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Background. Human ACE gene was one of the first genes to be associated with human
physical performance. Previous studies have indicated that Alu insertion and deletion po-
lymorphism (I/D polymorphism) in the ACE gene may be associated with elite athlete
status.

Materials and methods. ACE I/D polymorphism was investigated by PCR and gel
electrophoresis in 561 Lithuanian professional athletes and in 174 samples from general
population of Lithuania.

Results. Genotypes for athletes were identified as I/I 24.8%, I/D 47.2% and D/D 28%
(x*=1.65, p=0.19) and in the population samples as I/ 24.1%, I/D 38.5% and 37.4%
(x*=8.13, p =0.004). In comparison with the general Lithuanian population, the tested
athletes had a lower frequency of ACE D allele. The results of this research contradict the
results reported on other populations: the D/D genotype was found to be less frequent
in all Lithuanian athlete groups than in general population, whereas, according to other
researchers, the D/D genotype is more frequent in athletes. Athletes assigned to the en-
durance sports group had a lower frequency of the D/D genotype than athletes in the
speed / strength group, whereas other researchers have reported a higher frequency of D/D
genotype in endurance groups.

Conclusion. The ACE D/D genotype was less frequent in athletes than in the general
population. Athletes of endurance sports had a higher frequency of D/D genotype than
athletes assigned to the speed / strength sports group. These results do not support the
results of other investigations conducted in other populations, in which the I allele of the

ACE gene was found to determine superior endurance.
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INTRODUCTION

A number of investigators have indicated that individual
variations in human physical performance reflect the in-
teraction of both environmental factors, such as physique,
biomechanical, physiological, metabolic, behavioral, psy-
chological and social characteristics, as well as genetic
element interaction. The effects of environmental factors on
endurance performance are well documented, whereas few
genetic loci of influence have been identified. One of them
is the gene for angiotensin I-converting enzyme (ACE).
Indeed, there is mounting evidence that the allelic variant
of the gene encoding ACE (the ACE 1/D polymorphism) is
associated with human physical performance (1). The gene
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encoding ACE is located on the long arm of chromosome 17
(17q23). The gene is 21 kilobases (kb) long and comprises 26
exons and 25 introns. The polymorphism in intron 16 of the
ACE gene is classified by the presence (insertion [I]) or ab-
sence (deletion [D]) of a 287-base-pair Alu sequence within
the ACE gene (Fig. 1). With this notation, each I or D repre-
sents a single allele.
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Fig. 1. Diagram of the ACE gene with exons (black boxes) and I/D polymorphism
(indicated with arrows)

Because each gene has two alleles, there are three combi-
nations of the genetic polymorphism: I/1, I/D, and D/D. The
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distribution of these variants within the Caucasian popula-
tion is roughly 25%, 50%, and 25%, respectively, being in ap-
proximate agreement with those within the Japanese popu-
lation (2). Polymorphism occurs in the intron of the gene
and therefore is thought to be non-functional; however, the
presence of the D allele has been shown to be associated with
a higher ACE activity than that of the I allele (3).

The angiotensin-converting enzyme plays an essential
role in two physiological systems, one leading to the produc-
tion of angiotensin II and the other to the degradation of
bradykinin (Fig. 2) (4).

Renin-Angiotensin Kinin-Kallikrein

System System
Angiotensinogen Kininogen
Renin emmmp €= Kallikrein
Angiotensin I Br adyl.iinin
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Fig. 2. The role of ACE in the kinin—kallikrein and renin—angiotensin systems (re-
lationships among different proteins in this hormonal system) (4)

