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Muscle strength is an important 
link to quality of life.

Abstract: Skeletal muscle is an 
important link to an individual’s health 
and quality of life. The primary clini-
cal interest in skeletal muscle is muscle 
strength. Muscle strength is a complex 
trait, influenced by biological, mor-
phological, psychological, and envi-
ronmental factors. Muscle strength 
is highly variable among individuals 
and has a strong genetic component. 
Though several genetic variants have 
been associated with muscle strength, 
genes comprising this genetic compo-
nent are generally unknown. Research 
examining associations between 
genetic variants and muscle strength 
suffers from scientific challenges such 
as lack of replication, population strat-
ification, and complexity of defining 
muscle phenotypes. Additionally, non-
scientific challenges such as privacy 
and protection of genetic information 
and the questionable value of direct-
to-consumer genetic marketing exist. 
How these challenges will influence 
research examining genetics and mus-
cle strength is uncertain. Findings from 
this research may lead to improved 
treatment for muscle-related disease 
as well as improved health and qual-
ity of life. This may be realized through 
the development of genetic profiles that 
clinicians can implement into person-
alized treatment plans. This review 

will summarize the current literature 
regarding genetic variation and mus-
cle strength. The authors’ focus will 
be on the muscle strength response to 
resistance training. Additionally, the 
authors discuss challenges and implica-
tions of this research.

Keywords: exercise genomics; strength 
training; genetic variance; personalized 
medicine

Skeletal muscle is the largest 
organ system in the body. It is 
composed of nearly 600 different 

muscles and makes up approximately 
one third of the body’s weight. Skeletal 
muscle is a key regulator of whole 
body metabolism as well as locomo-
tion and movement, allowing individu-
als to perform activities of daily living. 
Clinically, muscle is vitally important in 
treating metabolic diseases such as dia-
betes mellitus1 and wasting diseases 
such as sarcopenia2 and osteoporosis.3 
The maintenance of muscle strength is 
important in prevention and treatment 

of these diseases. Decreases in muscle 
strength are associated with physi-
cal dysfunction and disability4,5 as well 
as increased mortality.6,7 Thus, muscle 
strength is an important link to qual-
ity of life.

The purpose of this review is to sum-
marize the role of genetic variabil-
ity in muscle strength. Muscle strength 
is a complex trait and is highly variable 
among individuals,8,9 with much of this 

variation due to genetics.10-13 Because of 
this intricacy, an exhaustive review of 
genetic variants contributing to muscle 
strength is not feasible. Thus, we have 
limited this review to studies that

1. examined one or more genetic vari-
ants located in genes believed to 
infl uence muscle repair and develop-
ment, structure, blood fl ow, and/or 
metabolism and

2. reported associations among genetic 
variants and baseline muscle strength 
and/or the muscle response to resis-
tance training (RT).

http://crossmark.crossref.org/dialog/?doi=10.1177%2F1559827610387251&domain=pdf&date_stamp=2010-11-19
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This review is divided into 4 sections. 
The first section, “Determinants of Muscle 
Strength,” will overview the many fac-
tors contributing to variation in muscle 
strength among individuals, emphasiz-
ing the genetic underpinnings of these 
factors. The second section, “Genetic 
Variation in Muscle Strength,” will sum-
marize literature (according to our pre-
viously described criteria) identifying 
genetic variants associated with mus-
cle strength. The third section, “Research 
Challenges and Implications,” will dis-
cuss the challenges and implications of 
research examining genetic associations 
with muscle strength, and the final sec-
tion provides the conclusions of this 
review.

Determinants of 
Muscle Strength

Muscle tissue consists of hundreds to 
hundreds of thousands of elongated mul-
tinucleated cells (muscle fibers) con-
sisting of subcellular units (myofibrils) 
composed of overlapping thick and thin 
filaments. These filaments form functional 
units called sarcomeres that shorten caus-
ing the muscle fiber to contract, thereby 
producing force. The ability of mus-
cle to produce force at a given speed is 
the basic definition of muscle strength.14 
Though this definition is straightforward, 
the examination of muscle strength is 
more complex.

Numerous factors affect muscle strength. 
Size (or cross-sectional area [CSA]), fiber 
composition, architecture, and neuro-
muscular efficiency all contribute to force 
production during muscle contraction.14 
Many of these factors are highly herita-
ble11 and are altered by environmental 
factors, such as exercise,15 more specif-
ically RT. Resistance training is broadly 
defined as exercise training characterized 
by organized sets of repetitive muscular 
contractions against resistance to increase 
muscle size and/or strength. RT is also 
called weight lifting as the “resistance” 
is commonly free weights (barbells or 
dumbbells) or strength training machines 
though other methods such as resistance 
bands can also provide appropriate resis-
tance. Also governing an individual’s 

interaction with the environment is his or 
her behavior. Behavioral influences on 
muscle strength include self-efficacy  
(an inner belief or confidence that the 
individual can create an effect or change), 
desire to train, pain tolerance, and moti-
vation.16 These traits can also have signifi-
cant genetic components.8,17

Muscle strength is measured using var-
ious techniques, nearly all of which can 
be categorized as either “dynamic” or 
“static.” Dynamic muscle strength test-
ing involves a joint (typically elbow or 
knee) moving through a specific range 
of motion against resistance. The highest 
amount of weight an individual can “lift” 
one time is termed 1RM (1 repetition 
maximum). Isokinetic muscle strength 
is a specific type of dynamic muscle 
strength where the muscles contract max-
imally to move a joint through a spec-
ified range of motion at a fixed speed. 
Static, also called isometric, strength test-
ing involves maximally pushing or pull-
ing against a resistance with the joint 
(once again elbow or knee) at a fixed 
angle. This is termed maximal voluntary 
contraction (MVC).

Heritability rates for muscle strength 
ranges from 29% to 85%, indicating a 
strong genetic component.10,12,13,18 The 
genetic component of muscle strength 
may vary by sex,17 age,8,19 physical char-
acteristics,12,19,20 method of strength assess-
ment,10,12,20 and/or training status.12,21 
Thus, muscle strength is ultimately deter-
mined by myriad biological interactions 
governed by behavioral, psychological, 
and physical stimuli that are all under-
pinned by an individual’s genetic back-
ground. However, this genetic component 
is known to be complex, driven by many 
genes, and not yet well understood.

