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Abstract

Angiotensin-converting enzyme (ACE) gene has been reported to be one of the candidate genes for endurance performance.
The ACE gene insertion/deletion (I/D) polymorphism (rs4646994) is responsible for the variation in the ACE plasma level.
The insertion ( allele) of ACE I/D gene polymorphism decreases the level of ACE plasma, thus reducing skeletal muscle
vasoconstriction. Skeletal muscle vasoconstriction increases oxygenated blood supply to working muscles for endurance
performance. On the other hand, the D allele of ACE I/D gene polymorphism increases the level of ACE plasma, leading to
skeletal muscle hypertrophy. Therefore, the D allele may be helpful for strength or power performance. However, evidence
for the involvement of these alleles in improving endurance performance and muscle strength is inconsistent and warrants
further studies. These inconsistencies may be attributed to the small sample size and the potential causes of the racial and
ethnic differences used in the previous studies. Therefore, this brief review reported a summary of the current literature on
the association of the ACE I/D gene polymorphism on human physical performance across populations. The findings of this
review may serve as a reliable platform and guidance for future research to provide a better understanding of the potential

role of this variant on human physical performance concerning ethnicity.
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Introduction

Athletic performance may be affected by various factors,
such as skills, training, and genetics. Among these factors,
the genetic factor is more likely to have a significant effect
on athletic performance, as it influences innate human ability
[1]. For instance, Pérusse [1] provided strong evidence that
the genetic factor significantly contributes to performance-
related traits, including cardiorespiratory endurance and
muscle strength. Additionally, the genetic factor accounts
for 40-60% variations in aerobic and cardiac functions,
50-90% variations in anaerobic performance, 30% to 70%
variations in muscular fitness, and 20-30% variations in
cardiac performance [1]. Genetic influence on the physical
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trait is important for endurance performance, especially
for an athlete to excel in sports. For example, sprint per-
formance depends on genetic factors that adapt the body
to build strong leg muscles. This body adaptation provides
the athlete with several advantages, such as overcoming
inertia at the beginning of the sprint, taking long strides,
and allowing the calf muscles to work effectively for sprint
acceleration [2].

It is an intricate task to understand the genetics of human
performance. Solomon et al. [3] defined genetics as a branch
of science that studies heredity (genes) and how individuals
inherit and transfer the genetic traits from one generation
to the next. In other words, humans inherit hereditary char-
acters such as height and skin colour from their parents. A
gene is a fundamental component in genetics [4], and it is a
part of deoxyribonucleic acid (DNA) that contains particular
codes to synthesise a specific protein [5]. The protein is used
to build tissues, organs, and finally, an organism [5]. The
primary sequence of DNA molecules in the gene sequence
encodes the information needed to synthesise a specific pro-
tein in the human body [6]. Genes are substantially different
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in size, where the size ranges from less than 100 base pairs
to more than several million base pairs [6]. Many genes exist
in various forms (known as an allele) due to mutation that
affects the DNA base sequence [7]. Every person has two
copies of the alleles of a given gene, whereby each allele
is inherited from each parent [7]. Each allele of a given
gene (at the same locus or position on the chromosome) has
minor differences in its DNA base sequence [7]. Each pair
of alleles is the genotype of a specific gene that expresses
an individual’s phenotype [6]. An individual that carries the
same pair of alleles of a given gene is called homozygous
[7]. On the contrary, an individual with a different pair of
alleles is called heterozygous [7]. Additionally, different ver-
sions of alleles contribute to the various phenotypes or phys-
ical characteristics [7]. For instance, previous studies sug-
gested that the differences in physical performance between
athletes and non-athletes may be due to genetic variations in
specific allele genes [7]. In the future, the knowledge about
an individual’s genetic profile will help both athletes and
coaches to identify the right sports discipline and prepare a
personalised athlete training programme.

