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Genetic variation in the human Angiotensin I-Converting Enzyme (ACE) gene has been associated with
many heritable traits, including physical performance. Herein we report the results of a study of several
physical, physiological and skill parameters and lifestyle in 1027 teenage Greeks. We show that there is a
strong association (Po0.001) between the ACE I/D (insertion/deletion) polymorphism and both handgrip
strength and vertical jump in females, homozygotes for the I-allele exhibiting higher performance-related
phenotype scores, accounting for up to 4.5% of the phenotypic variance. The association is best explained
by a model in which the D-allele is dominant, with the mean phenotypic value in the I/D heterozygotes
being close to that of the mean of the DD homozygotes. The association acts across the phenotype
distribution in a classical polygenic manner. Other polymorphisms that define major ACE haplotypes in
European populations (rs4424958, rs4311) show weaker associations with these performance-related
phenotypes than does I/D. Similarly, diplotypes defined by these polymorphisms do not explain
significantly larger amounts of the variance than I/D alone. As ACE I/D is the polymorphism most strongly
associated with circulating ACE activity in European populations, we propose that the functional allelic
differences that influence ACE activity also mediate the associations with the performance-related
phenotypes studied here.
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Introduction
Physical performance-related phenotypes are influenced by

a combination of genetic and environmental factors,1,2

including positive effects of physical activity. The genetic

component may involve a number of genes (reviewed in

Rankinen et al3). Several studies on the influence of genetic

variation on physical performance and health-related

fitness have concentrated on assessing the extent of

association between elite athletic status and particular

performance genes. There are fewer studies, often with

contrasting results, of genetic influences on performance-

related phenotypes in the general population. Angiotensin-

Converting Enzyme (ACE), a key component of the

Renin–Angiotensin System (RAS), converts Angiotensin I

to Angiotensin II (a vasopressor) and degrades bradykinin

(a vasodilator) and a variety of other active oligopeptides.4

Although best known for its function in regulation of

blood pressure, recent work has shown that ACE also has a

role in diverse cellular processes, including cell growth and

survival of nonvascular tissues (reviewed in Danser5). Local
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RAS systems have been described in several tissues includ-

ing skeletal muscle (reviewed in Jones and Woods6) and

have been suggested to influence their metabolism.

To date, over 100 polymorphisms have been reported in

the ACE gene (http://www.ncbi.nlm.nih.gov/SNP//snp_ref.

cgi?locusId¼1636) although most are without obvious

functional effect. Historically, work has centred on an

insertion–deletion (I/D-allele) polymorphism in intron 16,

which is characterised by the presence (I-allele) or absence

(D-allele) of a 287 bp Alu repeat sequence.7 In Caucasians,

the I-allele is associated with lower, and the D-allele with

higher, circulating ACE activity; and the I/D polymor-

phism explains around half of the variance of this activity.7

I/D does not, however, explain as large a proportion of

this variance in people of African origin,8 suggesting that

association with ACE activity is mediated through linkage

disequilibrium with an (unknown) neighbouring func-

tional quantitative trait locus (QTL).9,10 There have been

many studies investigating associations between the I/D

polymorphism and disease phenotypes or elite physio-

logical phenotypes. Several of these have reported positive

associations (reviewed in Snyder et al11), whereas others

have failed to demonstrate such associations (for example

Rankinen et al12 and Sonna et al13) – a disparity perhaps

partly due to the use of population samples of mixed age,

gender and race.14,15

The extent to which genes influence performance-related

phenotypes varies in response to several factors, including

age. For example, twin studies have shown that genes play a

larger role in younger age groups, as the environment may

be more homogeneous and has had less time to take

effect.16 Consequently, in these age groups we expect a

proportionately higher genetic contribution to phenotypic

variation and more readily recognisable interactions be-

tween genetic and environmental components. We have

studied the effects of variation in ACE and the influence of

differences in habitual exercise level on performance-

related phenotypes in a sample of Greek adolescents.

