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Abstract

Background: Genetic polymorphism is suggested to be associated with human physical performance. The angiotensin I-
converting enzyme insertion/deletion (ACE I/D) polymorphism and the a-actinin-3 gene (ACTN3) R577X polymorphism have
been most widely studied for such association analysis. However, the findings are frequently heterogeneous. We aim to
summarize the associations of ACE I/D and ACTN3 R577X with sport performance by means of meta-analysis.

Methods: We systematically reviewed and quantitatively summarized published studies, until October 31, 2012, on
relationship between ACE/ACTN3 genetic polymorphisms and sports performance, respectively.

Results: A total of 366 articles on ACE and 88 articles on ACTN3 were achieved by literature search. A significant association
was found for ACE II genotype compared to D allele carriage (DD+ID) with increased possibility of physical performance (OR,
1.23; 95% CI, 1.05–1.45). With respect to sport discipline, the II genotype was found to be associated with performance in
endurance athletes (OR, 1.35; 95% CI, 1.17–1.55). On the other hand, no significant association was observed for ACTN3 RR
genotype as compared to X allele carriage (XX+RX) (OR, 1.03; 95% CI, 0.92–1.15). However, when restricted the analyses to
power events, a significant association was observed (OR, 1.21; 95% CI, 1.03–1.42).

Conclusion: Our results provide more solid evidence for the associations between ACE II genotype and endurance events
and between ACTN3 R allele and power events. The findings suggest that the genetic profiles might influence human
physical performance.
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Introduction

Elite athletes are defined as the one who has competed at a

national or international level in a given sport [1]. The concept

that genetic traits are strongly associated with human physical

performance has been wildly accepted in the past decade. For

instance, it was suggested that the heritability of athlete status was

estimated at approximately 66% [2]. Researchers are now

concentrating on looking for the exact genetic profiles contribute

to sport performance and determining the underlying mechanisms

involved in specific fields of elite athletic performance. One of the

main aims of such studies is to help clinicians and coaches to

recognize and guide individuals with genetic potentiality to be elite

athletes.

Here, we specifically consider two genes which have been

extensively studied for the association with athletic ability,

namely, the angiotensin I-converting enzyme (ACE) and a-

actinin-3 (ACTN3). The first evidence of genetic polymorphisms

influencing human physical performance is reported for ACE

gene [3,4]. The ACE insertion/deletion (ACE I/D, rs1799752)

polymorphism has been related with improvements in perfor-

mance and exercise duration in a variety of populations. The I

allele, which represents an insertion of 287 bp, is associated with

lower serum [5] and tissue [6] ACE activity and improved

performance in endurance sports. The deleted form of the

variant (D allele) is associated with higher circulating and tissue

ACE activity [7] and enhanced performance at sports requiring

sprinting or short bursts of power. ACTN3 has also been well

studied as a target gene. The ACTN3 gene encodes the protein a

-actinin-3, which is almost exclusively expressed to sarcomere of

the fast glycolytic type II fibers that are responsible for the

generation of rapid forceful contractions during activities such as

sprinting and weightlifting [8,9]. A genetic variation in the

ACTN3 gene that results in the replacement of an arginine (R)

with a stop codon (X) at amino acid 577 (R577X, rs1815739)

can create two different versions of the ACTN3 gene. Both of

these two versions are common in the general population.
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However, the findings on the relations between genetic

polymorphisms and sports performance are frequently heteroge-

neous.

In this article, we aim to summarize the associations of sport

performance with ACE and ACTN3 genetic polymorphisms by

means of meta-analysis, which might provide more solid evidence

as compared with individual reports.

Results

After excluding the overlapped results between the databases, a

total of 366 articles about ACE and 88 articles focused on ACTN3

were achieved by literature search separately, from PubMed and

EMBASE, using different combination of key terms. As shown in

Figure 1, the articles on ACE or ACTN3 were screened separately.

After excluding papers whose topics are not relevant, 75 abstracts

and 63 abstracts were retrieved for next step. After abstract

evaluation, 37 studies addressing the association of ACE

polymorphisms and sport performance, and 35 studies addressing

the association of ACTN3 polymorphisms and sport performance

were identified for detailed full text evaluation. Finally, 25 articles

addressing ACE and 23 articles addressing ACTN3 were included

in this study, respectively. Among them, there are 6 articles

reported data on both ACE and ACTN3. Please refer to Table S1

for more detailed information on study identification.

