
Abstract The insertion (I) variant of the angiotensin-

1 converting enzyme (ACE) I/D genetic polymorphism

is associated with lower circulating and tissue ACE

activity. Some studies have also suggested associations

of ACE I/D genotype with endurance phenotypes.

This study assessed the relationships between circu-

lating ACE activity, ACE I/D genotype, mechanical

efficiency and the maximal rate of oxygen uptake in

sedentary individuals. Sixty-two untrained women

were tested for mechanical efficiency during submaxi-

mal cycle ergometry (delta and gross efficiencies dur-

ing exercise between 40 and 80 W) and the maximal

rate of oxygen uptake during incremental treadmill

running. Respiratory variables were measured using

indirect calorimetry. Venous blood was obtained for

direct assay of circulating ACE activity, allowing for

the assessment of correlations between two continu-

ous variables, rather than a categorical analysis of

endurance phenotype by genotype alone. ACE I/D

genotype was also determined, and was strongly asso-

ciated with circulating ACE activity (P < 0.0005).

Neither circulating ACE activity (27.4 ± 8.4 nM His-

Leu-ml–1) nor ACE genotype showed a statistically

significant association with any of the endurance phe-

notypes measured. The weak correlations observed

included r = –0.122 (P = 0.229) for the relationship

between delta efficiency (23.9 ± 2.5%) and circulating

ACE activity and r = 0.134 (P > 0.6) for the relation-

ship between maximal aerobic power (149.1 ±

22.9 ml kg–2/3 min–1) and circulating ACE activity.

The data do not support a role for systemic ACE

activity in the regulation of endurance performance in

sedentary individuals, extending this observation to a

large female cohort.
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Introduction

Angiotensin converting enzyme (ACE, kininase II) is

a key component of the circulating human renin–

angiotensin system (RAS), generating vasopressor

angiotensin II (ANG II), and degrading vasodilator

kinins (Dzau 1988). Local RAS also exist in diverse

tissues (Dzau et al. 2001) including human muscle

(Reneland and Lithell 1994). ACE appears to influ-

ence tissue growth (Geisterfer et al. 1988; Ishigai

et al. 1997; Gordon et al. 2001) and higher levels of

ACE activity have been linked to muscle strength in

humans (Williams et al. 2005). Conversely, low ACE

activity (as marked by a common genetic variation)
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has been associated with an increased proportion of

type I muscle fibres (Zhang et al. 2003), whilst ACE

inhibition can stimulate angiogenesis (Silvestre et al.

2001) and decrease the local vascular resistance of

arterioles and large conductance vessels leading to a

redistribution of blood flow towards skeletal muscle

(Giudicelli et al. 1991). However, no study has yet

evaluated directly the role of ACE in the regulation

of endurance parameters including aerobic power and

mechanical efficiency in humans.

A polymorphism of the ACE gene has been iden-

tified in humans, with the absence (deletion allele, D)

rather than the presence (insertion allele, I) of a 287

base pair fragment being associated with higher tissue

(Danser et al. 1995) and serum (Rigat et al. 1990) ACE

activity. Although not directly functional (Cox et al.

2002), the ACE I/D polymorphism is a convenient

marker of ACE activity, accounting for up to 40% of

the interindividual variation in circulating ACE activ-

ity in European populations (Rigat et al. 1990). It has

been reported that the I allele is associated with elite

endurance performance (Gayagay et al. 1998; Mont-

gomery et al. 1998; Myerson et al. 1999), aerobic

capacity in postmenopausal women (Hagberg et al.

1998) and the training response of mechanical effi-

ciency (Williams et al. 2000), although considerable

conflicting evidence also exists (Rankinen et al. 2000a,

b). Studies to date have related cardiovascular or fit-

ness phenotypes to variations in the ACE gene, but this

can be considered a surrogate marker for ACE activity.