Materials and methods
Subjects

All subjects were of native Greek ethnicity and aged from

11–18 years old. Subjects were drawn from both urban and

rural schools surrounding Trikala in central Greece. All

pupils from schools agreeing to take part in the research

were invited to participate, with fewer than 10% opting

out. All were in good health at the time of testing as

assessed by medical questionnaire. The study was approved

by the Glasgow University Ethics Committee and local

Greek authorities. Written informed consent and parental

approval was prospectively obtained for all subjects.

Phenotyping

Tests were chosen to measure physical, physiological and

skill attributes that required little specialist equipment and

could be easily carried out in schools. All assessments were

carried out by trained individuals following a period of

protocol standardisation. Measurements were taken and

recorded by two well-trained team members, who were

instructed to exchange roles as ‘leading’ and ‘assisting’

observer at each session. The role of the ‘assisting’ observer

was to help position the student correctly to the instruments

while the ‘leading’ observer recorded the measurements.

During training, specific instructions were also given

with regard to the order of administration of the tasks, area

of administration (eg gymnasium or indoor sports hall),

type of clothing to be worn, pretest preparation (warm-up),

practice trials, instructions to students and exact protocols.

At entry to the study, subjects completed a health

questionnaire, and another documenting their participa-

tion in regular organised physical activity both inside and

outside of school. For ethical and practical reasons, we were

unable to include an objective measure of puberty. During

physical education classes, subjects’ physical characteristics

(height (m), sitting height (m) and arm span (m)) were

measured and used to calculate relative sitting height

(sitting height/height) and relative arm span (arm span/

height). Subjects completed a series of tasks designed to

measure physical, physiological and skill attributes. These

matched those chosen by the Australian Sports Commis-

sion for their ‘Sport Search’17,18 to allow direct comparison

of the results. Briefly, they included sit and reach (cm),

handgrip strength (kg; total for both hands), vertical

jump19 – 22 (cm), basketball throw23,24 (m), throw and catch

(catching out of 10 for each hand, giving a total of 20),

agility run25 (s), 40 m sprint (s), and the multistage shuttle

run test.26,27 The multistage shuttle run scores were used to

estimate V̇o2 max (weight-corrected maximum rate of

oxygen consumption in mlkg�1 min�1) after correction

for age as described by Leger et al.28 To avoid problems of

defining dominant versus nondominant arm for handgrip

strength, both arms were tested and the total score used for

analysis. For throw and catch, throwing was always

performed with the preferred arm, however, both arms

were tested for catching and the total score used for the

analysis. Reliability and repeatability data for the tests used

can be found in Australian sports commission 17, Leger

et al27and Krombholz.29

In summary throw and catch (r¼0.75, median intra-

tester difference was two catches), basketball throw

(r¼0.97, median intratester difference was 0.10 m), vertical

jump (r¼0.88, median intratester difference was 3 cm),

agility run (r¼0.72, median intratester difference was

0.71 s), 40 m sprint (r¼0.87–0.71, repeated at up to 2

years) and shuttle run (r¼0.98, repeated after 1 week).

In some analyses, we controlled for the effects of physical

activity on performance-related phenotypes by assigning

individuals scores based on level of physical activity.

Habitual physical activity levels in children are inherently

difficult to assess30 on such a large scale; hence hours of
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organised physical activity only were recorded as a means

of differentiating between the active and inactive subjects

in this study. Individuals with more than 2 h of organised

physical activity per week were classified as ‘active’ (and

the remainder as ‘inactive’).

DNA extraction

Buccal cell samples were obtained by mouthwash or

cytology brush (Medical Packaging Corporation, Camarillo,

CA, USA) according to the manufacturer’s recommenda-

tions. DNA was extracted using the PUREGENEs DNA

purification kit standard buccal cell protocol (Gentra

Systems, Minneapolis, MN, USA) and stored at �201C in

Thermofast rigid semi-skirted 96-well plates (ABgene, Ep-

som, Surrey, UK). For PCR reactions, 1/100th of each

extraction (approximately 20–100 ng) was used as template.