Genetic Variation in 
Muscle Strength

Genes are the most basic units of  
heritability. They contain the chemical 
information necessary to produce pro-
teins that influence the structure, func-
tion, and/or behavior of cells. There 
are approximately 25 000 genes in the 
human genome.22 Humans, with lit-
tle exception, inherit 2 copies of each of 

these genes. Within these inherited copies 
(termed alleles), variations may exist that 
were passed down from previous gener-
ations. A gene may have many different 
alleles, some appearing less frequently in 
the population (minor alleles) than their 
counterparts (common alleles). These 
2 inherited alleles comprise the “geno-
type,” or the genetic constitution of an 
individual. The protein production of any 
given gene and/or the structure of that 
protein may vary by its genotype. These 
proteins then may differentially influ-
ence the “phenotype,” or the observable 
properties resulting from the interaction 
between the environment and genotype.

Genetic variation primarily results 
from common mutations or polymor-
phisms within the genes. Several differ-
ent types of polymorphisms exist. The 
most common are single nucleotide poly-
morphisms (SNPs).23 Four types of nucle-
otides, also called nucleotide bases, exist 
in genes. They are adenine (A), thy-
mine (T), guanine (G), and cytosine (C). 
An SNP is a substitution of 1 of these 4 
bases for another; for example, an SNP 
may be a change from adenine to gua-
nine (A>G). This change may or may 
not affect the protein coded by the gene 
the SNP is located in. Whether a SNP 
influences the protein or not can some-
times be determined by its location in 
the gene. For instance, a SNP located in 
the promoter region of a gene is likely 
to influence the rate at which a pro-
tein is produced, whereas a SNP located 
in a coding region, such as an exon, 
may influence the structure of the pro-
tein. SNPs that effect the coding of the 
protein are termed missense or nonsyn-
onomous. Nonsynonomous SNPs that 
interrupt the protein coding resulting in 
“shorter” proteins are termed nonsense 
SNPs. The shorter proteins resulting from 
nonsense SNPs are often nonfunctional. 
SNPs that do not affect the coding of the 
protein are called silent or synonomous. 
There are an estimated 12 million SNPs 
in the human genome, which account for 
90% of all human genetic variation.24,25 
In addition, there are SNPs inherited as a 
group called a haplotype.23 Other types 
of polymorphisms typically affect larger 
stretches of DNA, such as insertions 
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(extra nucleotides) and deletions (missing 
nucleotides).

Genetic variants may not only influ-
ence muscle characteristics but also the 
entire spectrum of physical, psycholog-
ical, and behavioral characteristics that 
govern muscle strength.26 Given this com-
plexity, the genetic variants reviewed in 
the following subsections are limited to 
those located in genes believed to influ-
ence muscle repair and development, 

structure, blood flow, and/or metabolism. 
Table 1 lists each of these genes along 
with their genomic location, subcellular 
protein location, and annotated function. 
Results of RT studies examining genetic 
variants described in this review are sum-
marized in Table 2.

Alpha-Actinin-3 (ACTN3)

The ACTN3 gene encodes a protein 
that anchors actin, a muscle filament, 

within the muscle’s framework, thus influ-
encing muscle function. ACTN3 R577X 
(rs1815739) is a nonsense polymor-
phism. Carriers of the ACTN3 XX gen-
otype produce no functional ACTN3 
protein. Yang et al27 reported higher fre-
quencies of the ACTN3 XX genotype in 
endurance athletes and lower frequencies 
in power/sprint athletes compared with 
the general population. Several studies 
later attempted to replicate the findings 

Table 1.

Summary of Location and Functions Ascribed to Genes Discussed in This Review

Gene Symbol
Genomic 
Locationa

Subcellular 
Protein Location Protein Functions

Alpha-Actinin 3 ACTN3 11q13.1 Cytoplasm Structural element—actin binding, 
calcium binding, integrin binding

Angiotensin converting enzyme ACE 17q23.3 Secreted Enzyme—converts angiotensin I to 
angiotensin II

Ciliary neurotrophic factor CNTF 11q12.2 Cytoplasm Polypeptide hormone—cellular survival 
factor in neuronal cell types

Ciliary neurotrophic factor receptor CNTFR 9p13 Cell membrane Receptor for CNTF—signal transduction 
affects gene expression and cell survival 
in neuronal cell types

Follistatin FST 5q11.2 Secreted Inhibits follicle-stimulating hormone 
release

Insulin-like growth factor 1 IGF1 12q23.2 Secreted Mediates effects of growth hormone; 
affects signal transduction

Insulin-like growth factor 2 IGF2 11p15.5 Secreted Affects signal transduction—regulates 
growth and cellular proliferation

Interleukin-15 IL-15 4q31 Cytoplasm; nucleus Cytokine—regulates T and natural killer 
cell proliferation and activation

Interleukin-15 receptor IL-15RA 10p15.1 Cell membrane Binds IL-15

Interleukin-6 IL-6 7p21 Secreted Immunoregulatory cytokine

Myostatin MSTN 2q32.2 Secreted Regulates cell growth and proliferation

Resistin RETN 19p13.2 Secreted Hormone—affects insulin signaling and 
adipocyte differentiation

Vitamin D receptor VDR 12q13.11 Nucleus Nuclear hormone receptor for vitamin D3

a Chromosomal location refers to the chromosome the gene is located on (first number), the arm of the chromosome (p or q), and the specific region of the 
chromosomal arm (last series of numbers).
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Table 2.

