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Abstract 

In order to excel in sport, apart from the correct training, the genetic combination of an individual 
may also be a factor in making an elite athlete. Weightlifting, as a popular sport, has a unique bio-
mechanism dealing with muscle performance. The current study investigated the polymorphisms of the 
angiotensin-converting enzyme (ACE), the -actinin-3 (ACTN3), and the vitamin D receptor (VDR) 
genes (individually or in combination) in Thai weightlifters. A total of 117 male and female national and 
junior Thai weightlifters, and 99 healthy sedentary people were recruited for this study. Genotyping was 
analyzed by Polymerase Chain Reaction (PCR) and Polymerase Chain Reaction - Restriction Fragment 
Length Polymorphism (PCR-RFLP). When compared to the junior and non-athletes group, the genotype 
and allele frequencies of ACE (DD), ACTN3 (RR), and VDR (ff) were more frequent in both male and 
female national weightlifters. In addition, the genotype combinations between ACE (DD) + VDR (ff), 
ACE (DD) + ACTN3 RR, and ACTN3 RR + VDR ff presented highly in both genders of national 
weightlifters. Taken together, our results suggest that the ACTN3 and VDR genotype, individually or in 
combination, may influence muscle performance in weightlifters, appearing to significantly contribute to 
better weightlifting performance. 
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Introduction 

Physical performance is a complex trait that is influenced by many factors, including body 
composition, level of physical activity, training status, and environment. It is estimated that 
approximately 20 - 80 % of the variation in a number of traits important to athletic performance is 
attributable to genetic factors [1]. The most common types of genetic variants that can influence inter-
individual differences in any phenotype are single nucleotide polymorphisms (SNP) [2]. To date, more 
than 200 genes associated with athletic performance and physical fitness have been identified and 
investigated [3-5].  

Among these genes, a genetic variation in muscular strength has recently received much attention 
[6]. The heritability of muscle strength has been shown to range from approximately 30 to 80 % [7]. The 
first genetic element that had been demonstrated to influence human physical performance is the 
angiotensin converting enzyme (ACE) gene. ACE is recognized as a key enzyme in the renin-angiotensin 
system (RAS) that plays an important role in the control of systemic blood pressure [8]. Additionally, 
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angiotensin II, a primary mediator of RAS, appears to enhance overload-induced skeletal muscle 
hypertrophy [9]. 

ACE gene polymorphism is characterized by the presence (insertion, I allele) or absence (deletion, 
D allele) of a 287 amino acid base pair Alu repeat sequence within intron 16 of the ACE gene on 
chromosome 17 [10]. Whilst the I allele of the ACE gene has been associated with lower ACE activity 
level and endurance performance, the D allele has been associated with higher concentrations of serum 
ACE activity and strength training [11]. Several previous reports [12], Nazarov et al. [13] suggested that 
the DD genotype is more prevalent in elite sprint athletes compared with endurance athletes and controls. 
The association of ACE DD genotype with a greater proportion of fast twitch fibers has also been 
observed [2]. Nevertheless, some studies have found no association of the ACE genotype with isometric 
and dynamic strength [14-16]. The basis for this discrepancy between studies is unclear, but it may stem 
from a difference in the physical fitness levels or ethnic backgrounds of the selected subjects. 

Another candidate gene that may influence muscle strength and performance of athletes is alpha-
actinin-3 (ACTN3). ACTN3 belongs to a member of family of actin-binding proteins [17]. ACTN3 is a 
myofibrillar protein located at the Z disk which forms a lattice structure that anchors together actin 
containing thin filaments. The functions of ACTN3 are likely to involve a static function in maintaining 
the ordered myofibrillar array in a sarcomere. It is only found in Type 2 fibers and is, thus, implicated in 
generating fast and strong contraction [7,18]. A genetic variation in the ACTN3 gene has been 
extensively studied. The R577X mutation in ACTN causes no functional ACTN protein to be made 
because of a premature stop codon [19]. Ben-zaken et al. [20] found that the ACTN3 577RR genotype 
was more frequent among elite sprinters compared to endurance runners, while none of the top sprinters 
harbored the 577XX genotype [11]. Furthermore, MacArthur and North [1] showed that the absence of 
ACTN3 in ACTN3 knockout mice inhibits the performance of the fast twitch muscle fibers that are 
important for generating force at high velocity. Other studies have reported that ACTN3 RR genotype is 
overrepresented in strength/sprint athletes [21,22], whereas ACTN3 XX genotype is under-represented in 
elite wrestlers [23]. In addition, Vincent et al. [24] found that men who were homozygous for the X allele 
had significantly fewer types 2X as compared to those homozygous for the R allele. This finding suggests 
that ACTN3 SNPs may influence muscle power through the control of fiber type distribution. Recently, 
however, Norman et al. [25] found no differences in fiber type composition between the ACTN3 XX and 
RR genotype groups. 

In addition to ACE and ACTN3, there is now emerging evidence that the VDR gene may play an 
important role in cell proliferation, differentiation, and muscle contractile process [26,27]. More 
specifically, Windelinckx et al. [28] found that VDR gene polymorphisms are associated with quadricep 
strength in both males and females. In addition, Geusens et al. [29] reported that senior women who carry 
the bb allele have high isometric quadriceps and hand grip strength when compared to the control with 
BB allele. However, the relationship between VDR polymorphism and athletic performance is less clear. 
Recently, Micheli et al. [30] reported that the VDR (FokI) ff allele was more highly associated with 
muscular strength in soccer players than subjects who carry FF allele. 

Taken together, it is more likely that the inter-individual differences in athletic performance is not 
just determined by one polymorphism but the interaction of several gene variants. Moreover, no studies 
have been conducted to examine the of ACE, ACTN3, and VDR polymorphism in weightlifters. 