Genotype determination and haplotype inference

Three polymorphisms in ACE were genotyped (I/D,

rs4424958, rs4311; see Supplementary Tables 6–9). These

allow classification of ACE genes into four major European

haplotypes (H1, H6, H7 and H9) as defined by Rieder et al.31

Genotypes and diplotypes (multilocus genotypes defined by

haplotype) were determined as previously described.32

Data analysis

Previous studies have shown gender-specific influences of

ACE genotype on phenotypic measures,33 – 35 thus data for

male and female subjects were analysed separately. Physical

ability and physiological parameters also change with age.

We chose to account for the effects of age by grouping

individuals according to single-year age classes. To main-

tain comparable numbers among age groups, 11 and 12-

year-olds were grouped together, and 17 and 18-year-olds

were grouped together. Data for each gender and age group

were tested separately for normality using the Ryan–Joiner

test36 and subsequently transformed by logarithmic (log10)

transformation with the exception of throw and catch for

which the arcsine transformation was used. The trans-

formed data were then standardised for age by conversion

to z-scores within year groups. All analyses were performed

using z-scores; however for presentation, z-scores were

reverse-transformed to measurements corresponding to the

17–18-year-old group. Habitual exercise levels were con-

trolled for by introducing the activity level score (defined

above) into General Linear Model (GLM) ANOVA analyses

(using adjusted sums of squares). Differences between

genotype/diplotype groups for performance-related pheno-

types were assessed using one-way ANOVA. To evaluate

the improvement in the associations with the phenotypes

produced by assessing diplotypes rather than I/D geno-

types, the sum of squares from the I/D genotype ANOVA

was subtracted from the sum of squares from the diplotype

ANOVA (as were the degrees of freedom) and new F and P

values calculated.

The critical value (a-value) of P, at which significance was

accepted, was corrected for multiple testing (in the ANOVA

tests) using the Dunn–Sidak method37 as implemented at

the SISA38 website and taking correlations between pheno-

types into account (mean correlation 0.037; see Supple-

mentary Table 5). The corrected a-value used was Po0.003.

Differences judged to be significant were further assessed to

investigate the relationship between genotype and pheno-

type distribution using correlation analysis. Genotypes

were assigned ‘dummy variable’ values according to the

genetic model (Additive allelic effects, D-allele dominant

or I-allele dominant) being tested. The values assigned to

each genotype in the correlation analysis for the Additive

genetic model were 0, 0.5 and 1, representing homozygotes

for one allele (DD), heterozygotes (ID) and homozygotes

for the other allele (II), respectively; for the completely

dominant genetic models, the corresponding values were

0, 0, 1 or 0, 1, 1, respectively depending on which allele

was being tested for dominance. The validity of each

genetic model was estimated by expressing r2 from the

correlation analyses as a percentage of the variance

explained by genotype effects in the model-free ANOVAs.

To establish whether the genetic effects are the same in

the active and inactive subgroups GLM ANOVAs were used

to test for an interaction between genetic model score and

activity level score in the total male (or female) groups.

Similar tests were used to assess whether stage of pubertal

development was a confounding factor in the analysis, by

assigning the male and female subjects into ‘younger’ (age

11–13 years) or ‘older’ (age 14–18 years) groups.

The influence of genotype on the distribution of

phenotypes in the study population was assessed by

calculating odds ratios (ORs). For significant genotype–

phenotype associations (as determined by ANOVA), male

and female populations were divided into top, pooled-

middle and bottom quartiles of the phenotype distribu-

tion. ORs were calculated39 as the likelihood of individuals

of a given genotype being in a selected quartile divided by

the likelihood of their being in the remaining quartiles.

Significance of the ORs was calculated using 2x2 w2 tests

and 95% confidence intervals.

Results
Genotyping

In total, 1198 subjects were recruited, of whom 1084 were

included in the analyses. Genotyping was successful

in 1027 individuals (543 male, 484 female). Genotype

distributions were consistent with Hardy–Weinberg equili-

brium and overall allele frequencies were f(D)¼0.57 and

f(I)¼ 0.43 for the I/D polymorphism. Other polymorphisms

were genotyped to allow haplotype analyses and goodness

of fit to Hardy–Weinberg equilibrium and these results are

presented in Supplementary Tables 1–4.
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I/D genotype associations with phenotypes

To control for differences in physical maturity and biases

caused by differing psychological factors between genders,

males and females were analysed as separate populations.