Summary of Polymorphisms and Muscle Phenotype Findings

Polymorphsim Refseq#
Population 

Studied Associated Phenotype
Associated 
Genotypes Reference

ACTN3 1815739 Men and women Isometric elbow flexor strength 
(women only)

RX > XX Clarkson et al34

Men and women Knee extension lengthening/
shortening (women only)

RR/RX > XX Delmonico  
et al35

ACE I/D 4646994 British Army 
recruits

FFM response to PT II > ID, DD Montgomery 
et al47

Men Dynamic knee flexor strength 
response to RT

ID, DD > II Folland et al48

Men and women Dynamic untrained elbow flexor 
response to contralateral RT

DD > ID, II Pescatello  
et al49

Men and women Isometric elbow flexor strength 
response to RT

II, ID > DD

Men and women Untrained elbow flexor CSA 
response to contralateral RT

DD > ID, II

CNTF 1357 G>A 1800169 Women Dynamic concentric knee flexor 
strength

GG > AA De Mars et al60

Older women Isometric knee extensor strength GG, AA > GA

Men and women Isometric elbow flexor strength 
(women only)

GG > GA/AA Walsh et al61

Dynamic elbow flexor strength 
(women only)

GG > GA/AA

Older women Grip strength GG, GA > AA Arking et al62

Men and women Dynamic concentric knee extensor 
strength

GA > GG, AA Roth et al65

Men and women Dynamic concentric knee extensor 
strength

GA > GG, AA

Dynamic eccentric knee extensor 
strength

GG, GA > AA

CNTFR 174 C>T Men Dynamic knee extensor strength CC > TT, CT De Mars  
et al60

Men Isometric knee extensor strength CC > TT, CT

CNTFR -1703 
C>T

3808871 Older men Dynamic knee extensor strength TT, CT > CC De Mars et al60

Men Isometric knee flexor strength TT, CT > CC

CNTFR 1069 T>A 2070802 Women Dynamic knee flexor strength TT > AA, AT

Women Isometric knee flexor strength TT > AA, AT

(continued)
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Table 2. (continued)

Polymorphsim Refseq#
Population 

Studied Associated Phenotype
Associated 
Genotypes Reference

FST -5003 A>T 722910 African American 
men and women

Dynamic elbow flexor strength AT/TT > AA Kostek  
et al66

Biceps CSA AT/TT > AA

FST haplotype 3 Minor alleles 
of 3797297, 
3756489; 
common alleles 
of 12152850, 
12153205, 
100080213, 
6450138, 1469101

Men FFM of legs Walsh et al67

IGF1 CA repeat 10665874 Men and women Dynamic knee extensor strength 
response to RT

CA 192 carriers 
> noncarriers

Kostek et al89

IGF2 17200 G>A 680 Men Concentric elbow peak torque GG > AA Schrager et al98

Women Elbow peak torque GG, GA > AA

Men Handgrip strength AA > GA, GG 
(interaction with 
birth weight)

Sayer et al99

IL-15 +7336 C>T 1589241 Men Dynamic elbow flexor response 
to RT

TT, TC > CC Pistilli et al72

IL-15RA +25449 
C>A

2296135 Women Isometric elbow flexor strength 
response to RT

CC > AC, AA Pistilli et al72

Men and women Arm and leg lean mass response 
to RT

AA > AC, CC Riechman et al73

IL-15RA BstnI/
HpaII haplotype

3136617, 3136618 Men and women Arm and leg lean mass response 
to RT

CC/AA, AC/GA > 
AA/GG

IL-15RA 1775 
A>C

2228059 Men Arm muscle volume CC > AC, AA Pistilli et al72

MSTN 2379 A>G 1805086 African American 
women

Combined isometric hip, thigh, 
and grip strength

AA > AG, GG Seibert et al106

MSTN 2379 A>G 1805086 African American 
men and women

Isometric elbow flexor strength AG, GG > AA Kostek et al66

VDR FokI C>T 2228570 Women Isometric knee flexor strength TT > CT, TT Windelinckx  
et al119

VDR BsmI G>A 1544410 Older women Isometric knee flexor strength AA > GA, GG Geusens et al120

Handgrip strength GG > AA

VDR BsmI/TaqI 
haplotype

1544410, 731236 Men Isometric knee flexor strength AC/AC > AC/GT, 
GT/GT

Windelinckx  
et al119

Abbreviations: RT, resistance training; PT, physical training; CSA, cross-sectional area; MVC, maximal voluntary contraction; FFM, fat-free mass.
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of Yang et al27 in other athlete popula-
tions.28-33 However, results were incon-
sistent likely because of variations in the 
characteristics of the study populations.

The influence of ACTN3 R577X on  
muscle strength may vary by sex. Some 
studies report ACTN3 R577X influenced 
muscle fiber–type distribution, and mus-
cle size in women but not men.34,35 
Other studies report significant effects in 
men.36,37 Clarkson et al34 reported lower 
baseline isometric strength in women 
with the ACTN3 XX genotype when 
compared with women with the RX 
genotoype but greater increases in 1RM 
after 12 weeks of RT. Delmonico et al35 
reported higher peak power in older 
women with the ACTN3 XX genotype at 
baseline and higher gains in power fol-
lowing RT, whereas no significant dif-
ferences were found in older men. Most 
recently, Norman et al36 reported no dif-
ferences in men or women at baseline 
by ACTN3 genotype for muscle power, 
torque–velocity relationship, and fatiga-
bility. Repeated isokinetic exercise bouts, 
however, induced gains in peak torque 
only in men and women who carried 
the RR genotype, suggesting an impaired 
responsiveness to training in XX individ-
uals. Last, Vincent et al37 report greater 
muscle strength in men with ACTN3 RR 
genotype when compared with X allele 
carriers. In addition, fiber-type character-
istics differed significantly between the  
2 genotype groups, with men with the RR 
genotype possessing a greater percent-
age of type II fibers than men with the 
XX genotype.37

The earlier reports suggest that the 
R allele is more beneficial for athletes 
competing in events that require high 
amounts of muscle strength and/or power 
and that the X allele may be more bene-
ficial for endurance athletes.27 However, 
these findings have not been consis-
tently replicated in RT studies.34-37 These 
inconsistencies may be because of differ-
ences in the population studied (women 
vs men, older vs younger women), varia-
tions in the mode (isokinetic vs isometric)  
or length of RT invention, and/or the 
muscle phenotype measured (1RM vs 
MVC). Thus, the clinical use of the ACTN3 
genotype is still unclear.

Angiotensin Converting 
Enzyme (ACE)

The ACE insertion/deletion polymor-
phism (ACE I/D) is one of the most 
widely studied genetic variants in rela-
tion to exercise performance.38 The ACE 
D allele is related to muscle fiber-type 
composition,39 higher serum ACE levels,40 
and increased muscle size.41,42 The ACE 
D allele is also more common in mus-
cle strength and power athletes43,44 than 
the ACE I allele, while the ACE I allele 
is more common in endurance athletes 
when compared with the D allele.43,45,46 
Studies examining associations with ACE 
I/D and muscle strength phenotypes 
have generated mixed results.