Weightlifting is one of the oldest sport disciplines in the Olympic games and is becoming 
increasingly popular around the world. During lifting performance, weight lifters, besides using technical 
and tactical skills, are required to generate high isometric peak force (PF) and power output (PP). 
Typically, weightlifters have a greater PF (15 - 20 %) and rate of force development (RFD) (13 - 16 %) in 
comparison to other strength and power athletes (e.g., sprinters, throwers, football players) [31,32]. The 
highest weight that the athletes can lift is strongly related to PF and PP. In addition, weightlifting 
performance is strongly correlated to type 2A percent content [33]. Other key factors that can influence 
athletic performance are anthropometric characteristics. In comparison with other strength and power 
athletes of a similar body mass, weightlifters have a shorter height and arm span [34]. These provide 
mechanical advantages to weightlifters when lifting maximal load. Many previous studies examining 
factors determining weightlifting performance have focused on biomechanical and physiological factors; 
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however, to our knowledge, there is little information available on the genetic influence of ACE, ACTN3 
and VDR genes polymorphisms on muscle performance in weightlifters. Therefore, the purposes of this 
study are to determine the ACE (I/D), ACTN3 (R577X), and VDR (F/f) gene polymorphisms 
(individually or in combination), and to determine whether there is a preferable genetic profile which can 
be used as a potential predictor for successful weightlifters. Athletic performance is a heritable trait 
influenced by genetic and environmental factors. Research on genotypes will allow us to have a better 
understanding of the genetic make-up and molecular physiology of athletes. The genetic markers can be 
used as sports talent identification criteria and a potential predictor for successful athletes, especially in 
weightlifters. 
 
Materials and methods 

Subjects 
Two hundred and sixteen subjects volunteered for this study. No participants had a history of any 

chronic injuries or diseases, and all were informed of the procedures and potential risks prior to signing 
an informed consent form. The younger subjects, whose ages were below 18 years, were approved by 
coaches or parents before participating in this study. All procedures were approved by the Mahidol 
Ethical Committee for Human Research (COA, approval No. 2013/086.1009). There were 117 subjects, 
divided into 2 groups of weightlifters, used in this study. The first group consisted of 38 national male 
and female weightlifters, aged between 15 to 32 years old, and recruited from a training camp used for 
selecting the Thailand national weightlifting team. The second group of subjects included 79 junior 
weightlifters of both sexes, aged between 15 and 20 years old, recruited from athletes who participated in 
the Thailand Youth Games. In the sport of weightlifting, competitions are organized for men and women. 
The athletes compete in categories, specified in the rules, according to their bodyweight. The IWF 
recognizes 3 age groups: 1) Youth: up to and including 17 years of age; 2) Junior: up to and including 20 
years of age, and 3) Senior (IWF Technical Rules, International Weightlifting Federation. Retrieved from 
http://www.iwf.net/doc/Technical&CompRules2009-2012.pdf/html20/ 11/2012). The non-athletes, or the 
sedentary group, consisted of 99 healthy young adults (male and female) from high schools or who were 
1st or 2nd year university students. No participants had been trained on a regular basis or had been 
involved in any vigorous exercise program for at least 3 months prior to the study.  
 

Experimenting protocols 
1) DNA sample collection and extraction 
DNA samples were collected at least 1 h after meals. All subjects were asked to wash their mouth 

with water before buccal cells were swabbed. A cotton swab was used to collect the mouth epithelial cells 
from both the left and right cheeks by scraping inside of the mouth approximately 20 times. After this, the 
heads of the cotton swabs were cut and incubated in 200 µl of cell lysis solution before being stored at 
room temperature until genotyping analysis was performed. In DNA extraction, the swabs were incubated 
in a water bath at 65 °C for 60 min for a high yield (QAIGEN, USA.). After that, DNA concentration 
measurement by Nucleic acid quantification and purity was assessed using a Thermo Scientific Nano 
Drop 1000 Spectrophotometer, V3.7, USA.  
 

2) Genes polymorphism identification 
ACE gene polymorphism 
To investigate gene ACE polymorphism, genomic DNA was extracted from the samples by using a 

DNA extraction kit a protocol provided by the manufacturer (QIAGEN). Polymerase chain reactions 
(PCR) were used to detect the insertion (I) and deletion (D) alleles of the ACE (rs1799752) gene 
according to the method described by Rigat et al. [10]. The PCR primers were as follows: forward primer 
was 5’-CTGGAGACC  ACTCCC ATCCTTCTC-3’ and the reverse primer was 5’-
GATGTGGCCATCACATTCGTCAGAT-3’.  PCR reaction were 10X PCR buffer, 25 mM MgCl2, 10 
mM dNTPs, 10pmol/ml ACE Forward, 10pmol/ml ACE Reverse, ddH2O, Taq Polymerase (2.5 U/ml), 
and DNA template. PCR conditions were as follows: denaturation at 94 °C for 5 min, followed by 30 
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cycles of 94 °C for 1 min, annealing at 58 °C for 1 min, and an extension at 72 °C for 2 min and a final 
extension at 72 °C for 10 min. DNA products were detected by gel electrophoresis with a 1.5 % agarose 
and identified by ethildium bromide staining. This method yielded PCR fragments of 190 bp and 490 bp, 
representing the D and the I alleles, respectively. 

 
ACTN3 gene polymorphism 
To investigate polymorphism of the gene  actinin 3 (ACTN3), the templates from the extraction 

were used for PCR. The forward primer was 5’-CTGTTGCCTGTGGTAAGTGGG-3’ and the reverse 
primer was 5’-TGGTCACAGTATGCAGGAGGG-3’. PCR reaction were 10X PCR buffer, 25 mM 
MgCl2, 10 mM dNTPs, 10pmol/ml ACE Forward, 10pmol/ml ACE Reverse, ddH2O, Taq Polymerase (2.5 
U/ml), DNA template. The PCR conditions were as follows: initial denaturation at 94 °C for 5 min, 
followed by 35 cycles of denaturation at 94 °C for 30 s, annealing at 60 °C for 30 s, and an extension at 
72 °C for 30 s and a final extension at 72 °C for 10 min. Gel electrophoresis gel was performed to check 
the PCR products. The resulting PCR products were subjected for Restriction Fragment Length 
Polymorphisms (ACTN3) by reaction 10 X buffer, PCR product, and enzyme DdeI (New England 
Biolab). The digested PCR fragments 205 bp and the 86 bp were of the R allele, and 108 bp, 97 bp, and 
86 bp fragments were of the X allele, whereas the 205 bp 108 bp, 97 bp, and 86 bp were of the RX allele. 
PCR products were detected by 2 % agarose gel electrophoresis and stained with ethidium bromide.  
 