Genotypic associations between the I/D polymorphism

and measures of physical, physiological and skill parameter

phenotypes were assessed by ANOVA using age-based

z-values, as described in the methods. Full analyses are

presented in the Supplementary Table 6. Similar results

were obtained using height-based z-values (data not

shown). Statistically significant (Po0.003) effects of geno-

type on phenotype were observed in female subjects but

not in male subjects (Table 1). Female subjects with the II

genotype had significantly greater handgrip strength and

vertical jump scores than individuals with other genotypes

(Table 1). Significant differences were established by post

hoc t-tests. Results for basketball throw, 40 m sprint and

agility run, which also contain components of upper and

lower body strength/power but are complicated by addi-

tional requirements for skill, are also presented in Table 1

for comparison.

Diplotype associations with phenotypes

Diplotype associations with the measures of physical,

physiological and skill parameter phenotypes were also

assessed by ANOVA using age-based z-values, as described in

the Materials and methods. Full analyses of the additional

individual polymorphisms and the diplotypes are presented

in Supplementary Tables 7–9. Statistically significant

(Po0.003) effects of diplotype on phenotype were observed

in female subjects but not in male subjects (Table 1). Female

subjects with the H6H6 diplotype (II) had significantly

greater handgrip strength and vertical jump scores than

individuals with all other diplotypes (Table 1) except H1H9

(DD). Significant differences were established by post hoc t-

tests. The extra portion of the variance accounted for by

using diplotypes instead of I/D genotypes in the analysis was

not significant for any phenotype (calculated as described in

the Materials and methods). Consequently, subsequent

analyses were restricted to the I/D genotype.

Determination of the underlying genetic mechanism
for significant associations with the I/D
polymorphism

To explain the pattern of associations observed, three

genetic models (Additive allelic effects, I-allele dominant

and D-allele dominant) were tested using correlation

analysis. In all cases where significant associations were

identified by ANOVA, the model in which the phenotypic

effects of the D-allele are completely dominant over those

of the I-allele (D-allele dominant) explained a larger

portion of the genetic variance due to the I/D polymorph-

ism than either of the other models tested: the D-allele

dominant model explains 96 and 82%, respectively, of the

genetic variance for handgrip strength and vertical jump of

total female subjects, the I-allele dominant model 1 and

2%, respectively and the Additive allelic model 38 and

17%, respectively. For each phenotypic parameter more

complex genetic models of partial dominance would

account for the remaining genetic variance.

Characterisation of ACE I/D genotypic effects on the
phenotypic distributions

The significant effects of I/D genotype on the phenotypes

reported above could be due to either a small effect in most

individuals, or a large effect in a small number of extreme

individuals. For association tests significant by ANOVA,

ORs of individuals falling into the lowest or highest

quartiles of the population were calculated for each

genotype (Table 2). II homozygotes tend to be over-

represented in the high quartile and/or underrepresented

in the low quartile groups for the performance-related

phenotypes relative to the other genotypes; in contrast,

carriers of the dominant D-allele (ID heterozygotes and DD

homozygotes) are mostly overrepresented in the low

quartile and/or underrepresented in the high quartile

groups for the performance phenotypes.

Effect of physical activity level and puberty on I/D
genotype associations

Previous studies have shown effects of training on the

association between the I/D polymorphism and cardio-

vascular phenotypes.40,41 To test for possible interactions

between physical activity level and genotypic effects on

phenotype, GLM ANOVA analysis of the female subject

handgrip strength and vertical jump phenotypes (which

showed significant genotype effects in the one-way

ANOVAs) was performed. The ‘best’ genetic model (D-

allele dominant model, determined above), habitual

activity level and the interaction between the two were

investigated. No correction for multiple testing was

employed as the source of the established associations

was being investigated. No significant interactions were

observed (Table 3) between the genetic model and the

physical activity level for any of the phenotypes significant

by one-way ANOVA (see Table 1). For illustrative purposes,

one-way ANOVA analyses were also performed on the

activity-based subgroups separately (Supplementary Tables

6–9). The lack of effect of physical activity level on the

genotypic associations (one-way ANOVA) is illustrated for

handgrip strength in Figure 1, which shows that female

subjects with an II genotype tend to have higher values for

this phenotype than female subjects with other genotypes,

a pattern apparent in both active and inactive subgroups.