Following a 10-week rigorous general 
exercise training program, young British 
army recruits with the ACE II genotype 
had greater overall fat mass and thigh  
fat-free mass than those who carried the 
D allele.47 These findings suggest that the 
ACE I allele is associated with an anabolic 
effect on muscle mass, as well as a spar-
ing of fat stores during a rigorous training 
program. However, previously untrained 
men with the ACE D allele gained more 
isometric leg strength following RT when 
compared with those with the ACE II gen-
otype.48 Depending on the type of exer-
cise intervention (RT or general exercise), 
either the I or D allele of the ACE I/D 
polymorphism may influence muscle 
strength.

A large sample (n = 631) of young men 
and women underwent 12 weeks of uni-
lateral elbow flexion RT of the nondom-
inant arm.49 Isometric strength increases 
were greater in the trained arm for those 
who carried the ACE I allele when com-
pared with those with the ACE DD gen-
otype. Additionally, in the untrained 
arm, isometric strength increased in car-
riers of the ACE I allele but not in those 
with the DD genotype. However, 1RM 
and CSA increases were greater in those 
who carried the ACE D allele than those 
with the ACE II genotype.49 This phe-
nomenon is termed cross-education. 
Cross-education of strength is a neural 
adaptation marked by a strength increase 
in the untrained contralateral limb after 
unilateral training.50 In this study, MVC 
and 1RM increases in the untrained arm 

following 12 weeks of RT differed by 
ACE genotype, suggesting that ACE I/D 
is involved in neural “learning” during 
strength training.

In contrast, other studies report no 
association between ACE I/D and muscle 
strength measures. ACE I/D was not asso-
ciated with muscle strength51-53 or size52 
differences in young men following an 
RT intervention. Additionally ACE I/D did 
not influence the strength response to a 
10-week lower body RT intervention in 
healthy but inactive older (62 years) men 
and women.54

Reported associations between ACE 
I/D and muscle strength are not con-
sistent. Some studies reported an asso-
ciation with ACE I allele and muscle 
strength phenotypes,47,49 some with the 
D allele,48,49 whereas others reported no 
association.51-54 These mixed results may 
be because of differences in length of 
intervention (8-12 weeks), type (general 
exercise vs RT, unilateral vs whole body, 
upper body vs lower body), muscle phe-
notype measured (1RM vs MVC), and/or 
testing modality (isokinetic vs isometric). 
Sample populations also differed across 
studies by age as well as training status. 
The clinical use of ACE I/D genotype is 
still unclear as findings have not been 
consistently replicated across studies and 
representative samples.

Ciliary Neurotrophic 
Factor (CNTF)

CNTF has trophic effects on motor neu-
rons and skeletal muscle.55-57 The most 
frequently studied CNTF SNP is CNTF 
1357 G>A (rs1800169). This SNP results 
in the production of a shorter protein  
(62 amino acids) believed to be nonfunc-
tional when compared with the common 
(200 amino acids) version.58 The CNTF A 
allele results in the shorter protein and 
is believed to negatively affect protein 
function and thus hypothesized to result 
in lower strength measures in A allele 
carriers.

In a cross-sectional study of healthy 
men and women,59 CNTF 1357 G>A het-
erozygotes had greater leg strength than 
those with the GG and AA genotypes. 
The greater knee flexor and extensor 
strength in those with the CNTF GA  
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genotype when compared with those 
with CNTF GG and those with CNTF AA 
are counterintuitive. Those with the CNTF 
GG genotype were expected to show the 
greatest leg strength. Investigators spec-
ulated that the CNTF GA genotype may 
result in a truncated protein, thus altering 
signaling with Ciliary Neurotrophic Factor 
receptor (CNTFR).59

Other studies report CNTF genotype 
associations in middle aged60,61 and older 
women but no associations in men.60,62 
Women with the GG genotype appear to 
have greater muscle strength when com-
pared with those with the AA genotype 
at baseline60-62 and in response to RT.61 
The previous findings involving the puta-
tively nonfunctional CNTF GA genotype 
were not replicated in these studies.60-62 
Additionally, in response to 12 weeks 
of unilateral elbow flexor RT, CNTF GG 
homozygotes showed greater strength 
gains in their untrained arm when com-
pared with those with the A allele.61 
These data suggest CNTF is associated 
with muscle strength via cross-education 
and learning effects rather than inherent 
muscle adaptations. These findings are 
similar to a previous study examining the 
ACE I/D polymorphism, which also asso-
ciated strength gains in the untrained arm 
with cross-education.49

Ciliary Neurotrophic Factor 
Receptor (CNTFR)

CNTF signals through a complex 
formed with CNTFR, which may be 
involved in motor neuron reinnervation 
following muscle and nerve injury.63,64 
Reports of CNTFR genetic associations 
with muscle strength are mixed. CNTFR 
174 C>T was associated with quadriceps 
strength in middle-aged men60 but not 
in a sample of adult men and women  
aged 20 to 90 years.65 CNTFR -1730 
C>T associated with muscle strength 
in older men and CNTFR 1069 T>A 
with muscle strength in middle-aged 
women.60 However, neither SNP asso-
ciated with muscle strength in a mixed 
cohort of men and women 20 to 90 
years.65

Thus, the findings among CNTF and 
CNTFR variants on muscle strength are 

mixed and dependent on age, sex, and/or 
strength testing modality. Future research 
examining CNTF variants and muscle 
strength using longitudinal study designs 
are warranted. These studies should 
obtain larger samples. This way separate 
age and gender cohorts can be examined 
as well as possible influences of CNTF 
and CNTFR variant interactions with  
muscle phenotypes.