VDR gene polymorphism 
To investigate polymorphism of the Vitamin D receptor (VDR) gene, the DNA templates were 

amplified using the PCR-RFLP. The forward primer was 5’-TTGTTCTTCCACAGATTCAGAC-3’ and 
the reverse primer was 5’- GAAAAGG ACCTTGAACGAGAG - 3’. The PCR reaction conditions were 
as follows: denaturation at 95 °C for 5 min, followed by 30 cycles at 95 °C for 1 min, annealing at 58 °C 
for 1 min and extension at 72 °C for 5 min, and a final extension at 72 °C for 10 min. The PCR products 
were then digested by reaction 10 X buffer, PCR product and the restriction enzyme, FokI (Biolabs Inc, 
New England), to digest the F allele (490 bp) into 3 fragments of the 265, 196, and 69 bp. The digested 
products were separated by 2 % agarose gel electrophoresis.  

 
Statistical Analysis  
A χ2 test was used to confirm that the observed frequencies for ACE, ACTN3, and VDR were in the 

Hardy-Weinberg equilibrium. All data was confirmed as normally distributed using SPSS for Windows 
version 17.0 (SPSS, Chicago, IL, USA) and Microsoft Excel 2000 for Windows (Microsoft, Redmond, 
WA, USA). Data were presented as means ± S.D. with statistical significance defined as p values of < 
0.05.  
 
Results and discussion 

Characteristics of subjects 
The physical characteristics of the subjects, including age and athletic experience of the subjects, 

are presented in Table 1. The average ages of male national and junior weightlifters, as well as those of 
the control, were 21.7 ± 4.8 yrs, 17.5 ± 1.3 yrs, and 18.4 ± 2.5 yrs, respectively. Similar results for age 
and athletic experience were obtained for female national weightlifters. In addition, for national 
weightlifters, both males and females tended to have a slightly higher athletic experience than those in the 
junior group.  
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Table 1 Descriptive characteristics of weightlifters and sedentary controls by sex and group. 
 

Subject Gender (n) Age (yrs) Athletic experience (yrs) 
National 

 
M (19) 21.7 ± 4.8 a, b 6.6 ± 1.4 b 
F (19) 18.8  ± 3.2 b 6.1 ± 1.5 b 

Junior 
 

M (43) 17.5  ± 1.3 4.6 ± 1.7 
F (36) 16.6 ± 1.7 a 3.9 ± 1.6 

Control 
 

M (57) 18.4 ± 2.5b N/A 
F (42) 18.9 ± 2.4b N/A 

 
Values are means ± S.D., N/A represents not available data. 
ap < 0.05 when compared to control group 
bp < 0.05 when compared to junior group 
 
 

Angiotensin converting enzyme (ACE) Polymorphisms 
Polymerase chain reactions (PCR) were used to detect the insertion (I) and deletion (D) alleles of 

the ACE gene polymorphisms. PCR fragments of 190 bp and 490 bp represented the D and the I alleles, 
respectively (Figure 1). 

 
 

 
 
Figure 1 Genotypes for the ACE I/D polymorphism. 
 
 

1) ACE genotype distribution and allele frequency of male group 
The ACE genotype distributions of male subjects were in the Hardy-Weinberg equilibrium. The 

genotype distributions of each group were in the following pattern; male nationals’ ACE II 26 %, ID 26 
%, and DD 48 %, male juniors’ ACE II 54 %, ID 30 %, and DD 16 %, and male controls’ ACE II 62 %, 
ID 33 %, and DD 5 % (Figure 2A). The ACE allele frequencies of male nationals were I allele 39 %, D 
allele 61 %, male juniors I allele 69 %, D allele 31 %, and male controls I allele 78 %, D allele 22 % 
(Figure 2B). The 2 test indicated that the ACE DD genotype was overrepresented in male national 
weightlifters compared with those in male controls (Figure 2A). In junior weightlifters, however, the 
ACE genotype distribution and allele frequency were of no significant difference from both national and 
control groups (Figures 2A and 2B). On the other hand, the control group carried the highest percentage 
of the II genotype and I allele. 
 
 
 
 

500 bp 
400 bp 
 
200 bp 
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Figure 2 Genotype distribution (A) and allele frequency (B) of ACE I/D polymorphisms of male 
weightlifters and controls. 
2 = 19.56, d.f. 2, p < 0.05 for ACE genotype frequencies in national weightlifters vs. controls. 
2 = 7.73, d.f. 2, p < 0.05 for ACE genotype frequencies in national weightlifters vs. junior weightlifters. 
2 = 19.65, d.f. 1, p < 0.05 for ACE allele frequencies in national weightlifters vs. controls. 
The * indicates significantly different p-value. 
 
 

2) ACE genotype distribution and allele frequency of female group 
The ACE genotype distributions of female subjects were in the Hardy-Weinberg equilibrium. The 

genotype distribution of female nationals’ ACE was II 26 %, ID 32 %, and DD 42 %, female juniors’ 
ACE were II 47 %, ID 39 %, and DD 14 % while the female controls’ ACE were II 29 %, ID 48 %, DD 
23 % (Figure 3A). In addition, the ACE allele frequencies of female nationals were I allele 42 %, D allele 
58 %, female juniors I allele 67 %, D allele 33 %, and female controls I allele 53 %, D allele 47 % 
(Figure 3B). The 2 test revealed that the ACE DD genotype in female national weightlifters was 
significantly higher (p < 0.05) than those of juniors and female controls (Figure 3A). Junior weightlifters 
carried the highest percentage of the ACE II genotype and I allele, as illustrated in Figures 3A and 3B. 
 
 
 
 

  
*  

*,* 
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Figure 3 Genotype distribution (A) and allele frequency (B) of ACE I/D polymorphisms of female 
weightlifters and control. 
2 = 9.22, d.f. 2, p < 0.05 for ACE genotype frequencies in national weightlifters vs. controls. 
2 = 5.73, d.f. 2, p < 0.05 for ACE genotype frequencies in national weightlifters vs. junior weightlifters. 
2 = 9.58, d.f. 1, p < 0.05 for ACE allele frequencies in national weightlifters vs. controls. 
The * indicates significantly different p-value. 
 
 

Alpha-actinin-3 (ACTN3) Polymorphisms  
Polymerase chain reactions-Restriction Fragment Length Polymorphism (PCR-RFLP) was used to 

detect the fragments of ACTN3 gene polymorphisms (R and X alleles), (Figure 4). 
 
 

 
 
Figure 4 Genotyping for the ACTN3 R/X polymorphism. PCR-RFLP fragments of 205 bp and 86 bp 
representing the R allele, and 108 bp, 97 bp, and 86 bp fragments, representing the X allele. Lane 1 is the 
50 base pair marker; lane 2, ACTN3 gene with R/X (heterozygous allele 205, 108, 97, and 86 bp); lane 3, 
X/X (homozygous X allele 108, 97, and 86 bp), and lanes 4 and 5, R/R (homozygous R allele 205, 86 bp). 
 