Given that the influence of the ACE I/D polymor-

phism on endurance exercise performance is currently

equivocal, relating the gene product (ACE) directly to

functional exercise measures becomes highly desirable

(Montgomery et al. 2002). There is considerable con-

jecture that the observed gene/performance interaction

attributed to this polymorphism may be due to linkage

disequilibrium with other genes close to the ACE locus

(Jeunemaitre et al. 1992; Rankinen et al. 2000a, b; Tiret

et al. 2002). Investigations of ACE activity in relation

to endurance exercise performance would therefore be

a useful step in helping to address this. The direct

influence of ACE activity on endurance capacity has

only been examined using ACE inhibition in clinical

populations (Zannad et al. 1992), in healthy popula-

tions with respect to haemodynamic response (Fagard

et al. 1982), with regards to some thermoregulatory,

cardiovascular and renal exercise responses (Mittle-

man 1996) and in an animal model with respect to

endurance capacity (Bahi et al. 2004).

A greater understanding of the role of ACE (and

the ACE gene) in the regulation of endurance

capacity would be useful for scientists and practitio-

ners working in various fields such as ageing, cardio-

vascular rehabilitation and sports performance. Thus,

the aim of this study was to examine the relationships

between circulating ACE activity (as indicated by

direct measurement and ACE genotype), aerobic

power and mechanical efficiency in women. Women

were chosen as the subject cohort in this study as

previous studies have demonstrated associations of

VO2max
(Hagberg et al. 1998) and mechanical effi-

ciency (Williams et al. 2004) with ACE genotype in a

female population. As already stated, some evidence

associates the ACE I allele with endurance pheno-

types (Gayagay et al. 1998; Hagberg et al. 1998;

Montgomery et al. 1998; Myerson et al. 1999; Wil-

liams et al. 2000). Potential physiologic mechanisms

that could explain these associations include an in-

creased proportion of type I muscle fibres (Zhang

et al. 2003), enhanced capillary density in muscle via

increased angiogenesis and/or an increased production

of nitric oxide (Silvestre et al. 2001) [itself related to

enhanced metabolic efficiency in skeletal muscle

(Shen et al. 2000)] in the presence of a low level of

ACE. Such mechanisms could produce associations

between low ACE activity and high levels of perfor-

mance in tests of endurance phenotypes. Conse-

quently, in this study, it was hypothesized that lower

circulating ACE activity would be related to greater

aerobic power and mechanical efficiency.

Methods

The study had appropriate ethics committee approval

(the Sport, Health and Exercise Ethics Committee at

Staffordshire University). Written informed consent

was obtained from all participants. The study was

conducted with both assessors and subjects blind to the

subjects’ ACE genotype and activity.

Subjects

Subjects were female Caucasian sedentary volunteers

drawn from the student and staff populations of Staf-

fordshire University. Only subjects who had not been

involved in any structured training program during the

previous 6 months were eligible to participate. The

volunteers were screened to ensure that they were

clinically asymptomatic for any medical condition that

could have affected their participation.

We aimed to have at least 80% power to detect a

significant (P < 0.05) negative one-tailed correlation of

magnitude r = 0.35 (which would require a sample size

of 50) between ACE activity and the endurance
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parameters we measured. We recruited 62 subjects, of

whom most but varying numbers completed successful

tests of the various endurance parameters. There was

also a problem with one blood sample so ACE activity

was not available for that subject. Therefore, in the

worst case [delta efficiency (DL)], we had 46 sets of

usable data, giving us 80% power to detect a significant

correlation of r = –0.365. In the best cases (gross effi-

ciency at 40 W and the VO2max
measures), we had 58

sets of usable data, giving us 80% power to detect a

significant correlation of r = –0.326.