Follistatin (FST)

FST is a secreted polypeptide hormone 
that inhibits myostatin (MSTN, a potent 
negative regulator of muscle mass).  
Two FST SNPs have been studied in  
relation to muscle strength in humans,66 
FST -5003 A>T (rs722910) and FST -833 
G>T (rs1423560). Muscle strength and 
CSA did not differ by FST -5003 A>T 
or -833 G>T genotype following a 
12-week RT intervention in a mostly 
Caucasian (80%) sample of healthy 
adults.66 However, a subsample of African 
American carriers of the FST -5003 T 
allele (n = 12) had greater baseline 1RM 
and CSA than those with the FST -5003 
AA genotype (n = 14).66

In another study, Walsh et al67 exam-
ined the influence of 5 FST haplotypes 
(haplotypes 1-5, each containing 4  
common FST SNPs) on muscle phe-
notypes in a large sample of men and 
women (19-90 years).67 Haplotype 
3 (consisting of the minor alleles 
rs3797297 and rs3756498 and the com-
mon alleles rs12152850, rs12153205, 
rs100080213, rs6450138, and rs1469101) 
associated with fat-free mass in men.67 
Leg strength, however, did not differ 
between genotype groups of older  
men, and no effects were seen in 
women.67

Associations with FST SNPs and skele-
tal muscle strength phenotypes seem to 
be modulated by ethnicity66 and sex.67 
Muscle phenotypes differed by FST -5003 
A>T genotype in African Americans but 
not in Caucasians66 and in men with FST 
haplotype 3 but not women.67 The overall 
impact of FST variants on muscle strength 
requires further study to confirm associ-
ations and to elucidate potential mecha-
nisms of action.

Interleukin-15 (IL-15) and 
Interleukin-15 Receptor 
Alpha (IL-15RA)

IL-15 is found in abundance in muscle 
tissue68 and has anabolic properties on 
muscle,69,70 making it a prime candidate 
to be associated with muscle strength. 
IL-15 functions through a unique com-
plex formed with its receptor, IL-15RA.71 
Research associating IL-15 with mus-
cle strength is limited, with only 1 study 
reporting significant associations. Gains 
in dynamic muscle strength (1RM) were 
greater in men carrying the IL-15 +7336 
C>T (rs1589241) T allele versus men with 
the CC genotype following an RT inter-
vention.72 No other associations were 
found with muscle strength phenotypes 
in men or women, nor with IL-15 +96679 
A>T (rs1057972).72

Several genetic variants located in 
the IL-15RA gene have been exam-
ined for associations with muscle 
strength phenotypes.72,73 IL-15RA 1775 
A>C (rs2228059) associated with base-
line muscle volume and muscle qual-
ity (1RM/circumference [cm2]) in healthy 
young adult men (but not women), and 
IL-15RA +25449 A>C (rs2296135) asso-
ciated with isometric strength gains fol-
lowing 12 weeks of upper body RT.72 In 
another study, IL-15RA +25449 associ-
ated with lean mass (AA > CA >CC) fol-
lowing 10 weeks of full-body RT with 
no differences in muscle strength by 
IL-15RA +25449 genotype.73 As mus-
cle size increases, muscle strength is 
expected to increase as well. Riechman 
et al73 suggested hypertrophy may be 
a compensating adaptation to overload 
stimulus in muscle when neurological 
and biochemical adaptations are insuf-
ficient. Thus, the differing hypertrophic 
responses among IL-15RA +25449 geno-
type groups may reflect differing neuro-
logical and biochemical responses to RT 
among genotypes.73

IL-15RA SNPs BstnI C>A (rs3136617) 
and HpaII A>G (rs3136618) form a hap-
lotype (BstnI/HpaII; C:A, A:G).73 Those 
with the IL-15RA CC/AA haplotype  
and those with the AC/GA haplotype  
had greater lean mass gains than those 
with the AA/GG haplotype, though no 
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differences in strength were reported 
among haplotype groups.

IL-15RA SNPs associated with changes 
at baseline in some cohorts,72 but in 
response to RT in others.73 These IL-15RA 
SNP findings appear conflicting; however, 
differences in methodology may account 
for them. Nonetheless, the findings from 
IL-15 and IL-15RA are novel and sug-
gest a role in the muscle response to 
RT. Though the SNP and muscle pheno-
type interactions appear to be sex spe-
cific, more research is needed to clarify 
the contribution of these IL-15RA SNPs to 
muscle strength.

Interleukin-6 (IL-6)

IL-6 is released from working skel-
etal muscle,74 primarily from type II 
fibers,75 and associates with body com-
position, frailty, disability, and mortal-
ity in older adults.76-78 IL-6 SNPs -597 
G>A, -572 G>C, -373 A>T, and -174 G>C 
(rs1800795) influence IL-6 expression in 
humans in vitro,79-83 making IL-6 a likely 
candidate to be associated with mus-
cle strength. However, studies examin-
ing IL-6 promoter SNPs in older adults84 
found no associations with muscle 
strength. In adult men and women (20-
92 years), IL-6 -174 G>C associated with 
fat-free mass but not muscle strength.85

Genetic variation in IL-6 does not 
appear to influence muscle strength; 
however, research is limited. IL-6 tran-
scription is influenced by factors asso-
ciated with aging. Thus, any modest 
genetic influence on IL-6 transcription 
may go undetected in older adults.84 
Research examining IL-6 SNPs and mus-
cle strength using a larger age- and sex-
specific cohort is warranted and may 
better elucidate IL-6 genotype/muscle 
phenotype associations.

Insulin-Like Growth 
Factor 1 (IGF1)

IGF1 plays key roles in cellular growth 
and development and is a crucial element 
in muscle growth and repair.86,87 IGF1 is 
sensitive to mechanical loading and hor-
monal stimulation as circulating and local 
muscle IGF1 levels increase acutely with 
RT.88 Kostek et al89 have examined the 

influence of a microsatellite cytosine– 
adenine (CA) repeat polymorphism 
located in the promoter region of the 
IGF1 gene on the muscle strength 
response to RT. The repeat is a spe-
cific type of insertion polymorphism that 
refers to the number of times the nucle-
otide pair CA appears consecutively in 
a particular section of the IGF1 gene. 
The 19-repeat (CA repeats 19 times) vari-
ant is the most abundant of the IGF1 CA 
repeats and is referred to as the IGF1 CA 
192 allele.90 Men and women (N = 67, 
52-83 years) who were carriers of the 
IGF1 CA 192 allele had greater 1RM 
strength gains following 10 weeks of uni-
lateral lower body RT than noncarriers.

The IGF1 CA repeat is located in the 
promoter region of the IGF1 gene. The 
promoter region is a segment of the gene 
that regulates the process of gene tran-
scription, an early step in the creation of 
a protein. Thus, polymorphisms located 
in promoter regions may influence when 
and if a protein (in this case, IGF1) is 
“expressed.” Other studies suggest a  
relation between the IGF1 CA repeat and 
circulating levels of IGF1,13,91-93 though 
findings are mixed. Future studies exam-
ining the influence of IGF1 CA repeat 
polymorphism on muscle strength are 
warranted and should involve measure-
ment of IGF1 protein levels in response 
to RT. This will allow researchers to draw 
conclusions about the effect of the IGF1 
CA repeat on the levels of the IGF1 pro-
tein and further clarify the influence of 
the IGF1 gene on muscle strength.