The importance of ACE in the renin-angiotensin sys-
tem (RAS) has made it an often-studied candidate gene
in relation to a number of cardiovascular endpoints, not
to mention tissue growth phenotypes for tissue-specific
renin-angiotensin systems. As such, ACE has become one
of the most comprehensively studied genes with regard to
exercise performance phenotypes (3, 5, 6). An excess of the
I allele has been associated with some aspects of endurance
performance, identified in elite British distance runners (7)
and mountaineers (8). In addition, an excess of the I allele
is present in Australian (9) and Croatian (10) rowers as well
as in Spanish elite athletes (11). Conversely, an excess of the
D allele has been reported amongst elite athletes in more
power-oriented events such as short-distance swimming (7,
12) and sprinting (7). However, there has been debate as to
the reproducibility of such associations. Several studies have
failed to identify any association with elite endurance per-
formance (5, 6, 13, 14). The mixed cohort examined by Kar-
jalainen (14) included diverse sports such as long distance
running, orienteering, cross country skiing and triathlon.
The 192 athletes studied by Rankinen et al. (5) also included
skiers, long and middle distance runners, cyclists and biath-
letes (the latter would also have to demonstrate more than a
proficiency at rifle marksmanship). Such studies thus com-
prise individuals selected from diverse sporting disciplines,
with a potential variation in standard, with events of varying
duration and skill mix. In general, therefore, the association
of the ACE genotype with sporting prowess is recognized in

studies of elite athletes drawn from a single sporting dis-
cipline in whom the I and D alleles seem to associate with
some aspects of endurance and power performance respec-
tively (7-10, 12). The use of subjects from mixed disciplines
might thus account for the lack of association reported in
such study groups (5, 13, 14). The aim of our research was to
identify the genotypes of elite Lithuanian athletes accord-
ing to the ACE I/D polymorphism, to compare them to the
general Lithuanian population and to find out if D allele in
elite Lithuanian athletes is more frequent in endurance or
the speed and strength sports group.

MATERIALS AND METHODS

In the present study, ACE gene I/D polymorphism was inves-
tigated in 561 Lithuanian professional athletes representing
three functional groups: endurance (n = 71); strength and
speed (n = 59), and team sports (n = 431) (Table 1), as well as
in 174 samples from healthy unrelated volunteers of the gen-
eral population of Lithuania. The athlete and control groups
were all Caucasian Lithuanians.

Athletes were considered elite if they represented Lithua-
nia in international competitions or at least took part in re-
gional competitions with no less than 7 years of experience
of participating in their sport. Informed written consent was
obtained from all study participants.

Table 1. Sports groups differentiated by separate sports

Sports groups | Number of athletes
Biathlon 5
Pentathlon 4
Cycling 11
Skii 12
Group | - ””9
(endurance) Swimming 13
Academic rowing 21
Track and field (long 5
distance) athletics
Total 71
Wrestle 1
Weightlifting 30
Group Il Boxin 6
(strength 9
and speed) Track and field (short 12
distance) athletics
Total 59
Tennis 3
Gl’OUp n Handball 14
(team Field hockey 21
sports) Football 393
Total 431
Total 561

Genomic DNA was extracted from peripheral blood
leukocytes by the standard phenol / chloroform extraction
method. Polymerase chain reaction was used to detect the I
and D alleles in intron 16 of the ACE gene according to the
method described by Rigat et al. (15), using the upstream
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primer 5-CTGGAGACCACTCCCATCCTTTCT-3’ and the
downstream primer 5-GATGTGGCCATCACATTCGTCA-
GAT-3". Amplification was performed for 35 cycles with de-
naturation, extension and annealing temperatures of 95 °C,
55 °C and 69 °C, respectively. The size of the amplified frag-
ments was determined by 2% agarose gel electrophoresis,
UVI gel documentation system (Fig. 3).

M DID Il

Fig. 3. Genotypes for the angiotensin-I-converting enzyme /D polymorphism
(D/D,1/D,1/1, M—DNA molecular-size standard (GeneRuler 100 bp)

Statistical analysis. The chi-square (x*) test was used to
assess the fit of the observed genotype frequencies with the
Hardy-Weinberg equilibrium. Continuous variables were
expressed as means + SD according to the genotypes (I, ID,
DD). Genotype distribution and allele frequencies among
the groups of athletes and controls were then compared by
the x* test. P values 0.05 or less were considered statistically
significant.