The mean ± SD characteristics of the 62 subjects

who participated in the study were: age 24 ± 7 years,

body mass 65.6 ± 9.8 kg, stature 1.70 ± 0.10 m, body

mass index (BMI) 23.8 ± 3.1 kg m–2. For each of the

subgroups that successfully completed tests of the

various endurance parameters, there were no notable

differences in characteristics from the whole group of

62. Prior to testing, each volunteer was familiarized

with all procedures during a full practice session. For

24 h prior to the tests, subjects abstained from exercise

and alcohol and fasted overnight.

Gross and delta efficiency during cycle ergometry

Subjects performed a test of mechanical efficiency of

muscle contraction during cycle ergometry. Subjects

cycled on an electrically braked cycle ergometer (Lode

RehcorTM, Lode, Netherlands) at 60 r.p.m. at external

power outputs of 40, 60 and 80 W for 4 min per stage.

The ergometer was calibrated in accordance with the

manufacturer’s instructions, and seat and handlebar

height and angle were adjusted appropriately for

individual subjects. Expired air was analysed breath-

by-breath using a Quark B2 analyser (Cosmed, Rome,

Italy) calibrated before each test according to the

manufacturer’s instructions. Heart rate was monitored

telemetrically (Polar ElectroTM, Kempele, Finland).

The rate of oxygen uptake (VO2) and respiratory ex-

change ratio (RER) data were assessed by two

reviewers independently, who checked that each sub-

ject was in steady state during the fourth minute of

exercise at each stage. Some subjects displayed physi-

ological responses suggesting that they may have been

exercising above lactate threshold when exercising at

80 W and even 60 W in some cases (e.g. RER

approaching 1, marked rise in minute ventilation); the

VO2 and RER data in those cases were not used in any

analyses. The data from the acceptable tests were then

averaged for each 30 s period. For the group as a

whole, there were no significant differences between

the VO2 and RER data for the seventh and eighth 30-s

periods at each stage (all P > 0.05, paired t tests).

Consequently, the mean VO2 and RER of the seventh

and eighth 30 s periods (i.e., from 3–4 min) at each

stage for each subject were calculated. A conversion

factor dependent on RER was applied to the oxygen

uptake measured, to give rate of energy expenditure

(Brouwer 1957). Gross efficiency was calculated as the

ratio of the work performed per minute to the energy

expended per minute at each stage (GE40, GE60 and

GE80), expressed as a percentage. DE was calculated

as the ratio of the change in work performed per

minute to the change in energy expended per minute

between 40 W and 80 W, expressed as a percentage

(Gaesser and Brooks 1975). The ratio limits of agree-

ment (Nevill and Atkinson 1997) for the measure of

DE was 0.97 */‚ 1.22.

Maximal rate of oxygen uptake ðVO2max
Þ

Subjects underwent a standard incremental treadmill

test (BASES 1997), which was chosen as the method to

assess VO2max
because it produces higher values than

those obtained from most alternative test procedures in

healthy individuals (McArdle et al. 2001). Subjects

began running at a modest speed of 8–10 km h–1 at a

treadmill grade of 1%. Stages of 4 min duration were

used, with running speed increased by 1 km h–1 be-

tween stages. Expired air and heart rate were moni-

tored as described in the previous paragraph. When

heart rate exceeded 90% of the age-predicted maxi-

mum heart rate, the running speed was kept constant

and the treadmill grade increased by 1% per minute

until volitional exhaustion. VO2max
was expressed in

three ways: in ‘absolute’ non-scaled units of ml min–1

(ABS), in the traditional unit ml kg–1 min–1 (TRAD)

and in the more recently recommended scaling unit of

ml kg–2/3 min–1 (SCA) (Nevill et al. 1992). The ratio

limits of agreement for aerobic capacity was 0.97 */‚
1.17.