As shown in Table S2, not all included articles provided

necessary information for sub-group analysis. Among the 25

articles provided information of ACE I/D polymorphism, 10

studies were included in gender sub-group analysis, 17 studies and

13 studies were included in endurance and power groups for sport

discipline sub-group analysis, respectively. In the 23 articles

provided data of ACTN3 R577X polymorphism, 13 studies were

included in gender sub-group analysis, 15 studies and 18 studies

were included in endurance and power groups for sport discipline

sub-group analysis, respectively.

As shown in Figure 2, a significant association was found for

ACE II genotype compared to D allele carriage (DD+ID) with

increased possibility of physical performance (OR, 1.23; 95% CI,

1.05–1.45). Medium heterogeneity between studies (p,0.01;

I2=51.54%) was observed. No significant publication bias was

observed (p = 0.96 for Begg rank correlation analysis; p = 0.59 for

Egger weighted regression analysis). In the subgroup analysis with

respect to gender, no significant relationship was observed for

males (OR, 1.10; 95% CI, 0.90–1.35) and females (OR, 0.69;

95%CI, 0.37–1.26). In the subgroup analysis with respect to

ethnicity, significant relationships were observed for Westerns

(OR, 1.25; 95%CI, 1.04–1.50). But with respect to sport discipline,

the II genotype was found to be associated with performance in

endurance athletes (OR, 1.35; 95% CI, 1.17–1.55) but not in

power athletes (OR, 0.93; 95% CI, 0.64–1.34). When the analyses

were based on a dominant model (Figure 3), I allele carrier

(II+ID) was found to be associated with decreased sports

performance in females (OR, 0.59; 95% CI, 0.36–0.98). And no

significant publication bias was observed (p= 0.17 for Begg rank

correlation analysis; p = 0.16 for Egger weighted regression

analysis).

Figure 4 shows the associations between ACTN3 R577X and

sport performance in a recessive model. No significant association

was found for ACTN3 RR genotype as compared to X allele

carriage (XX+RX) (OR, 1.03; 95% CI, 0.92–1.15). Heterogeneity

between studies was medium (p= 0.01; I2=41.88%). No substan-

tial publication bias was observed (p = 0.42 for Begg rank

correlation analysis; p = 0.38 for Egger weighted regression

analysis). When restricted the analyses to power events, a

significant association was observed (OR, 1.21; 95% CI, 1.03–

1.42). In the analyses based on dominant model as shown in

Figure 5, R allele carrier was consistently associated with increase

possibility of sports performance among power events (OR, 1.55;

95% CI, 1.21–1.98). And again, no substantial publication bias

was observed (p = 0.16 for Begg rank correlation analysis; p = 0.59

for Egger weighted regression analysis).

Discussion

This review estimated the association of human sport perfor-

mance with ACE I/D and ACTN3 R577X by means of meta-

analysis. Significant relations were observed between ACE II

genotype and endurance events, and ACTN R allele and power

events, respectively. Subgroup analyses suggest gender, ethnicity

and sport discipline might explain, at least in part, the existing

heterogeneity between included studies.

It has been accepted that a number of elite athletes were

natural. Athletes might be inherently predisposed towards

specialist performance in one area. A vast array of human

phenotypes was suggested to influence sports performance, such as

muscle strength, skeletal structure, tendon elasticity, and heart and

lung size. These phenotypes themselves are influenced by a variety

of other processes and cellular pathways which are eventually

influenced by a large number of individual and relevant genes.