Several studies have shown a link between specific genes
or variants and human physical performance [8—10]. Addi-
tionally, the findings from twin studies (controlled for envi-
ronmental factor) demonstrated that genetic was the main
factor that contributed to the physical characteristic needed
for a specific sport [11-14]. To date, 239 genes consisting
of 214 autosomal gene entries, plus seven other on the X
chromosomes, and 18 mitochondrial genes have been associ-
ated with sports performance [15]. Among these candidate
genes, it has been suggested that the angiotensin I-convert-
ing enzyme (ACE) gene is the most potent candidate gene-
related to endurance performance [16].

The ACE gene

In humans, the ACE gene can be found on the long arm
(q) of chromosome 17 (17g23.3). As shown in Fig. 1, this
gene is 21 kb long and consists of 26 exons and 25 introns
[17]. The ACE gene produces ACE [17], which is a key ele-
ment in the renin-angiotensin (RAS) system that regulates
blood pressure, water fluid balance, and tissue growth [18].
In a circulating RAS system, the primary role of ACE is
to produce angiotensin II (ANG II) [19], as illustrated in
Fig. 2. The ANG II is a potent vasopressor and aldoster-
one that stimulates angiotensin I peptide (ANG I) [19]. In
addition, the ANG II decomposes bradykinin, which is a
potent vasodilator [19]. It is also important to note that each
individual has different levels of ACE in plasma. How-
ever, family members have a similar level of ACE plasma,
suggesting that the interindividual variability in the ACE
plasma level is determined by genetic factors [20]. Among
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several polymorphisms of the ACE gene, the ACE I/D gene
polymorphism (rs4646994) has a strong association with the
ACE plasma level, which accounts for 47% of the overall
phenotypic variance of the ACE activity [21] (Figs. 1, 2).

The ACE I/D gene polymorphism

The polymorphism of the ACE I/D gene refers to the inser-
tion ({ allele) or deletion (D allele) of 287 base pairs in
intron 16 of chromosome 17 [22]. The ACE level in people
with two copies of the [ allele was reported to be low [21].
The reduced level of ACE led to a decrease in the conversion
of ANG Ito ANG II, which resulted in less vasoconstriction
and increased oxygenated blood circulation to the working
muscles [17, 23]. Conversely, individuals with two copies
of the D allele had a high ACE level [21]. A high ACE level
resulted in a higher ANG II level, increased vasoconstric-
tion, and reduced oxygenated blood flow to the working
muscles [17, 23].

The ACE I/D gene polymorphism has three genotypes: (i)
the /1 genotype (low serum ACE levels), (ii) the ID genotype
(intermediate ACE serum levels), and (iii) the DD genotype
(high ACE serum levels) [21]. Several studies that examined
the distribution of ACE I/D gene polymorphism have shown
that the allele and genotype frequencies vary across different
racial groups [24-27].

The distribution of ACE I/D gene polymorphism
across ethnicity

There has been a difference in the distribution of the ACE
I/D gene polymorphism in various racial and ethnic groups
in the current literature (Table 1). Among the racial groups,
the Black (Australian Aboriginal) population has the highest
frequency of the / allele (0.97) [28], whereas the Caucasian
population has the highest frequency of the D allele (0.77)
[29]. The distribution patterns of the / and D alleles in the
Black community were approximately 0.97 to 0.27 and 0.73
to 0.03, respectively. Additionally, the Australian Aboriginal
minority ethnic group in the Black population was found
to have the highest prevalence of I allele than other Black
ethnic groups [28]. Also, the D allele was the most common
among Nigerians [25] and Somalis [30]. The trend among
Amerindians [31], on the other hand, was closely similar
to that of Pima Indians [32], Coastal Papua New Guineans
[33], Sothos [34], Mulattos [35], and Alaska Natives [34].
For the Caucasian population, the concentrations of / and
D alleles ranged from 0.78 to 0.23 and 0.77 to 0.22, respec-
tively. Among the Caucasians, the highest frequency of the /
allele was observed for the Mexicans [31], whereas the high-
est frequency of the D allele was observed for the Europeans
[29]. Nevertheless, the presence of I allele was uncommon
among the European [29] and the Middle East populations,
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Fig.1 The genomic organiza- o
tion of the ACE gene on the
long arm (q) of chromosome 17 T7p 133
on band 23.3. The ACE gene
consists of 26 exons and 25 17p15.2 _-I
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such as the Egyptians [36] and Omanis [37]. Besides, the
presence of [ allele among Mexicans [31] was observed to
be closely related to the European population [38]. Also, the
highest frequency of the D allele observed among Europeans
[29] was relatively similar to that reported for Egyptians [36]
and Omanis [37]. The ACE I/D gene polymorphism trend
in the Australian population [28, 39] was the same as that
reported for the Brazilian [35] and European [40] popula-
tions. Nevertheless, findings from several studies of the same
ethnic group, such as Turkish, have been consistently similar
[41-44]. However, research on the European population has
shown inconsistent results. For example, the frequency of