*,*

* 
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1) ACTN3 distribution and allele frequency of male group 
Considering the male groups, the ACTN3 genotype distributions were in the Hardy-Weinberg 

equilibrium. The male nationals’ genotype distributions of ACTN3 were XX 16 %, RX 47 %, and RR 37 
%, whereas those of the male juniors were XX 14 %, RX 49 %, and RR 37 %, and male controls were 
XX 33 %, RX 56 %, and RR 11 % (Figure 5A). The ACTN3 allele frequencies of male nationals were X 
allele 39 %, R allele 61 %, male juniors X allele 38 %, R allele 62 %, and male controls X allele 61 %, R 
allele 39 % (Figure 5B). The 2 test revealed that ACTN3 RR genotype distribution and R allele 
frequency in male national and male junior weightlifters differed markedly from those of male controls. 
However, male controls carried the highest percentage of RX genotype and X allele (Figures 5A and 5B). 

 
 

 
Figure 5 Genotype distribution (A) and allele frequency (B) of ACTN3 R577X polymorphisms of male 
weightlifters and control. 
2 = 7.49, d.f. 2, p < 0.05 for ACTN3 genotype frequencies in national weightlifters vs. controls. 
2 = 11.86, d.f. 2, p < 0.05 for ACTN3 genotype frequencies in junior weightlifters vs. controls. 
2 = 5.56, d.f. 1, p < 0.05 for ACTN3 allele frequencies in national weightlifters vs. controls. 
2 = 10.41, d.f. 1, p < 0.05 for ACTN3 allele frequencies in junior weightlifters vs. controls. 
The *indicates significantly different p-value. 
 
 

2) ACTN3 genotype distribution and allele frequency of female group 
The ACTN3 genotype distributions of the female group were in Hardy-Weinberg equilibrium. The 

genotype distributions in female nationals’ ACTN3 were XX 26 %, RX 37 %, and RR 37 %, whereas 
female juniors’ ACTN3 were XX 14 %, RX 47 %, and RR 39 %, and female controls’ ACTN3 were XX 
36 %, RX 57 %, and RR 7 % (Figure 6A). The ACTN3 allele frequencies of female nationals were X 
allele 45 %, R allele 55 %, female juniors X allele 38 %, R allele 62 %, and female controls X allele 64 
%, R allele 36 % (Figure 6B). The 2 test indicated that ACTN3 RX genotype distribution and X allele 
frequency in female controls were at higher percentage than those of female nationals and female junior 
weightlifters (Figures 6A and 6B). 

 
 

 
 

*  * 

 * * 
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Figure 6 Genotype distribution (A) and allele frequency (B) of ACTN3 R577X polymorphisms of female 
weightlifters and control. 
2 = 8.45, d.f. 2, p < 0.05 for ACTN3 genotype frequencies in national weightlifters vs. controls. 
2 = 12.93, d.f. 2, p < 0.05 for ACTN3 genotype frequencies in junior weightlifters vs. controls. 
2 = 4.11, d.f. 1, p < 0.05 for ACTN3 allele frequencies in national weightlifters vs. controls. 
2 = 11.14, d.f. 1, p < 0.05 for ACTN3 allele frequencies in junior weightlifters vs. controls. 
The * indicates significantly different p-value. 
 
 

Vitamin D Receptor (VDR) Polymorphisms 
Polymerase chain reactions-Restriction Fragment Length Polymorphism (PCR-RFLP) was used to 

detect the fragments of VDR gene polymorphisms (F and f alleles), (Figure 7). 
 

 

 

 

 

 

 

 

 

 

 
 
Figure 7 Genotyping of VDR polymorphism: PCR-RFLP fragments of 206, 196, and 69 bp representing 
the F and the f alleles, respectively. Lane 2, 4, 206, 196, 69 bp is Ff heterozygous; lanes 3 and 5, 196 and 
69 bp ff homozygous, and lane 6, 265 bp FF homozygous. 
 

 1             2            3            4            5           6

300 bp 
 
200 bp 
 
 
100 bp 

*   *  

 *  
 *  
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1) VDR genotype distribution and allele frequency of male group 
The VDR genotype distributions of the male group were in the Hardy-Weinberg equilibrium. The 

genotype distribution of male nationals’ VDR were FF 5 %, Ff 42 %, and ff 53 %, male juniors’ VDR 
were FF 37 %, Ff 40 %, and ff 23 %, and male controls VDR were FF 37 %, Ff 49 %, and ff 14 % 
(Figure 8A). The VDR allele frequencies of male nationals were F allele 26 %, f allele 74 %, male 
juniors F allele 57 %, f allele 43 %, and male controls F allele 61 %, f allele 39 % (Figure 8B). The 2 
test indicated that VDR ff genotype distribution and f allele frequency in male national weightlifters 
differed markedly from those of male controls (p < 0.05) (Figures 8A and 8B). However, male controls 
carried the highest percentage of F allele (Figure 8B). 

 
 

 
Figure 8 Genotype distribution (A) and allele frequency (B) of VDR F/f polymorphisms of male 
weightlifters and controls. 
2 = 14.02, d.f. 2, p < 0.05 for VDR genotype frequencies in national weightlifters vs. controls. 
2 = 7.68, d.f. 2, p < 0.05 for VDR genotype frequencies in national weightlifters vs. junior weightlifters. 
2 = 14.07, d.f. 1, p < 0.05 for VDR allele frequencies in national weightlifters vs. controls. 
The * indicates significantly different p-value. 

 
 

2) VDR genotype distribution and allele frequency of female group 
The VDR genotype frequencies of the female groups were in the Hardy-Weinberg equilibrium. The 

genotype distributions in female nationals’ VDR were FF 32 %, Ff 32 %, and ff 36 %, female juniors’ 
VDR were FF 36 %, Ff 47 %, and ff 17 %, and female controls’ VDR were FF 33 %, Ff 53 %, and ff 14 
%, as shown in Figure 9A. The VDR allele frequencies of nationals were F allele 47 %, f allele 53 %; 
female juniors F allele 60 %, f allele 40 %; and female controls F allele 60 %, f allele 40 % (Figure 9B). 
The 2 test revealed that VDR Ff genotype distribution and F allele frequency in female junior 
weightlifters differed markedly (p < 0.05) from other groups (Figures 9A and 9B) and female national 
weightlifter carried the highest percentage of ff genotype when compared to female juniors and female 
controls (Figure 9A). However, female juniors and female controls carried the highest percentage of F 
allele (Figure 9B). 