In addition, the figure illustrates that active female subjects

have significantly greater handgrip strength than their

inactive counterparts (tested using General Linear Model

statistics, see Table 3).

We wished to test whether puberty was a confounding

factor in this study. However, as for ethical and practical
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Table 1 Associations between I/D genotype and physical, physiological and skill parameter phenotypes in female subjects and male subjects

Handgrip strength Basketball throw Vertical jump 40m sprint Agility run

Total Females
I/D genotype II¼53.9 (51.8–56.0) II¼4.7 (4.5–4.8) II¼32.8 (31.7–33.9) II¼7.3 (7.2–7.4) II¼21.1 (20.8–21.4)

ID¼48.4 (47.2–49.5) ID¼4.4 (4.4–4.5) ID¼30.0 (29.5–30.6) ID¼7.6 (7.5–7.6) ID¼21.3 (21.1–21.6)
DD¼49.2 (47.6–50.9) DD¼4.5 (4.4–4.7) DD¼31.0 (30.3–31.6) DD¼7.4 (7.3–7.5) DD¼21.2 (20.9–21.5)
V¼4%, N¼479,

Po0.001
V¼1.9%, N¼480,

P¼0.011
V¼4.5%, N¼481,

Po0.001
V¼2.4%, N¼463,

P¼0.004
V¼0.4%, N¼475,

P¼0.359
Diplotype H6H6¼54.2 (52.0–56.5) H6H6¼4.7 (4.5–4.9) H6H6¼33.3 (32.1–34.4) H6H6¼7.3 (7.2–7.4) H6H6¼21.1 (20.8–21.4)

H1H6¼48.6 (47.2–50.0) H1H6¼4.4 (4.3–4.5) H1H6¼30.0 (29.3–30.7) H1H6¼7.6 (7.5–7.7) H1H6¼21.4 (21.1–21.6)
H6H7¼48.3 (46.1–50.6) H6H7¼4.5 (4.3–4.7) H6H7¼30.2 (29.0–31.4) H6H7¼7.5 (7.3–7.6) H6H7¼21.4 (20.9–21.9)
H6H9¼46.0 (42.1–50.2) H6H9¼4.4 (4.1–4.7) H6H9¼29.6 (27.7–31.7) H6H9¼7.6 (7.3–7.9) H6H9¼21.2 (20.6–21.9)
H1H1¼49.8 (47.4–52.4) H1H1¼4.5 (4.4–4.7) H1H1¼31.1 (30.1–32.1) H1H1¼7.5 (7.3–7.6) H1H1¼21.2 (20.8–21.6)
H1H7¼48.5 (45.7–51.4) H1H7¼4.5 (4.4–4.7) H1H7¼30.3 (29.1–31.5) H1H7¼7.5 (7.3–7.7) H1H7¼21.6 (21.0–22.2)
H1H9¼50.1 (45.3–55.5) H1H9¼4.6 (4.3–5.0) H1H9¼31.6 (29.6–33.7) H1H9¼7.2 (7.0–7.5) H1H9¼20.6 (19.9–21.4)
Rare¼47.3 (42.4–52.8) Rare¼4.6 (4.3–5.0) Rare¼31.9 (30.0–34.0) Rare¼7.3 (6.9–7.7) Rare¼20.8 (20.3–21.3)

V¼5.1%, N¼448,
P¼0.002

V¼2.2%, N¼448,
P¼0.189

V¼6.4%, N¼449,
Po0.001

V¼4.4%, N¼434,
P¼0.008

V¼1.7%, N¼444,
P¼0.369

Total males
I/D genotype II¼78.4 (75.6–81.2) II¼6.9 (6.7–7.1) II¼43.6 (42.3–45.1) II¼6.0 (5.9–6.1) II¼19.0 (18.7–19.2)