RESULTS

ACE genotypes were determined in controls (174 individu-
als that did not exercise, from all ethnolinguistic groups of
Lithuanians: East, West and South Aukstaiciai and North,
South and West Zemaiciai) and professional athletes. Re-
sults of the study are summarized in Table 2.

Genotypes for athletes were identified as I/I 24.8%, I/D
47.2% and D/D 28% and in the population samples as I/I
24.1%, 1/D 38.5% and D/D 37.4% (x* = 8.13, p = 0.004). The
genotype frequencies in Lithuanian population show a sig-
nificant departure from the Hardy—Weinberg equilibrium.
In athletes, the I/D genotype is most frequent and the I/Tand
D/D genotypes are less common but have similar frequen-
cies; however, this distribution is different in Lithuanian
population where the D/D genotype is significantly more
frequent than the I/I genotype.

When the I'and D allele frequencies in groups of athletes
are compared to those of the general Lithuanian population
it can be seen that the frequency of the D allele in athlete
groups is insignificantly lower, while the I allele is insignifi-
cantly more frequent in the control group. Differences in the
genotype frequencies can also be seen when comparing dif-
ferent athlete groups (Table 2).

Among athletes, according to the literature (8, 13, 23),
the I allele is more frequent in endurance groups. Several
researchers were unable to experimentally prove an associa-
tion between the I allele and endurance in athletes (6, 7, 25).
In the present study, we also tested the differences in allele
frequencies between the groups of athletes and the general
population. We were unable to reveal any statistically signifi-
cant difference in the frequency of [and D alleles between the
study groups. The genotypes in athletes differed significantly
from those in the control groups in general. The I/D geno-
type dominated in the athletes as compared with the gen-
eral control population. The frequency of the D/D genotype
among athletes was by about 9% lower than in non-athletes.

Table 2. Allele and genotype frequencies of ACE gene I/ D polymorphism in athletes and controls

Allele frequencies % Genotype frequencies %
Sports groups N i ] [ [11[D] [D][D] X P value
o | o | o |
Group | 71 479 521 281 229 394 499 323 272 313 007
(endurance)
Group Il
(strength and speed) 59 925 475 23.7 276 57.6 49.9 186 225 1.43 0.23
Group lll 431 479 52.1 244 23.0 47.1 49.9 285 27.1 137 0.24
(team sports)
Total 561 484 516 248 234 47.2 499 28 26.6 1.65 0.19
General population 5, 434 56.6 24.1 18.8 385 49.2 374 320 813  0.004

of Lithuanians (controls)

0 — observed frequencies of individuals;

E — expected frequencies of individuals (according to Hardy—Weinberg equilibrium);
X2 — according to Hardy—Weinberg equilibrium;

p values of <0.05 were considered statistically significant.
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Table 3. Allele and genotype frequencies of ACE gene I/D polymorphism in footballers of different playing positions

Allele frequencies % Genotype frequencies %

Footialer N o0 (D] [ol[o] e |
position m [D] i | : i | ; i | ; X value
Strikers 76 441 559 19.7 19.3 48.7 49.3 31.6 31.3 0.01 0.9

Defenders 108 47.7 52.3 25 22.7 454 49.9 29.6 27.4 0.89 0.3

Midfielders 147 48.6 51.4 27.2 23.6 429 49.9 29.9 264 297 0.8
Goalkeepers 30 51.7 48.3 30 26.8 433 49.8 26.7 234 0.53 0.4
Total 361 47.6 52.3 25.2 22.7 449 49.9 299 274 1.65 0.05

0 — observed frequencies of individuals;

E — expected frequencies of individuals (according to Hardy—Weinberg equilibrium);
X2 — according to Hardy—Weinberg equilibrium;

p values of <0.05 were considered statistically significant.

The differences between the athletes and untrained people
can be clearly seen when the control group is compared to
the speed and strength and team-sports categories. The re-
sults of our study do not support the hypothesis of an as-
sociation of the I allele with endurance as reported by other
researchers (8, 13, 23).