the 7 allele in the European population reported by Cambien
et al. [38] was inconsistent with other studies; 0.23 [29], 0.43
[45], and 0.51 [26].

In the Asian population, the I and D alleles ranged
from 0.76 to 0.42 and 0.58 to 0.24, respectively. The high-
est frequency of the 7 allele was observed for the Javanese
ethnic group [46], whereas the highest frequency of the D
allele was observed for the Kazakh ethnic group [47]. In a
study by Jayapalan et al. [27], they investigated the vari-
ous ethnic groups in Malaysia. It was observed that the
highest frequency of the I allele was among the Malays,
whereas the highest frequency of the D allele was among
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Fig.2 The role of ACE in the
circulating renin-angiotensin
system (RAS)
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the Indians [27]. Furthermore, the frequency of the I allele
observed among the Malays was significantly comparable
to Thai [48], Singaporean Chinese [49], and Javanese [46].
In contrast, the frequency of the D allele observed among
the Malaysian Indians was equivalent to other Indian ethnic
groups in Asia [50, 51].

The trend observed among the Chinese population in
Malaysia has also been significantly similar to the trend
observed for the Hong Kong Chinese [52], Taiwanese [53],
and Japanese [54]. The study by Yusof et al. [55] on the
Malaysian population supports previous findings on ACE
1/D gene polymorphism distribution across ethnic groups.
Specifically, Yusof et al. [55] found that both the Malay and
Chinese ethnic groups had a higher frequency of the D allele
than the Indian and other native groups. The results reported
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by Yusof et al. [55] differ from the previous study carried
out on the Malaysian population [27]. Additionally, Yusof
et al. [55] reported that the frequency of the 7 allele in the
Malaysian population was highest among the Malay ethnic
group (0.66), followed by the Chinese ethnic group (0.53),
Indian ethnic group (0.46), and the lowest frequency in the
other native groups (0.41). The distribution pattern of ACE
1/D gene polymorphism reported by Yusof et al. [55] for the
Malay ethnic group was remarkably similar to that of Japa-
nese [56] and Taiwanese [53] populations. The frequency
of the I allele in other native groups was among the lowest
reported among Asians and was similar to the rate observed
among the Caucasian population [42, 57]. Concerning cur-
rent evidence for ACE I/D gene polymorphism, ethnicity
appears to play an essential role in the distribution of ACE
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I/D polymorphism, as suggested by Barley et al. [24]. Over-
all, these findings indicate that ACE I/D gene polymorphism
may have a different effect on human physical performance
or health in other populations, as documented for the Cau-
casian population.

The various distribution patterns of ACE I/D gene poly-
morphism in different ethnic groups are consistent with the
previous studies on the effects of ACE I/D gene polymor-
phisms on disease sensitivities [54-60]. For example, Ng
et al. [58] found that the association of ACE I/D gene poly-
morphism with diabetic nephropathy was more prevalent in
the Asian population than the Caucasian population. Based
on the data from the distributions of ACE I/D gene polymor-
phism in general populations across the world and research
on the effects of ACE I/D gene polymorphism on susceptibil-
ity to diseases, it can be assumed that the effect of ACE I/D
gene polymorphism on human physical performance may
also vary depending on ethnicity. However, this assumption
remains inconclusive due to insufficient comparative analy-
sis across ethnic groups [16, 59]. A recent meta-analysis
study has shown that the effect of ACE I/D gene polymor-
phism on human physical performance has been documented
mostly for the Caucasian population and less for the Asian
population [16].