Insulin-Like Growth 
Factor 2 (IGF2)

IGF2 plays a key role in mammalian 
growth, chiefly in fetal cell division and 
differentiation. IGF2 17200 G>A (ApaI) is 
associated with serum IGF2 levels,94 body 
mass,94-97 and muscle strength.98,99 The 
IGF2 ApaI G>A and birth weight inde-
pendently associated with grip strength in 
older (64-74 years) men but not women 
in a large sample of older adults from the 
United Kingdom.99 Men who weighed the 
least at birth and were homozygous for 
the IGF2 ApaI G allele had lower mean 
grip strength than those who weighed 

the most at birth and had the IGF2 ApaI 
AA genotype.99

Isokinetic arm strength was lower at 
age 35 in men and women with the 
IGF2 ApaI AA genotype than men and 
women with IGF2 ApaI GG genotype. 
These differences were maintained in 
men and women at age 65 and across 
the adult lifespan.98 Both studies sug-
gest variation in the IGF2 gene, which 
is involved in muscle development, 
may also affect muscle strength later in 
life.98,99 Knowledge of IGF2 genotype 
could be useful to identify individuals 
susceptible for losing greater amounts 
of muscle mass as they age and in turn 
improve treatment and/or delay loss of 
muscle mass.

Myostatin (MSTN)

MSTN, also known as growth and dif-
ferentiation factor 8, is a member of the 
transforming growth factor b family of 
cytokines and a powerful regulator of 
muscle mass.100-103 Two MSTN SNPs have 
been studied in humans related to muscle 
phenotypes: MSTN 2379 A>G (rs1805086, 
Arg153Lys) and MSTN 163 G>A 
(rs1805085, Ala55Thr). These 2 SNPs are 
nonsynonymous (ie, they alter the coding 
of the MSTN protein). The minor alleles 
(ie, less frequent) of MSTN 2379 A>G and 
MSTN 163 G>A occur more frequently 
in African Americans (11% to 31%) than 
in Caucasians (<5%).104,105 To our knowl-
edge, no studies have reported associ-
ations with MSTN 163 G>A and muscle 
strength, whereas associations with MSTN 
2379 A>G and muscle strength have been 
mixed, typically depending on cohort 
ethnicity.

African American women with the 
MSTN 2379 AA genotype had greater iso-
metric strength than African American 
women with either the MSTN AG gen-
otype or the MSTN GG genotype.106 
Similarly, older Italian men and women 
with the AA genotype had greater hand-
grip strength than those with the G 
allele.107 No differences occurred in mus-
cle size or strength by MSTN genotype  
at baseline or following 12 weeks of 
upper body RT in 645 Caucasian young 
men and women.66 However, baseline 
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isometric strength of the biceps muscle  
was greater in a subset of untrained  
African Americans who carried the G 
allele than African Americans with the  
AA genotype.66

Whereas the function of the MSTN gene 
itself appears to be well defined,100-102 
results of studies examining MSTN 
genetic variants and muscle strength have 
been mixed. Most report lower base-
line strength in those who carry the 
MSTN 2379 G allele,106,107 one reports 
greater strength in those with G allele,66 
and others report no difference in mus-
cle strength by MSTN genotype.52,66,108 
Additionally, the positive findings have 
primarily occurred in small samples of 
African Americans,66,106 while findings 
have been negative in larger Caucasian 
samples.66,107,108 Small numbers of African 
American subjects with the MSTN 2379 
G allele preclude definitive conclusions 
regarding the influence of MSTN 2379 
A>G on muscle strength.52,66,106,107 Thus, 
findings should be considered preliminary 
and confirmed in larger African American 
and Caucasian cohorts.

Resistin (RETN)

RETN is secreted by adipocytes in 
humans and is associated with energy 
metabolism in skeletal muscle.109-111 One 
study reported multiple RETN SNP asso-
ciations with muscle phenotypes.112 
RETN 980 C>G (rs3219178) was associ-
ated with baseline upper arm volume in 
overweight men and change in arm vol-
ume following upper body RT in over-
weight Caucasian women. RETN 398 
C>T (rs3219177) was associated with 
baseline muscle volume and change 
in elbow flexor strength following 
RT in overweight women. RETN -420 
C>G (rs1862513) and RETN 540 G>A 
(rs3745367) associated with baseline 
muscle volume and change in elbow 
flexor strength in overweight men.  
RETN -537 A>C was associated with 
baseline muscle volume in normal 
weight men.112

The effects of RETN SNPs appear to 
be modulated by sex and adiposity in 
humans. The mechanism for its associ-
ations with muscle strength phenotypes 

have yet to be determined but may oper-
ate through alteration of metabolic prop-
erties of skeletal muscle.109-111,113 Further 
studies are needed to better determine 
the magnitude of which RETN SNPs  
influences muscle strength.

Vitamin D Receptor (VDR)

The prohormone vitamin D targets skel-
etal muscle and is associated with muscle 
weakness,114 atrophy of type II fibers,115 
and contractility.116 VDR is a steroid 
receptor that is expressed in muscle and 
mediates the effects of vitamin D  
on muscle.117 VDR SNPs FokI C>T 
(rs2228570), BsmI G>A (rs1544410), and 
TaqI C>T (rs731236) have been asso-
ciated with muscle strength and size 
phenotypes.118-121

VDR FokI C>T is functional in that 
the T to C transition results in a shorter, 
more translationally efficient isoform 
than the longer isoform,122 which may 
affect binding affinity.123 Isometric quad-
riceps strength was greater in women 
with the VDR FokI TT genotype than 
in women with the VDR FokI C allele. 
Muscle phenotypes did not differ by 
VDR FokI genotype in men.118,119,121 No 
associations were found with VDR FokI 
and older men or women (>58 years).121 
Different findings may be partially due 
to differences in sample age and/or test-
ing modality (isometric handgrip vs iso-
kinetic leg strength).