 
 
 
 
 

*

 *,*  
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Figure 9 Genotype distribution (A) and allele frequency (B) of VDR F/f polymorphisms of female 
weightlifters and controls. 
2 = 4.37, d.f. 2, p = 0.11 for VDR genotype frequencies in national weightlifters vs. controls. 
2 = 5.67, d.f. 1, p < 0.05 for VDR allele frequencies in national weightlifters vs. controls. 
The * indicates significantly different p-value. 
 
 

Genotypes combination between ACE + VDR, ACTN3 + VDR and ACE + ACTN3  
For genotype combination study, the genetic data of 3 genes (ACE + ACTN3, ACE + VDR, and 

ACTN3 + VDR) were analyzed in the present study. There were 9 possible combined genotypes 
including the dominant and recessive models for each genotype combination. 

 
1) ACE (I/D) and VDR (F/f) genotype combinations in male and female 
The frequency of combined ACE (ID) and VDR (Ff) genotype among male nationals, junior 

weightlifters, and male controls are presented in Figure 10A. It was found that the frequency of the ACE 
ID + VDR Ff genotype combination in male nationals highly differed from those of the controls (2 = 
30.34, d.f. = 8, p < 0.05). Such difference, however, was not observed between junior weightlifters and 
controls (2 = 6.75, d.f. = 8, p = 0.584). Although the ACE DD + VDR ff genotype combination was 
more frequent in male nationals, the ACE (II) + VDR (FF) genotype combination were highly represented 
in male juniors and male controls. Furthermore, there was no significant difference between ACE ID + 
VDR ff/Ff genotype combination in male juniors and male controls. The DD + ff genotype combination, 
however, was highly significant (p < 0.01) in male nationals when compared to male controls, as shown 
in Figure 10A. In females, the frequency of the combined ACE (ID) and VDR (Ff) genotype among 
female nationals, junior weightlifters, and female controls were presented in Figure 10B. Both nationals 
and juniors had genotype combinations of ACE (ID) and VDR (Ff) that were not different from the 
controls (nationals; 2 = 13.87, d.f. = 8, p = 0.085, juniors; 2 = 3.45, d.f. = 8, p = 0.903). Moreover, the 
combined ACE DD + VDR ff genotype was highly represented in female nationals. 
 
 

* 

 *  
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Figure 10 Combined ACE and VDR genotype frequencies of male group (A) and female group (B).  
 
 

2) ACTN3 (R/X) and VDR (F/f) genotype combinations in male and female 
The frequency of combined ACTN3 R577X and VDR Ff genotype among male nationals, junior 

weightlifters, and the controls are presented in Figure 11A. It was found that the ACTN3 RR and VDR ff 
genotype combination in male national weightlifters was more prevalent when compared to the controls 
(2 = 22.20, d.f. = 8, p = 0.005). Additionally, the genotype combination of ACTN3 RX + VDR ff in male 
nationals was higher than in the controls (p < 0.05). However, the ACTN3 RX + VDR Ff genotype 
combination in the junior group were not significantly different (2 = 14.46, d.f. = 8, p = 0.071) when 
compared to the controls. 

In females, the frequency of the combined ACTN3 (R577X) and VDR (F/f) genotype among female 
nationals, junior weightlifters, and controls are presented in Figure 11B. Female national weightlifters 
possessed high amounts of ACTN3 RX + VDR Ff genotype combination when compared to juniors and 
controls (2 = 14.34, d.f. = 8, p = 0.073). Interestingly, however, the ACTN3 RR + VDR Ff genotype 
combination was higher in female juniors than in nationals and controls (2 = 18.12, d.f. = 8, p = 0.020). 
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Figure 11 Combined ACTN3 and VDR genotype frequencies of male group (A) and female group (B).  
 
 

3) ACE (I/D) and ACTN3(R/X) genotype combinations in male and female 
The frequency of the combined ACE (I/D) and ACTN3 (R/X) genotype among male nationals, 

junior weightlifters, and the controls are presented in Figure 12A. The ACE DD + ACTN3 RR genotype 
combination in male nationals was highly different when compared to male juniors and controls. (2 = 
24.52, d.f. = 8, p = 0.002). Additionally, the combination of ACE DD + ACTN3 RX genotype in male 
junior weightlifters differed more than in the controls (2 = 18.69, d.f. = 8, p = 0.017) (Figure 12 A). The 
frequency of the combined ACE (I/D) and ACTN3 (R/X) genotype among female nationals, junior 
weightlifters, and the controls are presented in Figure 12B. In female nationals and juniors, the ACE DD 
+ ACTN3 RR genotype combinations were highly different from those of the juniors and controls (2 = 
17.65, d.f. = 8, p = 0.024). The ACE DD + ACTN3 RX was higher in juniors than in national 
weightlifters and controls; (2 = 15.51, df = 8, p = 0.050). In the present study, the combined DD + RR 
genotype was highly represented in only female national weightlifters, while the ACE (II) + ACTN3 
(RX) genotype combination was highly represented in female junior weightlifters and controls when 
compared to national weightlifters (p < 0.05) (Figure 12B). 
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Figure 12 Combined ACE and ACTN3 genotype frequencies of male group (A) and female group (B).  
 
 

Discussions 
This study investigated the genotype distribution of ACE, ACTN3, and VDR polymorphisms 

(individual or combined) in Thai male and female weightlifters. The main finding of this study was the 
overrepresentation of ACE DD genotype distribution and allele frequency in both male and female 
national weightlifters when compared to junior weightlifters and control groups. Our findings were in 
agreement with previous reports. Kikhuchi et al. [23] demonstrated an excess of the DD genotype 
distribution and allele frequency in Japanese wrestlers when compared to the controls. However, some 
studies have provided conflicting results. For examples, Scott et al. [35] found no association between the 
ACE I/D polymorphism and athletic status in elite Jamaican and US sprinters. Moreover, Ginevi & 
Pranculis [36] reported the prevalence of ACE I/I and I/D genotypes in Lithuanian elite athletes compared 
with the general population. Clearly, this discrepancy in results may stem from differences in sport 
disciplines, ethnic background, and sample sizes between studies. 