Therefore, further studies involving the Asian population
are warranted to understand the differences of ACE I/D gene
polymorphism across ethnic groups. This effort is important
as preliminary data indicated that the differential effects of
ACE I/D gene polymorphism may influence individual vari-
ation in response to training [60—-64]. For example, the ACE
I/D gene polymorphism has affected adaptation to weight-
lifting and walking [64], isometric, and dynamic leg training
[61], as well as aerobic exercise [60, 62, 63]. These studies
showed that people with the same ACE I/D polymorphism
genotype had similar responses to training. Additionally,
several studies have shown that blood pressure varies among
people with different ACE I/D alleles or genotypes during a
health management exercise training [60, 63, 66]. For exam-
ple, Hagberg et al. [60] showed that the 7 allele carriers had a
lower systolic and diastolic blood pressure after 9 months of
exercise training than the D allele carriers [60]. Additionally,
the maximum oxygen intake capacity (VO, max) measured
during incremental exercise was 75% to 85% more for the /
allele carriers than the D allele carriers [60]. In relation to
these findings, more studies should be done to obtain the
prevalence data of ACE I/D gene polymorphism in different
ethnic groups to confirm the interactive effects of ethnicity
and ACE I/D gene polymorphism on human physical perfor-
mance, especially among the Asian population.

I allele and endurance performance

Several studies have reported the additive effect of / allele on
human physical performance. A study by Gayagay et al. [66]
on 64 Australian national rowers was the first study to suc-
cessfully show the additive effect of the 7 allele on endurance
performance. They found that the frequency of the I allele
was more prevalent in rowers compared with the controls.
In another study, Montgomery et al. [67] reported a similar
result for 33 elite high-altitude male mountaineers and 1,906
British military male recruits. They found that the recruits
with the /I genotype displayed an 11 fold improvement after
a 10-week general physical training programme relative to
the DD genotype carriers [67]. Since the discovery, the ACE
gene has attracted worldwide attention as a candidate gene
for endurance performance [3].

The presence of the [ allele was more prominent among
endurance athletes [68—71], rowers [66, 72], triathletes [73,
74], and long-distance swimmers [75]. It has also been
reported that individuals with the I allele have higher VO,
max [76, 77], higher slow-twitch muscle fibre [78], higher
cardiac output [79], and higher heat tolerance [80] compared
to individuals with the D allele. Also, some studies have
attempted to determine whether the possession of [ allele
would improve training adaptations. In contrast to the D
allele carriers, studies have shown that the 7 allele carriers
can improve their mechanical performance after 11-week
of the aerobic training programme [62], enhance aortic dis-
tensibility through chronic long-term training [81], increase
adherence to 6-month training by 60% and increase the mean
exercise capacity by up to 85% [82], and expand training
progress up to 6 months [83].

Although the results mentioned above are convincing, the
impact of the I allele on endurance performance has not been
well-established, as several studies failed to replicate the link
between [ allele and the status of endurance athletes [84-91].
Moreover, several cross-sectional studies have shown that
people with D alleles have better endurance [89] and VO,
max values [92] than those with I alleles. Also, the VO2
max of individuals with the DD genotype increased by 14%
to 38% after the exercise training programme compared to
those with the /I genotype [93].