Isometric quadriceps strength did not 
differ by VDR BsmI genotype in 297 
older men.118 Similarly grip strength 
in a mixed sample of older men and 
women did not differ by VDR BsmI gen-
otype.121 Hamstring strength was greater 
in younger women with the BsmI AA 
genotype when compared with women 
with the BsmI GG genotype.124 Older 
(>70 years) nonobese women (body 
mass index <30) with the VDR BsmI AA 
genotype demonstrated lower isomet-
ric quadriceps strength and grip strength 
than those with the VDR BsmI GG geno-
type.120 Handgrip and/or isometric quad-
riceps strength did not differ by genotype 
in obese women,120 suggesting obesity 
obscures VDR associations with muscle 
strength.

VDR BsmI G>A and TaqI C>T are non-
functional haplotypes and may serve as 
markers for functional SNPs elsewhere 
in the VDR gene.123 Quadriceps strength 
was higher in men with the VDR BsmI/
TaqI AC/AC haplotype than those with 
the BsmI/TaqI AC/GT haplotype and the 
BsmI/TaqI GT/GT haplotype.119 This was 
not found in women, though interestingly 
the VDR BsmI SNP alone associated with 
isometric leg strength in women. Women 
with the VDR BsmI AA genotype had the 
lowest leg strength. In contrast, when 
examined as a haplotype with the VDR 
TaqI SNP, the AC/AC haplotype (which 
includes the VDR BsmI AA genotype), 
was associated with the highest isometric 
leg strength in men. Reasons for this find-
ing are unclear. Little is known about the 
nonfunctional VDR SNPs and how they 
affect the final gene product (VDR pro-
tein) and thus, muscle phenotypes.123 The 
VDR BsmI and TaqI SNPs are located in a 
region of the VDR gene that affects regu-
lation of mRNA stability. The SNPs could 
be markers for a nearby functional SNP, 
influencing mRNA stability and, thus, 
expression of VDR,125 which in turn may 
be influencing muscle phenotypes.

The influence of VDR SNPs on muscle 
strength appears to vary by sex,119 age,121 
and body mass.120 Mechanisms for VDR 
SNP associations with muscle strength are 
unknown. Investigators postulate that the 
vitamin D/VDR complex interacts with 
insulin-like growth factor binding pro-
teins, which in turn regulate the actions 
of insulin-like growth factors influencing 
muscle phenotypes.126-128 To better eluci-
date the mechanisms behind VDR SNP 
associations with muscle strength, future 
studies should use age- and sex-specific 
samples.

Summary

Muscle strength is a multifactorial  
trait that varies widely among individ- 
uals. A large portion of this variation  
is accounted for by genetic factors. 
Though evidence identifies genetic  
variants that account for small portions 
of the variation in muscle strength, the 
specific genes that explain these genetic 
factors are largely unknown. Literature 
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examining putative associations among 
candidate gene variants and muscle 
strength are inconsistent as mixed find-
ings prevail in the more frequently stud-
ied genes related to muscle strength. 
These inconsistencies are evident in find-
ings from the widely studied polymor-
phisms ACE I/D and ACTN3 R577X, as 
well as the less studied VDR BsmI, TaqI, 
and FokI SNPs. More research is needed 
in this area to elucidate mechanisms as to 
how specific genes are influencing mus-
cle phenotypes and to identify, based on 
genetic information, populations who 
respond differentially to RT interventions. 
This research, however, brings about sig-
nificant challenges.

Challenges and 
Implications

Methodological Challenges

Candidate gene association findings 
often do not reproduce across differ-
ent studies because of differences in 
cohort size, age, sex, and/or ethnicity. 
Confounding by ethnic origin is referred 
to as population stratification, where  
differences between groups may result 
from the underlying factors because of 
population structure rather than genetic 
factors.129 As discussed earlier, the MSTN 
2379 A>G and FST -5003 A>T SNPs asso-
ciated with muscle strength in African 
Americans but not Caucasians,66,106 thus 
illustrating that differences in cohort eth-
nicity may influence associations among 
genetic factors and muscle strength. IL15 
+7336 C>T and ACTN R577X each associ-
ated with muscle strength in women but 
not in men.34,72 This is due in large part 
to what is termed the sexual dimorphism 
of genetic effects,129 where genotype dif-
ferences are sex specific. Furthermore, 
CNTFR SNP associations with muscle 
strength occurred in age-specific cohorts60 
but not in a large sample of mixed ages 
(20-90 years).65

In examining candidate gene association 
studies that involve RT interventions, the 
design as well as strength testing modal-
ity is important to consider. For instance, 
results differed by RT intervention modal-
ity (isometric vs isokinetic) in Norman  

et al,36 who examined ACTN3 R577X. 
Muscle strength following 10 weeks of RT 
differed by ACE genotype depending on 
strength testing modality (dynamic vs  
isometric) in Pescatello et al.49 Researchers 
interested in examining associations 
among genetic variants and complex 
traits such as muscle strength will need 
to consider factors such as ethnicity, age, 
sex, and strength testing modality when 
designing studies as well as evaluating 
previous findings.

Additionally contributing to the inabil-
ity to reproduce findings in genetic asso-
ciation studies involving muscle strength 
is the complexity of the “strength” pheno-
type itself. There are many ways in which 
muscle strength is measured (dynami-
cally, statically) as well as multiple fac-
tors that contribute to the generation of 
strength (CSA, fiber composition, archi-
tecture, and neuromuscular efficiency). 
Each of these factors is also influenced by 
genes. Intrinsic to these muscle strength 
factors is the process of producing a pro-
tein (the final gene product) that can be 
altered, delayed, or even halted, alter-
ing the gene’s role in a given phenotype. 
With such complexity, one genetic variant 
will not likely have a large effect on an 
individual’s strength performance; rather, 
variation in many genes act together to 
influence strength.11,130 It is common for 
a SNP to explain only a minute portion 
of the overall genetic variance of muscle 
strength, such as 1% to 2%. For example, 
Clarkson et al34 demonstrated that 2% of 
baseline strength and 2% of strength gain 
following RT can be explained by ACTN3 
genotype. Similarly Pescatello et al49 
reported that ACE genotype accounted for 
2% to 4% of the variability in the muscle 
size and strength response to RT,49 conse-
quently leaving 96% to 98% of variability 
in muscle strength in those 2 studies to be 
explained by other factors.