The ACTN gene is well known to influence muscle function and human performance. Whereas the 
ACTN3 RR genotype was reported to be associated with sprint and power performance [37], the X allele 
or ACTN3 XX genotype was related to elite endurance performance [11]. In the present study, the genetic 
influence of ACTN3 R/X polymorphism on muscle performance was examined in weightlifters. Our 
result showed that the ACTN3 genotype and allele frequencies in male national and all junior 
weightlifters were significantly higher than those in the controls. This finding was in line with the result 
of Kikhuchi et al. [23], which demonstrated an excess of the RR genotype distribution and allele 
frequency of Japanese wrestlers when compared to the controls. In addition, the study of Garatachea et al. 
[38] reported that genotype distributions did not differ between Spanish elite basketball athletes and 
controls. Despite several reports showing no association of that muscle performance with single ACTN3 
polymorphism, investigation of genes has always been considered essential, as it is still hypothesized that 
understanding genetic composition can lead to the ability to predict performance and genetic screening in 
elite athletes or other populations [37]. A study in national or international track and field Japanese 
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athletes showed a higher frequency of RR + RX genotype than in the controls and that ACTN3 (R/X) was 
associated with sprint and power performance [39]. Altogether, these results suggest that, although the 
ACTN3 R/X polymorphism is a strong candidate for athletic physical fitness or exercise related 
phenotype, this polymorphism alone or in combination may contribute in the muscle power of 
weightlifters.  

In this study, we also determine the association of VDR FokI polymorphisms. Our results showed 
that ff genotype was highly expressed in male national weightlifters. This is similar to the results by 
Micheli et al. [30] reporting that VDR homozygous ff genotype was more highly presented in young 
football players than non-exercise controls. Unfortunately, we did not observe any association in the male 
and female groups. In addition, Windelinckx et al. [28] reported that VDR F/f have been associated with 
quadricep muscles in females. The Vitamin D receptor gene (VDR) is a C/T transition polymorphism 
located in the VDR start codon. This may affect the structure and function of the encoded proteins [40-
42]. Thus, it is possible that this individual gene may interact with other genes to influence physical 
performance.  

Another major finding in the present study was the demonstration that the genotype combinations of 
ACE DD+ ACTN3 RR/RX, ACE DD + VDR ff/Ff, and VDR ff+ ACTN3 RR/RX were highly 
represented in both male and female national weightlifters when compared to controls. This finding was 
in accordance with those of Gunel et al. [43], showing a higher frequency of ACE DD/ACTN3 RR 
genotype combinations in elite athletes than in the controls. This finding was supported by some previous 
reports showing that the influence of ACTN3 and VDR gene variants may vary by sex [28,44,45]. For 
instance, Delmonico et al. [45] reported higher peak power in women with the ACTN RR genotype at 
baseline and higher gains in power following RT, whereas no significant differences were observed in 
men. Furthermore, Windelinckx et al. [28] showed that quadricep isometric and concentric strength were 
higher in female f/f homozygotes compared to F allele carries, whereas no association was observed in 
men.  

More recently, the investigation of sex-specific differences in the genetic influence of genes and 
genotype, observed the influences of ACTN3 R577X on muscular strength were found to vary by sex. For 
example, Vincent et al. [46] found muscle strength at a greater level in women with ACTN3 RR genotype 
when compared with X allele carriers, but not in men. Massidda et al. [47] studied the association 
between the polymorphisms of the VDR gene and muscular mass and strength in elite male soccer 
players. They found no association of VDR polymorphisms with muscular strength or thigh muscle. 

Given that weightlifting is a power sport that requires highly skillful technique, perfect body 
physique, and psychological factors ([48], Gunel et al. [43]), a further study is needed to better 
understand the genetic influence on physical performance in weightlifters. Furthermore, the whole 
genome-wide technologies approach needs to be employed sufficiently to study large cohorts of world-
class athletes with adequately-measured phenotypes. 
 
Conclusions 

The result of this investigation can conclude that the frequencies of ACE D, ACTN3 R, and VDR f 
allele and genotypes were highly represented in both male and female weightlifters when compared to the 
non-athletes group. In addition, the frequencies of favorable genotype combinations between ACE (DD) 
+ VDR (ff), ACE (DD) + ACTN3 (RR), and ACTN3 (RR) + VDR (ff) in both male and female national 
groups were higher than those of junior weightlifters and controls.  

Based on these findings, it is suggested that favourable genotypes, individually or in combination, 
of ACE (DD), ACTN3 (RR), and VDR (ff) may influence muscle performance in weightlifters. This 
suggests the genetic potential of ACE, ACTN3, and VDR in determining muscle performance. 
 
 
 
 
 



ACE, ACTN3, and VDR Genes Polymorphism in Thai Weightlifters Luckhana PIMJAN et al.

http://wjst.wu.ac.th 

 

Walailak J Sci & Tech 2018; 15(9)
 

624

References 

[1] DG MacArthur and KN North. ACTN3: A genetic influence on muscle function and athletic 
performance. Exerc. Sport Sci. Rev. 2007; 35, 30-4.  

[2] II Ahmetov and ON Fedotovskaya. Sports genomics: Current state of knowledge and future 
directions. Cell Mol. Exerc. Physiol. 2012; 1, 1-24.  

[3] II Ahmetov, AG Williams, DV Popov, EV Lyubaeva, AM Hakimullina, ON Fedotovskaya, IA 
Mozhayskaya, OL Vinogradova, IV Astratenkova, HE Montgomery and VA Rogozkin. The 
combined impact of metabolic gene polymorphisms on elite endurance athlete status and related 
phenotypes. Hum. Genet. 2009; 126, 751-61.  

[4] HC David, DH Stephen, II Ahmetov and AG Williams. Genetics of muscle strength and power: 
Polygenic profile similarity limits skeletal muscle performance. J. Sports Sci. 2011; 29, 1425-34.  

[5] Y Pitsiladis, G Wang, S Padmanabhan, B Wolfarth, N Fuku, A Lucia, II Ahmetov, P Cieszczyk, M 
Collins, N Eynon, V Klissouras, A Williams and Y Pitsiladis. Genomics of elite sporting 
performance: What little we know and necessary advances. Adv. Genet. 2013; 84, 123-49.  

[6] M Kostek, MJ Hubal and LS Pescatello. The role of genetic variation in muscle strength. Am. J. 
Lifestyle Med. 2011; 5, 156-70.  