ID¼79.5 (77.4–81.6) ID¼6.7 (6.6–6.9) ID¼44.4 (43.5–45.3) ID¼6.0 (6.0–6.1) ID¼18.9 (18.8–19.1)
DD¼81.0 (79.2–83.5) DD¼6.9 (6.7–7.1) DD¼45.0 (44.0–46.0) DD¼6.0 (5.9–6.0) DD¼18.9 (18.7–19.0)
V¼0.5%, N¼535,

P¼0.267
V¼0.7%, N¼535,

P¼0.153
V¼0.5%, N¼534,

P¼0.285
V¼0.1%, N¼521,

P¼0.701
V¼0.1%, N¼527,

P¼0.717
Diplotype H6H6¼78.7 (75.7–81.7) H6H6¼6.9 (6.7–7.1) H6H6¼43.7 (42.2–45.2) H6H6¼6.0 (5.9–6.1) H6H6¼19.0 (18.8–19.3)

H1H6¼79.3 (76.7–81.9) H1H6¼6.7 (6.6–6.9) H1H6¼44.4 (43.3–45.6) H1H6¼6.0 (6.0–6.1) H1H6¼19.0 (18.7–19.2)
H6H7¼80.9 (76.4–85.6) H6H7¼6.8 (6.5–7.1) H6H7¼44.3 (42.6–46.1) H6H7¼6.1 (5.9–6.2) H6H7¼18.9 (18.6–19.2)
H6H9¼77.1 (70.1–84.7) H6H9¼6.2 (5.8–6.6) H6H9¼43.7 (40.6–47.1) H6H9¼5.9 (5.7–6.2) H6H9¼18.8 (18.2–19.3)
H1H1¼80.7 (77.8–83.7) H1H1¼6.9 (6.7–7.1) H1H1¼45.4 (44.1–46.8) H1H1¼5.9 (5.9–6.0) H1H1¼18.7 (18.5–18.9)
H1H7¼82.4 (78.2–86.9) H1H7¼6.8 (6.4–7.3) H1H7¼43.9 (41.9–45.9) H1H7¼6.1 (5.9–6.2) H1H7¼19.1 (18.8–19.6)
H1H9¼81.8 (76.4–87.4) H1H9¼6.7 (6.4–7.0) H1H9¼45.4 (42.9–47.9) H1H9¼6.0 (5.8–6.2) H1H9¼18.8 (18.4–19.2)
Rare¼86.7 (79.4–94.6) Rare¼7.0 (6.3–7.7) Rare¼43.76 (40.4–47.4) Rare¼5.9 (5.7–6.2) Rare¼18.8 (18.2–19.3)
V¼1.2%, N¼500,

P¼0.518
V¼1.9%, N¼500,

P¼0.225
V¼0.8%, N¼499,

P¼0.794
V¼1%, N¼486,

P¼0.669
V¼1.1%, N¼492,

P¼0.584

Summary of phenotypes significant by ANOVA and related phenotypes. For each test means and 95% confidence interval for the mean are shown for each genotype/diplotype as well as
percentage variance explained in ANOVA (V), number of individuals (N) and probability (P). Rare represents H7H7, H7H9 and H9H9. Tests significant after a Sidak correction (Po0.003)
are shown in bold. Tests with Po0.05 are shown in italics. Note that smaller values for 40m sprint and agility run are faster. H6 carries the I-allele, whereas H1, H7 and H9 all carry the D-
allele. Full analyses are shown in Supplementary Tables 6–9.
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reasons it was not possible to assess stage of pubertal deve-

lopment directly, age was used as a surrogate. The popu-

lation was split into younger and older subgroups, as

described in the Materials and methods, and the interac-

tion between the (D-dominant) genetic model and puberty

group assessed by GLM ANOVA. A significant interaction

component would indicate different genotype–phenotype

relationships pre- and post–pubertally. No significant inter-

actions were observed between genetic model and these age

groups (Table 3) suggesting that female subject pubertal

status is not a confounding variable in these analyses.