There is no known reason for these inconsistent findings.
The ethnicity factor could be one of the factors that contrib-
uted to these inconsistencies. Furthermore, previous reports
show that the distribution of ACE I/D gene polymorphism
varies between ethnic groups. Therefore, to control for
potential bias, population-specific research is warranted to
confirm the impact of 7 allele possession on endurance per-
formance. Furthermore, to date, there are only a few studies
on the additive effect of I allele on endurance performance
among Asians (e.g. Malaysian population) compared to the
Caucasian population [16]. This limited set of data raises
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the question of whether the effect of I allele possession on
endurance performance that was previously reported for
Caucasians will also be seen for the Asian population (e.g.
Malaysian population). In a previous study, Goh et al. [77]
studied the impact of Asian ethnicity (i.e. Singaporean) on
the effect of ACE I/D gene polymorphism on aerobic capac-
ity. From the study, it has been suggested that the ACE I/D
gene polymorphism can have a universal impact on human
physical performance, irrespective of ethnicity.
Nonetheless, Yusof et al. [94] found that the presence
of I allele is not a predictor of endurance performance in
a multi-ethnic group of Malaysians, although the presence
of I allele was consistent with the stamina status among the
Malaysian population. This finding was based on the results
of the Yo-Yo intermittent level 2 test [94]. Specifically, it
was found that the score for the Yo-Yo intermittent recovery
level 2 was similar in all three ACE I/D genotype groups
[94]. However, the results of Geisterfer et al. [96] contradict
those of earlier Asian [77] and Caucasian [83, 95] studies,
indicating that individuals with the I genotype have greater
durability than those with other genotypes (Table 2).
Given the above findings, future studies may extend the
current research by running a larger sample size to confirm
the possession of the I allele on endurance performance.
Table 2 provides a summary of studies investigating the
effect of I allele possession on endurance performance.

D allele and Strength/power performance

The D allele of ACE I/D gene polymorphism was thought
to influence strength or power due to the increased level
of ACE activity in a person with the D allele [96, 97]. The
elevated ACE activity will increase the development of ANG
II (a strong growth factor in cardiac and vascular tissue)
in the skeletal muscle RAS, which is the potential mech-
anism for triggering muscle cell growth and hypertrophy
[96, 97]. Several studies have, therefore, tried to assess the
effect of D allele possession on strength or power output.
The D allele carriers have been reported to have the highest
muscle strength compared to the 7 allele carriers [98—100].
Additionally, several case—control studies have found that
the prevalence of D allele was higher among athletes who
participated in strength or power-oriented events [101-106].

Montgomery et al. [107] reported an increase in the left
ventricular mass in male Caucasian military recruits after
ten weeks of physical training. The development of the left
ventricle was seen highest in the recruits with the DD geno-
type compared to other recruits with the /T and ID genotypes
[107]. The D allele possession may have damage protecting
effects on the muscles as subjects with the DD genotype
were reported to have lower blood creatine kinase values
than other genotype carriers in response to eccentric contrac-
tions [108]. In the meantime, Folland et al. [61] reported that
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young adult men with a D allele have more strength gains
after nine weeks of strength training than those with the 7
allele. Enhanced power following 18 months of walking and
lightweight training has also been seen in older people with
the DD genotype compared to other genotypes [64].

Taken together, the possession of the D allele on strength
performance remains inconclusive as previous studies have
shown inconsistent findings [90, 105, 109-115]. There are
no known reasons for these inconsistencies, but they may
be due to ethnicity and limited reports on the impact of D
allele possession on strength or power performance from
Asian populations, such as Malaysia [16]. A study by Yusof
et al. [94] on the multiple ethnic groups of the Malaysian
population showed that the D allele was over-represented
among strength or power athletes compared to other groups
of athletes. This finding was consistent with the previous
observations from other Asian [104] and Caucasian [100,
101, 116] samples. Additionally, Yusof et al. [94] showed
that athletes with the DD genotype exhibited greater leg
strength than those with the /I and ID genotypes. The results
from Yusof et al. [94] were in line with the previous research
reporting that the D allele has positive effects on the mus-
cle strength parameters, such as muscle strength [99] and
knee extensor strength [64]. These results provide promis-
ing evidence that the possession of the D allele could have a
beneficial effect on short-term and high-intensity activities.
The potential mechanism underlying the positive impact of
the D allele possession on muscle strength is through the
integration of the ANG II into the skeletal muscle [117].
It has been reported that greater production of local ANG
II increases protein synthesis and cell hypertrophy in the
skeletal muscle, thereby contributing to the maximum power
of muscle contraction [118]. Table 3 summarises the list of
studies that examined the effects of the D allele on strength
or power output.