[7] B Vincent, KD Bock, M Ramaekers, EV Eede, MV Leemputte, P Hespel and MA Thomis. ACTN3 
(R577X) genotype is associated with fiber type distribution. Physiol. Genom. 2007; 32, 58-63.  

[8] NJ Brown and DE Vaughan. Angiotensin-converting enzyme inhibitors. Circulation 1998; 97, 
1411-20.  

[9] CM Westerkamp, SE Gordon, M Christopher and SEG Angioten. Angiotensin-converting enzyme 
inhibition attenuates myonuclear addition in overloaded slow-twitch skeletal muscle Angiotensin-
converting enzyme inhibition attenuates myonuclear addition in overloaded slow-twitch skeletal 
muscle. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2012; 289, 1223-31.  

[10] B Rigat, C Hubert, P Corvol and F Soubrier. PCR detection of the insertion/deletion polymorphism 
of the human angiotensin converting enzyme gene (DCP1) (dipeptidyl carboxypeptidase 1). Nucleic 
Acids Res. 1992; 20, 1433.  

[11] N Yang, DG Macarthur, JP Gulbin, AG Hahn, AH Beggs, S Easteal and K North. ACTN3 
Genotype is associated with human elite athletic performance. Am. J. Hum. Genet. 2003; 73, 627-
31.  

[12] S Myerson, H Hemingway, R Budget, J Martin, S Humphries and H Montgomery. Human 
angiotensin I-converting enzyme gene and endurance performance. J. Appl. Physiol. 1999; 87, 
1313-6.  

[13] IB Nazarov, DR Woods, HE Montgomery, OV Shneider, VI Kazakov, NV Tomilin and VA 
Rogozkin. The angiotensin converting enzyme I/D polymorphism in Russian athletes. Eur. J. Hum. 
Genet. 2001; 9, 797-801.  

[14] T Mccauley, SS Mastana and JP Folland. ACE I / D and ACTN3 R / X polymorphisms and muscle 
function and muscularity of older Caucasian men. Eur. J. Hum. Genet. 2010; 109, 269-77.  

[15] MI Thomis, W Huygens, S Heuninckx, M Chagnon, HHM Maes, AL Claessens, R Vlietinck, C 
Bouchard and GP Beunen. Exploration of myostatin polymorphisms and the angiotensin-converting 
enzyme insertion/deletion genotype in responses of human muscle to strength training. Eur. J. Appl. 
Physiol. 2004; 92, 267-74.  

[16] LS Pescatello, M Kostek, H Gordish-Dressman, PD Thompson, RL Seip, TB Price, TJ 
Angelopoulos, PM Clarkson, PM Gordon, NM Moyna, PS Visich, RF Zoeller, JM Devaney and EP 
Hoffman. ACE ID genotype and the muscle strength and size response to unilateral resistance 
training. Med. Sci. Sport Exerc. 2006; 38, 1074-81. 

[17] JT Seto, M Lek, KGR Quinlan, PJ Houweling, XF Zheng, F Garton, DG MacArthur, JM Raftery, 
SM Garvey, MA Hauser, N Yang, SI Head and KN North. Deficiency of a -actinin-3 is associated 
with increased susceptibility to contraction-induced damage and skeletal muscle remodeling. Hum. 
Mol. Genet. 2011; 20, 2914-27.  



ACE, ACTN3, and VDR Genes Polymorphism in Thai Weightlifters Luckhana PIMJAN et al.

http://wjst.wu.ac.th 

 

Walailak J Sci & Tech 2018; 15(9)
 

625

[18] H Kim, K Song and C Kim. The ACTN3 R577X variant in sprint and strength performance. J. 
Exerc. Nutr. Biochem. 2014; 18, 347-53.  

[19] AM Druzhevskaya, II Ahmetov, IV Astratenkova and VA Rogozkin. Association of the ACTN3 
R577X polymorphism with power athlete status in Russians. Eur. J. Appl. Physiol. 2008; 103, 631-
4.  

[20] S Ben-zaken, A Eliakim, D Nemet, M Rabinovich, E Kassem and Y Meckel. ACTN3 
polymorphism: Comparison between elite swimmers and runners. Sport Med. Open. 2015; 1, 13.  

[21] JT Seto, KGR Quinlan, M Lek, XF Zheng, F Garton, DG Macarthur, MW Hogarth, PJ Houweling, 
P Gregorevic, N Turner, GJ Cooney, N Yang and KN North. ACTN3 genotype influences muscle 
performance through the regulation of calcineurin signaling. J. Clin. Invest. 2013; 123, 4255-63.  

[22] II Ahmetov, DN Gavrilov, IV Astratenkova, AM Druzhevskaya, AV Malinin, EE Romanova, VA 
Rogozkin. The association of ACE, ACTN3 and PPARA gene variants with strength phenotypes in 
middle school-age children. J. Physiol. Sci. 2015; 63, 79-85. 

[23] N Kikhuchi, SK Min, D Ueda, S Igawa and K Nakazato. Higher frequency of the ACTN3 R allele + 
ACE DD genotype in Japanese elite wrestlers. J. Strength Cond. Res. 2012; 26, 3275-80.  

[24] B Vincent, KD Bock, M Ramaekers, DV Eede, MV Leemputte, P Hespel and MA Thomis. ACTN3 
( R577X ) genotype is associated with fiber type distribution. Physiol. Genom. 2012; 32, 58-63.  

[25] B Norman, M Esbjornsson, H Rundqvist, T Osterlund, FV Walden and PA Tesch. Strength, power, 
fiber types, and mRNA expression in trained men and women with different ACTN3 R577X 
genotypes. J. Appl. Physiol. 2009; 106, 959-65. 

[26] AG Uitterlinden, Y Fang, JBV Meurs, HA Pols and JPV Leeuwen. Genetics and biology of vitamin 
D receptor polymorphisms. Gene 2004; 338, 143-56.  

[27] E Grundberg, H Brändström, EL Ribom, O Ljunggren, H Mallmin and A Kindmark. Genetic 
variation in the human vitamin D receptor is associated with muscle strength, fat mass and body 
weight in Swedish women. Eur. J. Endocrinol. 2004; 150, 323-8.  

[28] A Windelinckx, GD Mars, G Beunen, J Aerssens, C Delecluse, J Lefevre and MAI Thomis. 
Polymorphisms in the vitamin D receptor gene are associated with muscle strength in men and 
women. Osteoporos. Int. 2007; 18, 1235-42.  