The ACE I/D polymorphism in intron 16 affects the function of

the gene, differentiating the enzymatic activity of angiotensin

convertase in the blood [10,11], which is connected with the

regulation of blood pressure and as such, it plays an important role

in cardiorespiratory efficiency [12,13]. The distributions of the

three variants (II, ID, DD) within a Caucasian population are

roughly 25%, 50%, and 25% respectively [14]. And those are not

remarkable different from Asian population in Korea (23%, 66%

and 11% respectively) [15]. Followed by Montgomery et al. who

demonstrated the relationship between the ACE polymorphism

and sport performance [3], Gayagay et al. first found a significant

excess of the I allele and the II genotype in Australian national

rowers attending their pre-Olympics selection trial [4]. Generally,

the I allele seems associated with endurance-orientated events,

while the D allele seems like to be the opposite with power-

orientated events [16–21]. Plenty of studies were performed to

support the theory. Cieszczyk et al. reported that a significantly

different I allele frequency between rowers and controls in Poland

population, which indicated positive association of the I allele with

endurance performance [20]. In a study conducted among 495

respondents who were potential Olympic competitors identified by

the British Olympic Association, 91 runners were found carrying a

significant excess of both I allele (p = 0.01) and II genotype

(p = 0.019) as compared with controls [22]. Examination of the

gene frequency within a single sporting discipline with a spectrum

from power-orientated short, to more endurance-based longer

distances is a preferred strategy. Variety of studies have employed

this strategy and consistently found the association between ACE I

allele and longer distance sport events [23,24]. However, there are

also some exceptions. Amir, O and colleagues reported that the

frequency of the ACE D allele and ACE DD genotype in Israeli

elite marathon runners seems to be higher than in sprinters, which

suggested a positive association between the D allele and the

likelihood of being an elite endurance athlete in some ethnic

groups [25]. In our present meta-analysis, there was no statistically

significant association between ACE I allele and endurance sport

events, but it was very close to be so (OR, 1.13; 95% CI, 0.89–

1.44). Moreover, a significant association between ACE II

genotype and endurance group was observed (OR, 1.35; 95%
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CI, 1.17–1.55). These results may suggest for larger population

and more specific studies in different ethnic groups.

The ACTN3 gene encodes for the synthesis of a-actinin-3 in

skeletal-muscle fibres, a sarcomeric protein necessary for produc-

ing ‘explosive’ powerful contractions. A premature stop codon

polymorphism in ACTN3 was first described by North and

colleagues [26]. In 2003, Yang et al. demonstrated a significant

association between ACTN3 genotype and athletic performance

[27]. They found that both male and female elite sprint athletes

have significantly higher frequencies of the 577R allele compare to

controls. Thus, unlike ACE I/D, researchers generally concentrate

on association between ACTN3 R577X and power events. Some

articles have consistently reported a strong association between

RR genotype and elite power performance [28–31]. The results of

stratified analyses of power events in our present study are

consistent with these studies as well (OR, 1.55; 95% CI, 1.21–

1.98). As ACTN3 R allele was suggested to be associated with

power performance, ACTN3 XX might be postulated to contribute

to endurance performance theoretically. However, reports from

Asians and Africans suggested that ACTN3 deficiency might not

associated with endurance performance [32,33].

With respect to the rapid increase in the number of original

researches in this area, review articles have been published from

different perspectives [34–36]. Montgomery group published a

review on ACE I/D polymorphism research published during

1998–2010 which suggests that the I allele is tending to be

associated with endurance sports [34]. More recently, Zilberman-

Schapira conducted a literature survey on sports and genes and

Figure 1. Flow Diagram of study design.
doi:10.1371/journal.pone.0054685.g001
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discussed the important issues on methodology of such studies

[36]. However, these reviews did not verify their findings by

quantitative analysis in this review. Tamuno and colleagues

conducted a meta-analysis on the published association between

ACTN3 and athletic status up to November 29, 2010 and observed

an overrepresentation of the ACTN3 R577X RR genotype in

Figure 2. Meta-analysis of the association between sport performance and ACE polymorphism (II vs. ID+DD). Abbreviation: CI,
confidence interval; OR, odds ratio. *Different study population from the same article.
doi:10.1371/journal.pone.0054685.g002
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power athletes in Europeans [35]. However, original article

reported departure of Hardy-Weinberg Equilibrium (HWE) in the

control group was not excluded from this meta-analysis, which

might introduce selection bias into the summarized results. In

addition, there are 12 articles on this topic were newly published in

the past two years and were included in our update meta-analysis.

Figure 3. Meta-analysis of the association between sport performance and ACE polymorphism (II+ID vs. DD). Abbreviation: CI,
confidence interval; OR, odds ratio. *Different study population from the same article.
doi:10.1371/journal.pone.0054685.g003
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Although the major findings were not substantially changed, our

results provided more solid evidence for the relationship between

ACTN3 R577X genotype and sport performance.