Discussion

The present review included the existing literature on the
impact of ACE I/D gene polymorphism on human physi-
cal performance by considering the ethnicity factor. The
distribution of ACE I/D gene polymorphism varies greatly
between different ethnic groups. This finding suggests that
the effects of ACE I/D gene polymorphism on human physi-
cal performance may differ between individuals of different
ethnic groups. However, the results of the current literature
should be interpreted with caution as other factors can influ-
ence the results. The first limitation of the previous studies
was the small number of samples included in the analysis.
Most studies did not use an adequate number of samples to
detect a specified difference. Therefore, the current results
cannot be generalised to the population as the sample size
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Table 1 Distribution of ACE I/D gene polymorphism in different ethnic groups

Racial group Ethnic group Allele frequency Sample size (n) References
1 D
Asian Malaysian pooled 0.65 0.35 637 Jayapalan et al. [27]
0.58 0.42 180 Yusof et al. [55]
Malaysian Malay 0.71 0.29 274 Jayapalan et al. [27]
0.66 0.34 99 Yusof et al. [55]
Indian 0.55 0.45 460 Movva et al. [51]
0.55 0.45 166 Saha et al. [50]
Malaysian Indian 0.58 0.42 213 Jayapalan et al. [27]
0.46 0.34 13 Yusof et al. [55]
Chinese 0.60 0.40 102 Huang et al. [120]
0.59 0.41 147 Saha et al. [50]
Hong Kong Chinese 0.63 0.37 183 Young et al. [52]
Malaysian Chinese 0.63 0.37 150 Jayapalan et al. [27]
0.53 0.47 45 Yusof et al. [55]
Singaporean Chinese 0.69 0.31 671 Koh et al. [121]
0.70 0.30 189 Lee [49]
Taiwanese 0.64 0.36 189 Chuang et al. [53]
Japanese 0.67 0.33 1245 Matsubara et al. [56]
0.60 0.40 2168 Tamaki et al. [54]
0.69 0.31 90 Lau et al. [122]
0.67 0.33 113 Kario et al. [123]
0.67 0.33 46 Yoshida et al. [124]
Thai 0.70 0.30 298 Nitiyanant et al. [48]
Javanese 0.76 0.24 136 Sasongko et al. [46]
Kazakh 0.42 0.58 145 Aitkhozhina and Liudvikova [47]
Korean 0.61 0.39 13914 Yoo [125]
Malaysian Other Bumiputra 0.41 0.59 23 Yusof et al. [55]
Caucasian European 0.48 0.52 2413 Stephens et al. [126]
0.48 0.52 3001 Mattace-Raso et al. [127]
0.46 0.54 522 Renner et al. [40]
0.41 0.59 357 Ferrieres et al. [57]
0.43 0.57 84 Vassilikioti et al. [45]
0.51 0.49 57 Batzer et al. [26]
0.49 0.51 186 Barley et al. [24]
0.73 0.27 733 Cambien et al. [38]
0.23 0.77 98 Tiret et al. [29]
Brazilian 0.42 0.58 65 Sprovieri and Sens [128]
0.46 0.54 150 Pereira et al. [35]

@ Springer



64 Sport Sciences for Health (2021) 17:57-77

Table 1 (continued)