[29] P Geusens, C Vandevyver, J Vanhoof, JJ Cassiman, S Boonen and J Raus. Quadriceps and grip 
strength are related to vitamin D receptor genotype in elderly nonobese women. J. Bone Miner. Res. 
1997; 12, 2082-8.  

[30] ML Micheli, M Gulisano, G Morucci, T Punzi, M Ruggiero, M Ceroti, M Marella, E Castellini and 
S Pacini. Angiotensin-converting enzyme/vitamin D receptor gene polymorphisms and bioelectrical 
impedance analysis in predicting athletic performances of Italian young soccer players. J. Strength 
Cond. Res. 2011; 25, 2084-91. 

[31] MR McGuigan and JB Winchester. The relationship between isometric and dynamic strength in 
college football players. J. Sport Sci. Med. 2008; 7, 101-5.  

[32] MH Stone, W Sands, KC Pierce, MW Ramsey and GG Haff. Power and power potentiation among 
strength power athletes: Preliminary study. Int. J. Sport Physiol. Perf. 2008; 3, 55-67.  

[33] AC Fry, BK Schilling, RS Staron, FC Hagerman, RS Hikida and JT Thrush. Muscle fiber 
characteristics and performance correlates of male Olympic-style weightlifters. J. Strength Cond. 
Res. 2003; 17, 746-54.  

[34] AC Fry, ID Ciroslan and BK Schilling. Anthropometric and performance variables discriminating 
elite American junior men weightlifters. J. Strength Cond. Res. 2006; 20, 861-6.  

[35] R Scott, R Irving, L Irwin, E Morrison, V Charlton, K Austin, D Tladi, M Deason, SA Headley, FW 
Kolkhorst, N Yang, K North and YP Pitsiladis. ACTN3 and ACE genotypes in elite Jamaican and 
US Sprinters. Med. Sci. Sports Exerc. 2010; 42, 107-12.  

[36] V Ginevi and A Pranculis. Genetic variation of the human ACE and ACTN3 genes and their 
association with functional muscle properties in Lithuanian elite athletes. Medicina 2011; 47, 284-
90.  



ACE, ACTN3, and VDR Genes Polymorphism in Thai Weightlifters Luckhana PIMJAN et al.

http://wjst.wu.ac.th 

 

Walailak J Sci & Tech 2018; 15(9)
 

626

[37] G Wang, S Padmanabhan, B Wolfarth, N Fuku, A Lucia, II Ahmetov, P Cieszczyk, M Collins, N 
Eynon, V Klissouras, A Williams and Y Pitsiladis. Genomics of elite sporting performance: What 
little we know and necessary advances. Adv. Genet. 2013; 84, 123-49.  

[38] N Garatachea, C Fiuza-Luces, G Torres-Luque, T Yvert, C Santiago, F Gomez-Gallego, JR Ruiz 
and A Lucia. Single and combined influence of ACE and ACTN3 genotypes on muscle phenotypes 
octogenarians. Eur. J. Appl. Physiol. 2012; 112, 2409-20.  

[39] G Wang, E Mikami, LL Chiu, ADE Perini, M Deason, N Fuku, M Miyachi, K Kaneoka, H 
Murakami, M Tanaka, LL Hsieh, SS Hsieh, D Caporossi, F Pigozzi, A Hilley, R Lee, SDR 
Galloway, J Gulbin, VA Rogozkin, II Ahmetov, N Yang, KN North, S Ploutarhos, HE 
Montgomery, MES Bailey and YP Pitsiladis. Association analysis of ACE and ACTN3 in elite 
Caucasian and East Asian Swimmers. Med. Sci. Sports Exerc. 2013; 45, 892-900.  

[40] A Colombini, M Brayda-bruno, G Lombardi, SJ Croiset, V Vrech, V Maione, G Banfi and S Cauci. 
FokI polymorphism in the vitamin D receptor gene (VDR) and its association with lumbar spine 
pathologies in the Italian population: A case-control study. Plos One 2014; 9, e97027.  

[41] MR Haussler, PW Jurutka, M Mizwicki and AW Norman. Vitamin D receptor (VDR)-mediated 
actions of 1α,25(OH)2vitamin D3: Genomic and non-genomic mechanisms. Best Pract. Res. Clin. 
Endocrinol. Metab. 2011; 25, 543-59.  

[42] C Carlberg, D Diz, WF Universtiy, GA Hawkins and W Forest. Genome-wide (over) view on the 
actions of vitamin D. Front. Physiol. 2014; 14, 1-10.  

[43] T Gunel, E Gumusoglu, MK Hosseini, E Yilmazyildirim, I Dolekcap and K Aydinli. Effect of 
angiotensin I-converting enzyme and α -actinin-3 gene polymorphisms on sport performance. 
Molec. Med. Rep. 2014; 9, 1422-6.  

[44] PM Clarkson, JM Devaney, H Gordish-Dressman, PD Thompson, MJ Hubal, M Urso, TB Price, TJ 
Angelopoulos, PM Gordon, NM Moyna, LS Pescatello, PS Visich, RF Zoeller, RL Seip and EP 
Hoffman. ACTN3 genotype is associated with increases in muscle strength in response to resistance 
training in women. J. Appl. Physiol. 2005; 99, 154-63.  

[45] MJ Delmonico, MC Kostek, NA Doldo, BD Hand, S Walsh, JM Conway, CR Carignan, SM Roth 
and BF Hurley. Alpha-actinin-3 (ACTN3) R577X polymorphism influences knee extensor peak 
power response to strength training in older men and women. Eur. Heart J. Cardiovasc. Imag. 
2007; 14, 206-12.  

[46] B Vincent, De Bock, K Ramaekers, MV den Eede, EV Leemputte, M Hespel and P Thomis. 
ACTN3 (R557X) genotype is associated with fiber type distribution. Physiol. Genom. 2007; 32,58-
63. 

[47] M Massida and G Vona. Association between the ACTN3 R577X polymorphism and artistic 
gymnastic performance in Italy. Genet. Test. Mol. Biomark. 2009; 13, 377-80. 

[48] AH Kinetic. Analysis of the snatch lift with elite female weightlifters during the 2010 World 
Weightlifting Championship. J. Strength Cond. Res. 2012; 26, 897-905. 
 

 
 