There are some limitations of this systematic review that should

be kept in mind. First, the potential confounding effect of

performance level was not considered in present study because

of the different criterions of elite athletes. Second, because not all

necessary information could be obtained from all included studies,

more detailed sub-analysis was limited. For example, the crude

division of ethnics groups into ‘Asian’, ‘African’ and ‘Western’ may

make the analyses be prone to bias. Therefore, further studies from

different populations are warranted to verify the current findings.

Figure 4. Meta-analysis of the association between sport performance and ACTN3 polymorphism (RR vs. RX+XX). Abbreviation: CI,
confidence interval; OR, odds ratio. *, **Different study population from the same article.
doi:10.1371/journal.pone.0054685.g004
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Third, only articles provided data on both athletes and sedentary

controls were included in this present study, which might

introduce potential selection bias. Fourth, although studies

reporting negative genetic association are less likely to be

published than others showing ‘statistical significance’ (‘positive

results’), no evident publication bias was observed in our present

Figure 5. Meta-analysis of the association between sport performance and ACTN3 polymorphism (RR+RX vs. XX). Abbreviation: CI,
confidence interval; OR, odds ratio. *Different study population from the same article.
doi:10.1371/journal.pone.0054685.g005
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analyses (p.0.05). Finally, due to the variety of definition of

endurance/power events and some studies reported data of mixed

sport disciplines, phenotypic heterogeneity cannot be excluded.

In conclusion, the present study summarized the associations of

sport performance with ACE I/D and ACTN3 R577X polymor-

phisms. The results consistently provided more solid evidence for

associations between ACE II genotype and endurance events, and

between ACTN R allele and power events. Our findings provided

more solid evident to support that human physical performance

might be influenced by genetic profiles.

Materials and Methods

Literature Identification
Studies addressing relations between ACE/ACTN3 genetic

polymorphisms and sports performance were identified by

searching for published original articles in PubMed (1946- ) and

EMBASE (1974- ) until October 31, 2012. Combinations of the

key words ‘‘sport’’ and ‘‘ACTN3’’ or ‘‘alpha-actinin-3’’ were used

to screen for potentially relevant studies focused on ACTN3.

Combinations of the key words ‘‘sport’’ and ‘‘ACE’’ or ‘‘angio-

tensin-converting enzyme’’ were used to screen for potentially

relevant studies focused on ACE. Additional studies were also

identified by cross-referencing [37].

Inclusion and Exclusion Criteria
Original articles presented case-control or cohort studies on

human and published in English were considered. Articles

reported the distribution of single nucleotide polymorphism of

ACE or ACTN3 among both athletes and sedentary health controls

were considered. If the study was reported in duplicate, the version

firstly published was included. Short reports or letters were

included if the distribution data of ACE or ACTN3 could be

obtained. Exclusion criteria were: (i) review articles, congress

abstracts, commentaries or other unoriginal studies; (ii) studies

reported in languages other than English; (iii) articles did not

provide necessary data; (iv) departure from HWE was detected in

a control group.

Data Extraction
For all studies, we extracted the following data from original

publications: first author and year of publication; distribution of

genotypes for each polymorphism among athletes and controls,

characteristics of the study design and the study population

(gender and numbers of athletes and controls, sport disciplines and

host ethnicity) We defined different sport disciplines into two

divide category, as endurance and power and please refer to

Table S3 for the sport classify.

Statistical Analysis
HWE was examined in controls by asymptotic Pearson’s chi-

square test for each polymorphism in each study. The association

between polymorphism and sport performance was estimated by

means of odds ratios (OR) and corresponding 95% confidence

intervals (CI) comparing athletes to controls. Meta-analyses were

carried out using Comprehensive Meta-Analysis (V2.0, Biostat,

Englewood, NJ, USA). Random effects models were used for

meta-analysis, taking into account the possibility of heterogeneity

between studies which was tested by the Q test and I2 test.

Stratified analyses were conducted with respect to gender, sport

discipline and host ethnicity. The latter was categorized as

Africans, Asians and Westerns (Europeans and Americans).

Because of the limited number of publications in Americans, they

were sub-grouped to Westerns combined with studies from

Europeans. Begg rank correlation method [38] and Egger

weighted regression method [39] were used to statistically assess

publication bias (p,0.05 was considered indicative of statistically

significant publication bias) [40].
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