Footballers were analysed as a separate group as they ac-
counted for the major part of the athletes in the study. The
genotype distribution of professional footballers playing in
different positions is in agreement with the genotype distri-
bution in all athletes (Table 3).

DISCUSSION

The obtained data show that the D/D genotype isless frequent
in all athlete groups as compared to the general Lithuanian
population. Elite endurance athletic performance is likely
to depend on a complex interaction between cardiovascular
and pulmonary functions, muscular metabolism and mus-
culoskeletal adaptations. The D allele of ACE might confer
an advantage for an elite performance in endurance sports
on the basis of the following supporting evidence. The an-
giotensin-converting enzyme is widely expressed in human
tissues, including skeletal muscles, and may play a metabolic
role during exercise (16). In some studies, higher Vo, _le-
vels, which indicate an improved oxidative capacity, were
found to be related to ACE D allele (17, 18). The increased
ACE activity associated with the D/D genotype may lead to
an enhanced production of angiotensin IT which is the pre-
dominant biological product of RAS and mediates many of
the local effects of ACE on skeletal muscles. Angiotensin I is
an indispensal factor in mediating vascular smooth muscle
growth and affects capillary density in skeletal muscles (17).
Moreover, angiotensin II exerts a direct hypertrophic effect
on skeletal muscles, and ATIR-mediated angiotensin II is
crucial for optimal overload-induced skeletal muscle hyper-
trophy (19). In addition, angiotensin IT has been shown to
regulate oxygen consumption and affect muscle energy ex-
penditure (20). Data suggest that increased ACE activityleads
not only to an augmented production of angiotensin II, but
also to a reduction in angiotensin peptide which is known

to have vasodilating effects (16). Thus, it is conceivable that
the D allele of ACE positively contributes to elite endurance
performance by its involvement in the fine-tuning of the le-
vels of both angiotensin IT and angiotensin. There is also evi-
dence that angiotensin II is involved in cell growth and that
the D allele is associated with ventricular hypertrophy. Ac-
cordingly, several studies reported an association between
the D allele and the left ventricular mass of athletes (21).
Ashley et al. have recently reported that in ultramarathon
runners, homozygotes for the D allele exhibited an increase
in sympathovagal balance, resulting in greater sympathetic
activation after the race that may have served to limit the de-
cline in the left ventricular function (22). This effect might be
associated with improved high-level performance and may
contribute to athletic success. We, like others, undertook the
population testing approach in the present study in an at-
tempt to correlate ACE I/D polymorphism with elite athletic
performance. Through this approach, positive results were
achieved, i. e. an association has been found with either the
[ or the D allele which occurred more frequently in elite ath-
letes than in the control population. To date, controversial
results have been reported regarding the association of ACE
I/D polymorphism with athletic ability. While several stud-
ies have suggested that the two functional alleles of the hu-
man ACE gene differ in their effects on athletic ability, the
I allele favouring endurance performance (8, 13, 23) and
the D allele promoting strength and speed events (8, 13), a
number of other reports have found no association between
ACE polymorphism and elite athletic performance (6, 7, 25).
These inconsistencies represent some of the difficulties in
the interpretation of association studies and may be attrib-
uted to the experimental design, the varying definition of
elite athlete phenotype or the type of study cohort which
contained athletes from a heterogeneous range of sporting
disciplines (6, 7, 25). There is a disagreement between our
findings and other reports showing a higher frequency of the
I allele in endurance athletes (8, 9, 12, 23); however, since the
frequencies of the ACE I/D alleles vary considerably among
different control populations with varying the genetic back-
ground, we cannot exclude the possibility that the allele
frequencies in sports groups are associated with allele fre-
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quencies of the general Lithuanian population, although the
D allele is less frequent among elite athletes. Finally, it is im-
portant to bear in mind that the interpretation of a positive
association can be either that the ACE I/D polymorphism
itself is responsible, or that it is in a linkage disequilibrium
with another functional variant in an adjacent gene which
is in fact responsible for the observed associations with the
ACE genotype (6, 25). Indeed, it has been proposed that the
higher ACE activity associated with the ACE D/D genotype
is perhaps caused by an Alu-associated transcription silence
or by an unidentified variant in the promoter region of the
ACE gene which is in a strong allelic association with the
Alu insertion / deletion polymorphism (24, 25). Our study
groups were not large because of limitations imposed by the
small number of elite athletes available for study in each
sports discipline. In spite of the relatively small number of
participants, our study groups demonstrated unique and
clearly distinctive phenotypes. Each group contained elite
level athletes from a well-defined sports category having
known prime determinants for success. In such sample siz-
es, true positive associations cannot be masked.