With the likelihood that the genetic 
component to muscle strength is influ-
enced by many genes, as opposed to 
few, coupled with the intricacy of the 
muscle strength phenotype, perhaps the 
greatest challenge to researchers in this 
area is determining how an SNP ulti-
mately influences muscle strength. Very 

few studies have been done to show 
that SNPs mathematically associated with 
strength produce changes at the protein 
level that could affect muscle. Dramatic 
effects such as with the ACTN3 R577X 
SNP (those with the XX genotype pro-
duce no functional ACTN3) are very rare. 
More often, SNPs cause subtle changes 
such as increasing or decreasing the rate 
of protein production (eg, ACE I/D, IGF1 
CA repeat, and VDR Fok1) or affecting 
affinity for its receptor (eg, CNTF). Other 
SNPs seem to have no effect on the pro-
tein (eg, VDR BsmI/TaqI), making it diffi-
cult to delineate how these variants affect 
strength. To determine how an SNP is 
ultimately influencing a muscle pheno-
type once an association between an SNP 
and a muscle phenotype is established, 
research designed to elucidate the spe-
cific pathway and various interactions 
of the protein itself is necessary. This 
type of research is referred to as func-
tional or translational research. This type 
of research can eventually describe the 
entire protein pathway that begins with 
the gene and culminates with the muscle 
phenotype. Thus by combining results 
from association studies with functional 
and translational research, the mecha-
nism for determining how SNPs influ-
ence muscle strength may eventually be 
determined.

These challenges, however, have not 
prevented steady growth in genetic vari-
ation and muscle strength research. 
According to the 2006-2007 update of 
the Human gene map for physical per-
formance and health-related fitness phe-
notypes,131 the number of published 
research articles reporting genetic contri-
bution to muscle strength increased grad-
ually from 2 in 2000 to 40 in 2006-2007. 
This document, updated every 2 years is 
intended to serve as the cumulative sum-
mary of all publications with positive 
genetic associations available to date for 
physical performance or health-related 
fitness phenotypes in sedentary or active 
people.131 This series, now in its seventh 
installment, has been cited cumulatively 
in the literature 253 times since the first 
installment in 200038 (Scopus search per-
formed on October 25, 2009). Presently, 
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the use of genetic information to improve 
treatment has been envisioned132 and 
has been discussed by experts across 
disciplines.133,134

Clinical Implications

Many experts are skeptical on the 
clinical use of genetic information to 
treat disease or improve treatment pro-
grams.135,136 In spite of this skepti-
cism, a frequently stated objective by 
investigators is to explore associations 
among genes and muscle phenotypes 
to improve quality of life in healthy and 
diseased individuals through personal-
ized medicine.* The hope is that research 
associating genetic variants and muscle 
phenotypes may lead to use of genetic 
information to develop novel risk assess-
ment profiles. Such profiles may be used 
to improve or create individually tailored 
treatment plans or exercise prescriptions 
and/or modify living environments to 
improve or maintain muscle strength. 
This, in turn, would improve an indi-
vidual’s ability to perform activities of 
daily living and improve quality of life. 
Consequently, treatment plans target-
ing individuals with greater susceptibility 
to metabolic and/or muscle wasting dis-
eases can be improved as well.

This realization, however, is premature 
and will likely require several steps to 
come to fruition:

• Continued research identifying individ-
uals who respond or do not respond to 
traditional RT as way to improve mus-
cle strength

• Identification of genes and/or interac-
tions that explain variance in muscle 
strength among individuals

• Determining the individual impact of 
a polymorphism on the gene product 
and elucidating the pathway and inter-
actions the gene product (or protein) 
undergoes to ultimately influence mus-
cle strength

• Replication and confirmation of current 
findings

Though the studies mentioned earlier in 
this review report genetic links to mus-
cle strength, other studies involving the 

same mutations did not. Thus, until more 
research is done to substantiate those 
findings, as compelling as they are, much 
remains to be done. Current research 
identifying genetic variants that influence 
muscle strength is in its infancy and of 
limited clinical use.

Nonscientific Challenges

In addition to scientific challenges fac-
ing researchers related to this type of 
research, nonscientific concerns also 
arise. They include privacy of genetic 
information and the marketing of genetic 
information directly to the consumer. 
In 2008, the US government passed the 
Genetic Information Nondiscrimination 
Act (GINA). GINA prohibits discrimina-
tion by employers and insurance com-
panies based on genetic information, 
assuring a high level of privacy for those 
individuals who undergo genetic testing.

Traditionally, genetic testing has been 
done under the guidance of one’s physi-
cian and has been confined to laboratories 
where the tests are interpreted by genet-
icists and genetics counselors. Recently, 
however, testing has been made available 
to the consumers directly through various 
companies that specialize in personalized 
genomics.137-140 By sending a cheek swab 
or saliva sample to one of these compa-
nies, consumers can receive personal-
ized genetic information such as genetic 
makeup, ancestry, nonmedical traits, and 
associated disease risks via telephone, 
mail, or the Internet. One US company137 
offers parents information (determined via 
the ACTN3 genotype) about whether their 
child will be better geared toward sprint-
ing or endurance sports. More companies 
offering similar services are likely on the 
horizon. The implications for consumers 
having this type of genetic knowledge are 
being studied but are still unknown.

Conclusions

Muscle strength is a highly heritable 
complex trait. Its genetic underpinnings 
are only beginning to be understood. 
Current research indicates that the influ-
ence of single genes on muscle strength 

is small and modulated by many factors, 
including sex, age, and ethnicity. The 
development and maintenance of mus-
cle strength is important for quality of 
life and performing activities of daily liv-
ing in both healthy and diseased popu-
lations. Examining genetic associations 
with muscle strength may eventually lead 
to improved treatments for metabolic dis-
eases such as diabetes and muscle wasting 
diseases in humans such as sarcopenia. 
This type of research, however, brings 
about significant scientific challenges such 
as the inability to reproduce findings and 
defining muscle strength phenotypes. 
Nonscientific challenges also exist such as 
maintaining privacy of genetic information 
as well as direct-to-consumer marketing 
of genetic information. Though research 
examining genetic variation and its rela-
tion to muscle strength are in its infancy, 
the roles specific genes play in risk 
assessment profiles beyond normal clinical 
markers remains to be fully elucidated.135 
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