Discussion
Variation within the ACE gene was significantly associated

with two of the physical, physiological and skill pheno-

types measured in this cohort of Greek adolescents. These

associations were found only in female subjects and were

not significantly influenced by physical activity level or

pubertal status. Homozygotes for the I-allele were asso-

ciated with better performance in two of the tests,

handgrip and vertical jump, indicating a recessive action

of the I-allele. Based on the ORs, these associations acted

across the entire phenotypic distribution in a classical

polygenic manner.

Handgrip strength and vertical jump were strongly

associated with the I/D polymorphism in female subjects.

We interpret these activities as having many different com-

ponents including strength/power (upper limb and lower

body, respectively) and skill. Single genetic polymorphisms

are likely to affect individual components of complex phe-

notypes. How easily identified these effects are will depend

on the relative importance of the given component to the

specific performance-related test. Two of the other tests

used, Basketball throw and 40 m sprint, also have respec-

tive upper and lower body strength/power-related compo-

nents, but require larger elements of skill and thus relate to

strength/power more indirectly. Both showed nominal

associations with genotype in the same subjects. We

interpret this as indicating that the significant associations

observed relate more to the strength/power component of

the phenotypes investigated than to other components. In

all cases, the II homozygotes performed best.

Haplotype-based methods have been advocated to better

assess complex genetic influences on phenotype (for

example Akey et al42). However, the genotyping of

additional ACE polymorphisms (rs4424958 and rs4311)

that help define four major European haplotypes (H1, H6,

H7 and H9; Rieder et al31; see Table 1 and Supplementary

Tables 6–9) shows that the haplotypes explained no

significantly greater proportion of the phenotypic variance

than the I/D polymorphism analysed alone (based on the

increase in the sum of squares; see Materials and methods;

note that the percentage of variance explained depends on

the degrees of freedom and inevitably goes up when the

data are split into more groups). This suggests that the

majority of the genetic effects are accounted for either by

Table 2 ACE I/D genotype odds ratios for phenotypes
significant by ANOVA (Table)

Total females

I/D
genotype Phenotype Low quartile High quartile

II Hand grIp 0.28 (0.14–0.59) 2.42** (1.47–4.00)
Vertical jump 0.50 (0.28–0.90) 2.21* (1.32–3.70)

ID Hand grip 1.69 (1.12–2.55) 0.62 (0.40–0.94)
Vertical jump 1.88* (1.26–2.79) 0.69 (0.44–1.06)

DD Hand grip 1.05 (0.68–1.62) 0.91 (0.58–1.42)
Vertical jump 0.73 (0.47–1.22) 0.86 (0.53–1.37)

95% confidence intervals are given in parentheses. Probability (P)
o0.05 for tests shown in bold, * indicates Pp0.01, ** indicates
Pp0.001. Low quartile means less strong (handgrip strength) and
smaller jump (vertical jump). High quartile indicates the converse.

Table 3 Effect of age and activity on genotype–pheno-
type associations

Handgrip Vertical jump

Total females V (%) P V (%) P

Active versus inactive (N¼273 versus 205)
D Dominant Model Scores I 3.8 o0.001 3.7 o0.001
Activity Level Scores 1.5 0.007 1.5 0.006
Interaction 0.1 0.414 o0.1 0.984

Younger versus older (N¼169 versus 311)
D Dominant Model Scores 2.8 o0.001 3.4 o0.001
Age Group Scores 1.3 0.011 o0.1 0.986
Interaction 0.2 0.306 0.2 0.290

Summary of GLM ANOVA analysis for phenotypes significant by one-
way ANOVA (see Table 1), analysing the interaction between the D-
dominant genetic model and physical activity-based, or age-based,
assignments in female subjects. For each test, the percentage variance
(V) (and its probability (P)) explained by each element of the model is
given. Specifically these are genotype alone, activity level (or age
group) alone and the interaction between genotype and activity level
(or age group).