Racial group Ethnic group Allele frequency Sample size (n) References
- 1 D
Australian 0.46 0.54 244 Lea et al. [39]
0.56 0.44 634 van Bockxmeer et al. [129]
0.46 0.54 100 Lester et al. [28]
0.48 0.52 180 Yusof et al. [55]
Breton 0.58 0.42 41 Batzer et al. [25]
French 0.47 0.53 346 Marre et al. [130]
0.48 0.52 54 Batzer et al. [26]
French Acadian 0.48 0.52 53 Batzer et al. [26]
Greek Cypriot 0.51 0.49 46 Batzer et al. [26]
Egyptian 0.33 0.67 188 Salem [131]
0.28 0.72 188 Ulu et al. [36]
Emirate 0.39 0.61 164 Bayoumi et al. [30]
Omanis 0.29 0.71 159 Wang and Staessen [129]
Syrian 0.40 0.60 127 Salem [131]
Sudanese 0.36 0.64 70 Bayoumi et al. [30]
Mexican 0.78 0.22 300 Vargas-Alarcon et al. [31]
Swiss 0.37 0.63 43 Batzer et al. [26]
Turkish Cypriot 0.33 0.67 33 Batzer et al. [25]
Turkish 0.40 0.60 1063 Berdeli and Cam [44]
0.51 0.49 38 Sipahi et al. [43]
0.41 0.59 88 Cam et al. [42]
0.47 0.53 103 Erdogan et al. [41]
Iranian 0.60 0.40 167 Abdi Rad and Bagheri [132]
Greek 0.38 0.62 352 Eleni et al. [133]
Slovenian 0.49 0.51 218 Zorc-Pleskovic et al. [134]
German 0.49 0.51 719 Mondry et al. [135]
0.51 0.49 163 Hohenfellner et al. [136]
Croatian 0.51 0.49 172 Barbalic et al. [137]
Polish 0.57 0.43 111 Zak et al. [138]
Italian 0.69 0.31 31 Massidda et al. [139]
0.52 0.48 92 Rigoli et al. [140]
0.43 0.57 684 Di Pasquale et al. [141]
Colombian 0.54 0.46 69 Camelo et al. [142]
Chilean 0.57 0.43 117 Jalil et al. [143]
Black Amerindian (Teenek and Nahuas) 0.61-0.78 0.22-0.39 68 Vargas-Alarcon et al. [31]
Pima Indian 0.71 0.29 184 Foy et al. [32]
Australian Aboriginal 0.97 0.03 53 Lester et al. [28]
Somalis 0.27 0.73 53 Bayoumi et al. [30]
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Table 1 (continued)

Racial group Ethnic group Allele frequency Sample size (n) References

1 D
Greek Cypriot 0.39 0.61 48 Batzer et al. [25]
Greenland Native 0.55 0.45 41 Batzer et al. [26]
Nguni 0.40 0.60 43 Soodyall et al. [144]
Nigerian 0.27 0.73 11 Batzer et al. [25]

0.37 0.63 80 Barley et al. [24]
Coastal Papua New 0.66 0.34 48 Perna et al. [33]
Guinean (PNG) 0.74 0.26 68 Perna et al. [33]
Highland Papua New 0.38 0.62 48 Soodyall et al. [144]
Guinean (PNG) 0.48 0.52 73 Foy et al. [32]
Sotho 0.73 0.27 111 Rupert et al. [34]
Alaska Native 0.74 0.26 51 Rupert et al. [34]
Kenyan 0.38 0.62 85 Scott et al. [86]
Black (Brazil) 0.57 0.43 92 Pereira et al. [35]
Mulatto (Brazil) 0.65 0.35 40 Pereira et al. [35]
Jamaican 0.41 0.59 311 Scott et al. [115]
Southwest African American 0.33 0.67 44 Scott et al. [115]
Northeast African American 0.44 0.56 72 Scott et al. [115]
Southeast African American 0.47 0.53 74 Scott et al. [115]

is small. The second limitation was that the previous stud-
ies did not control for gender. Most studies included both
females and males, and therefore, it is not clear whether
gender influences the ACE I/D gene polymorphism. The
third limitation was that the findings reported in most studies
could also be influenced by the exercise impact that masks
gene-related effects on physical performance.

Therefore, future studies are needed to ensure that the
study participants are sufficiently homogeneous in terms of
age, gender, physical characteristics, and health conditions.
Additionally, future studies should ensure that the ethnic
effects are restricted and ethically regulated. Future stud-
ies must also follow the latest genomic studies and training
recommendations. All experimental approaches includ-
ing case studies, cross-sectional studies, and intervention

studies must be implemented to demonstrate the relation-
ship between human physical performance and ACE I/D
gene polymorphism [119]. To ensure accurate and objective
genetic evaluation, the genotype distributions of the ACE I/D
gene polymorphism examined must be in Hardy Weinberg
equilibrium.

Based on the current literature, future studies should
address the following research questions:

1. Does ACE 1/D gene polymorphism interact with other
variants that affect human physical performance?

2. Does ACE 1/D gene polymorphism vary in its effect on
human physical performance?

3. What is the potential mechanism behind the impact
of ACE I/D gene polymorphism on human physical
performance?
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