 2013 due to the
breakdown products of Enobosarm in his urine sample

Dose response of testosterone
12 %

Bhasin et al. AJP 2001

1,6 kg / 4 wk

Healthy men, 18–35 yr of age, with prior
weight-lifting
and normal
Compare
to ~0.5experience
kg in untrained
testosterone levels
individuals with heavy resistance
training
20 wk weekly injections

19 %

The participants were asked not to
undertake strength training or moderateto-heavy endurance exercise during the
study.
(Part of increased FFM is not muscle)

Large doses of certain AAS have been
reported to induce even faster responses
(Hartgens and Kuipers 2004)
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Dose response of testosterone
12 %

Bhasin et al. AJP 2001

1,6 kg / 4 wk

Healthy men, 18–35 yr of age, with prior
weight-lifting experience and normal
testosterone levels

20 wk weekly injections

19 %

The participants were asked not to
undertake strength training or moderateto-heavy endurance exercise during the
study.
(Part of increased FFM is not muscle)

Large doses of certain AAS have been
reported to induce even faster responses
(Hartgens and Kuipers 2004)

Candidate gene for cachexia myostatin/GDF8
Found

by Se-Jin Lee (McPherron et al. Nature 1997)

Inhibits

skeletal muscle growth

Sweeney, Scientific American
(2004)

• Also other TGF-β protein relatives to myostatin are known to
affect muscle mass such as activins
• These are often, but not always increased in muscle loss
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Many strategies
to inhibit
myostatin /
activins or
related proteins
AbAb
• ActRIIB
ActRIIB

Amthor & Hoogaars 2012

An example: myostatin and activin
blocker
• Modified, soluble receptor for myostatin and
activins (soluble) sActRIIB-Fc
• Produced in cell culture in University of Helsinki
Blocks myostatin and activin activity
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sActRIIB-Fc blocks myostatin and activins

Smad

Non-Smad
(MAPKs etc)

sActRIIB-Fc blocks myostatin and activins

Smad

Non-Smad
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Bodybuilder mice after 2 weeks
250

PBS

ActR2B-Fc2x

mg

200
150
100
50
Hulmi et al. 2013

0

gastrocnemius

MQF

Unpublished data so figures removed, sorry…

Can be used in the future to
prevent muscle wasting?
Cancer chemotherapy-induced mucle wasting prevented with sActRIIBFc in mice

Unpublished data so figures removed, sorry…

Hulmi et al. Unpublished

17

Activin receptor ligand blockers work,
but less rapidly and strongly humans
• Single injection of sActRIIBFc (ACE-31)
Thigh muscle volume ↑ ~5
% after first 4 weeks (Attie et al.,
2013)

• Muscle strength does not
improve as much as muscle
size and some performance
measures are even
decreased!
• Also other side-effects and
super-high costs!

(Attie et al., 2013)

HIFI pharmacology
Systems biology approach (Lamb et al.2006)
• Determination of mRNA
expression signatures (~25
000 genes) using microarray
from skeletal muscle atrophy
• Search from a huge databank for
a molecule with opposite effects
 Ursolic acid, a natural
compound in apples
• Ursolic acid treatment prevented
muscle atrophy (induced by fasting
and denervation) and increased
muscle strength in mice

?

Kunkel et al. (2010)
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HIFI pharmacology
Systems biology approach (Lamb et al.2006)
• Determination of mRNA
expression signatures (~25
000 genes) using microarray
from skeletal muscle atrophy
• Search from a huge databank for
a molecule with opposite effects
 Ursolic acid, a natural
compound in apples
• Ursolic acid treatment prevented
muscle atrophy (induced by fasting
and denervation) and increased
muscle strength in mice

?

Kunkel et al. (2010)

GENE THERAPY
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Gene therapy
• DNA or RNA are transported into cells by vectors, e.g. viruses
• Cells start to produce the protein or RNA of interest
• Hundreds of reported and ongoing clinical trials in humans
– Glybera is now approved for lipoprotein lipase deficiency
– The cost for single treatment has been estimated to be ~1.6 million $
– In China the first gene therapy drugs were approved already 2003

Gene Therapy
• Pros:
– Tissues start itself to produce the protein
– Vector delivery is rather safe
• DNA does not incorporate with the host genome with AAV-viruses
• Minor side effects
– AAV is not currently known to cause disease
– The virus causes a very mild immune response

• Cons:
–
–
–
–
–

Challenging to deliver specifically to the tissues of interest
Controlling the time of expression can be difficult
Is one gene enough?
Costs a lot
Difficult to express very big proteins
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Gene therapy in muscle diseases
• Especially useful when single gene induces
muscle loss
• Duchenne´s muscular dystrophy occurs
due to mutations in dystrophin gene
• Partial correction of dystrophin gene by
various gene therapy strategies such as
exon skipping:
– Small↑ muscle function in human clinical trials
(e.g. Goemans et al. NEJM 2011)

Large hypertrophy in mice by gene therapy
• After 2 weeks, 70 % bigger muscle in mice using a very
effective myostatin / activin blocker follistatin (Fst)
tranferred to muscle by gene thereapy (Unpublished)
•

Compare to pharmacological myostatin/activin blocker: ~30 % in
2 weeks (Hulmi et al. 2013 )

•

Also systemic injection trasduces muscle fibers efficiently at least in mice

Unpublished data so figures removed, sorry…
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Gene therapy:
muscle hypertrophy
examples
• Kota et al. (2009) were first to succeed to induce muscle
hypertrophy in primates using gene therapy (intramuscular
follistatin rAAV )  ~18% hypertrophy

Gene therapy: examples
• First report of follistatin gene therapy in humans is now
published in muscular dystrophy (Mendell et al. 2014):
• Local intramuscular gene therapy (many injections into one
muscle)
• Increased local muscle hypertrophy
• Enhanced muscle function in most, but not in all subjects, no
reported side-effects
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Cell therapy
• Injection of cells into the patient
• In theory, potential in treating muscle injuries, but so
far the evidence is missing (Bareja & Billin 2013)
• Also limited success with using stem cells in treating
human muscular dystrophies
• Muscle hypertrophy?

Many future drugs are in clinical trials
in humans
• Appetite stimulation:
– Ghrelin,
– OHR118,
– Cannabinoid-like drugs

• Other anabolic or anti-catabolic effects:
– SARMS,
– Various myostatin and activin blockers (pharmacology and
gene therapy),
– Angiotensin-converting-enzyme inhibitors,
– β-adrenoreceptor agonists,
– Fast skeletal muscle troponin activators
Morley et al. 2014
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Pseudomuscle clowns: synthol

Summary
Various ways to battle muscle loss:
• Lifestyle interventions
– Resistance training
– Physiotherapy
– Nutrition / supplements

• Pharmacological therapy
– Anabolic steroids and SARMS
– TGF-β blockers
– Others

• Gene and cell therapy
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What is the strongest and safest way to
increase muscle size and strength in humans?

+ Nutrition that supports heavy
training:

”Photoshopping”

• Protein ~2 g/kg per bodyweight,
• Enough energy and micronutrients with
a versatile healthy diet
• Possibly few supplements (whey,
creatine)
+ Enough rest and sleep and healthy
habits (no smoking, avoid alcohol)!
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