CONCLUSIONS

The ACE 1/D polymorphism in the groups of tested athletes
differed from that of the general population, the D/D genotype
being less frequent in athletes than in the general population.
Athletes of endurance requiring sports had a higher frequen-
cy of the D/D genotype as compared to athletes assigned to the
speed and strength sports group. These results do not support
the results of other investigations conducted in other (non-
Lithuanian) populations in which superior endurance was
found to be determined by the I allele of the ACE gene.
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LIETUVOS PROFESIONALIU SPORTININKU
ANGIOTENZINA KONVERTUOJANCIO FERMENTO
GENO I/D POLIMORFIZMO TYRIMAI

Santrauka

Ivadas. ACE genas yra vienas i§ geny, kurio jtaka Zmogaus fiziniam
pajégumui buvo i$aiskinta pirmiausiai. Ankstesniais tyrimais nu-
statyta, kad $io geno Alu sekos intarpo buvimas ar nebuvimas (I/D
polimorfizmas) gali bati susijes su profesionaliu sportiniu pajégumu.
Taciau ACE I/D polimorfizmo tyrimuy, atlikty jvairiose populiacijose,
rezultatai yra prie§taringi.

Medziaga ir metodai. ACE I/D polimorfizmas istirtas 561 dide-
lio meistri$kumo Lietuvos sportininkui bei 174 Lietuvos populiacijos
asmenims. Sportininkai buvo suskirstyti j tris grupes pagal jy sporto
$akas. Genominé DNR buvo i$skirta i§ tiriamyjy asmeny periferinio
kraujo leukocity, PGR metodu pagausinti ACE fragmentai buvo verti-
nami pagal fragmento dydj.

Rezultatai. Tarp sportininky ACE I/T genotipas buvo nustaty-
tas 24,8%, I/D - 47,2% ir D/D - 28% (x*= 1,65, p = 0,19), bendroje
Lietuvos populiacijoje I/I-24,1%, I/D - 38,5% ir 37,4% (x*= 8,13,
p =0,004). ACE D alelio daznis didelio meistri$kumo Lietuvos spor-
tininky grupéje retesnis nei bendroje populiacijoje. Atitinkamai D/D
genotipas nustatomas rec¢iau sportininky nei bendrosios populiaci-
jos grupéje (kity $aliy tyréjy duomenimis, D/D genotipas daznesnis
sportininky grupéje). Skirtingai nei kity Saliy mokslininky duo-
menimis, mes nustatéme, kad D/D genotipas daZnesnis iStvermés
reikalaujanciy sporto $aky nei greicio ir jégos sporto Saky Lietuvos
sportininky grupéje.

Isvados. ACE 1/D polimorfizmo daznis didelio meistriSkumo
Lietuvos sportininky grupéje skiriasi nuo bendrosios populiacijos:
D/D genotipas sportininky grupéje yra retesnis nei bendroje popu-
liacijoje. I§tvermes reikalaujanciy sporto Saky sportininky D alelis
daznesnis nei greicio ir jegos sporto Saky sportininky. Misy duo-
menys nesutampa su kity $aliy mokslininky publikuotais darbais,
kuriuose nustatyta, kad geresn¢ Zmoniy fizine i$tverme lemia ACE
geno I alelis.

Raktazodziai: ACE1/D polimorfizmas, fizinis pajégumas, didelio
meistri$kumo sportininkai