Figure 1 I/D genotypic effect on handgrip strength of active and
inactive females. The values given for means are back transformed to
equivalent 17–18-year-old female performance values (in kg).
P¼probability, V¼observed variance explained, N¼number within
group. Black squares represent genotype means; boxes represent 95%
confidence intervals of means.
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the I/D polymorphism or a variant in strong linkage

disequilibrium with it. In other studies of ACE variation,

the I/D polymorphism shows a stronger association with

levels of circulating ACE activity in Caucasians than do

other ACE variants.43 We conclude that, in our studies, the

genotypic effects on these diverse physical, physiological

and skill parameter phenotypes may be mediated by

variation in the levels of ACE activity associated with the

ACE I/D polymorphism.

The significant associations (ORs) in both tails of the

phenotype distributions rule out explanations involving

only a few extreme individuals at one end of the distribu-

tions and suggest that the I/D associations with phenotypes

act throughout the whole phenotypic range. This is con-

sistent with a classical polygenic effect, where the genotype

has a small phenotypic effect on all individuals. The

significant phenotypic differences between genotypes were

best explained by a D-allele dominant (I-allele recessive)

genetic model, as demonstrated for handgrip strength in

Figure 1. Dominant genetic effects on phenotype are

mediated through a number of mechanisms, most com-

monly through alteration of active protein levels beyond

threshold values or effects on multimeric proteins. Given

the association of the I/D polymorphism with ACE levels in

Caucasians7,44 and the fact that it acts as a monomer it is

likely that the higher level of ACE activity associated with ID

heterozygotes and DD homozygotes is above a threshold;

ACE activity in II homozygotes on the other hand may tend

to be below this threshold and hence contribute to the

positive effects on performance phenotypes. Given its role

in the processing of Angiotensin I, bradykinin and other

oligopeptides,4 differences in local ACE6 activity may result

in alterations to the physiology of skeletal muscle by a

variety of possible mechanisms. However, it is important to

note that these effects may differ between populations of

different gender, age and environment.

ANOVA analyses of the active and inactive female

populations (Supplementary Tables 6–9) suggested that

the observed effects might be influenced by physical

activity. However, further analysis by GLM ANOVA, under

the D-dominant genetic model did not provide evidence for

an interaction effect between genotype and activity,

suggesting that in fact there are no significant differences

between the genotype–phenotype relationships of these

two subgroups of the population (Table 3). Nor were any

significant interactions observed between genotypic effects

under this model and age when the latter was modelled as

‘younger’ versus ‘older’ subgroups. This suggests that puberty

is unlikely to be a significant factor in modifying the

genotype–phenotype associations reported here.

Circulating ACE activity has been shown to be reduced

in women undergoing hormone replacement therapy with

oestrogen and progesterone.45 These hormones will be

found naturally in the adolescent girls in the current

cohort and may explain the gender-specific differences

observed. Such a mechanism is postulated by Fischer et al.46

In the absence of these hormones, as is the case in male

subjects, ACE activity may be above the required threshold

regardless of I/D genotype. Further investigations are

required to elucidate the molecular mechanisms explaining

the involvement of the ACE gene in human performance.

Most previous studies have concentrated on elite athletes,

linking the ACE I-allele to endurance performance47 and the

D-allele to muscle strength and power-oriented perfor-

mance.48 However, a previous study by Cam et al49 on the

influence of ACE genotype on performance in a male

population associated the DD genotype with endurance

performance. Our findings that the I-allele is associated with

phenotypes related more to strength than to endurance is

consistent with this latter study. Our findings indicate a

more complex role for the ACE gene in human physical

performance than previously described. The I-allele was

associated, in a recessive manner, with improved physical,

physiological and skill parameter values in female subjects

from a large representative sample of young individuals.

This association was not significantly modified by participa-

tion in organised physical activity. The association of the I-

allele with power-related performance is apparently in

conflict with several previous studies. However, these

studies were carried out using highly selected elite male

cohorts, or by analysing individual responses to a highly

structured training program in adults, and may not be

directly comparable. These studies were relatively small and

had an inherently lower power to detect small effects such

as those observed in our study. Our results demonstrate that

the ACE gene has a modest influence on physical perfor-

mance in the general population. Future work should

concentrate on the mechanisms by which ACE influences

performance-related phenotypes.
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