Determination of plasma ACE activity

Fasting 10 ml blood samples were obtained from a

superficial forearm vein. All subjects abstained from

alcohol and caffeine intake, and from exercise, for at

least 24 h prior to blood sampling. Plasma was sepa-

rated immediately from 10 ml of the whole blood by

centrifugation at 1,500g for 10 min, and stored at

below –20�C until analysis. ACE activity was assayed

using a modified fluorometric method using carbo-

benzoxy-phenyl-alanyl-histidyl-leucine (Z-phe-his-leu)

as a substrate (Depierre and Roth 1975; Unger et al.

1982). The intra-assay coefficient of variation for the

ACE measurements lay between 1.9 and 5.6% when

Eur J Appl Physiol (2007) 99:11–18 13
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determined on seven different days. The inter-assay

coefficient of variation for the ACE measurements was

9.4%.

Determination of ACE genotype

An additional 5 ml EDTA sample of whole blood was

drawn, from which leukocyte DNA was extracted by

salting out. ACE genotype was determined using a

three-primer polymerase chain reaction (PCR) ampli-

fication as previously described (Montgomery et al.

1997), with products resolved on a 7.5% polyacryl-

amide gel by two independent staff blind to all subject

data.

Statistical analysis

All data were analysed using SPSS for Windows (re-

lease 11.0) statistical software package (SPSS Inc.,

Chicago, IL) and are expressed as mean ± SD. The

accepted level of significance was set at P = 0.05 for all

statistical tests. One-tailed partial correlations, con-

trolling when appropriate for body mass and/or stature,

or BMI, were used to seek negative relationships be-

tween circulating ACE activity and the endurance-re-

lated parameters. The associations of ACE genotype

with VO2max
and measures of mechanical efficiency

were assessed for linear trend using analysis of

covariance (ANCOVA) with body mass and/or stature,

or BMI, used as covariates when appropriate.

Results

There were no significant correlations between circu-

lating ACE activity (27.4 ± 8.4 nM His-Leu-ml–1) and

any of the efficiency measures (all data shown in

Table 1). The (lack of) relationship between circulat-

ing ACE activity and DE is illustrated in Fig. 1 as an

example. Similarly, there were no significant correla-

tions between circulating ACE activity and VO2max

expressed using any unit (Table 1). The (lack of)

relationship between circulating ACE activity and

SCA is shown in Fig. 2.

The distribution of the ACE genotypes for the 62

subjects was II 14 (23%), ID 25 (40%) and DD 23 (37%),

which is in Hardy–Weinberg equilibrium (the slightly

lower numbers of subjects that successfully completed

each laboratory test were also in Hardy–Weinberg

equilibrium). As expected, there was a very strong and

statistically significant association of genotype with cir-

culating ACE activity (P < 0.0005, ANCOVA) as has

been reported by several authors previously, with DD

(33.8 ± 8.9 nM His-Leu-ml–1) showing greater ACE

activity than both ID (25.9 ± 5.5 nM His-Leu-ml–1) and

II (20.5 ± 4.1 nM His-Leu-ml–1) and ID showing greater

ACE activity than II. However, linear trend analysis

demonstrated that ACE genotype had no association

with any of the measures of efficiency or VO2max
(all data

shown in Table 2), corresponding with the results for

circulating ACE activity. Other subject characteristics

such as body mass, stature and BMI were also indepen-

dent of both ACE genotype and activity.

Discussion

The data from this study demonstrate that no signifi-

cant correlation exists between mechanical efficiency

during cycle ergometry and either circulating ACE

activity or ACE I/D genotype in sedentary women.

The study was powered to detect correlations of mag-

nitude r ~ 0.35 or greater between circulating ACE

activity and DE. Previous work has examined

mechanical efficiency in relation to ACE genotype,

using the same mode of exercise as in this study

Table 1 Pearson correlation analyses between circulating ACE activity and the measures of mechanical efficiency and maximal
oxygen uptake

Sample
size (n)

Mean ± SD Pearson correlation
with circulating ACE activity

One-tailed significance
of correlation

DE (%) 47 23.9 ± 2.5 r = –0.122 P = 0.229
GE40 (%) 58 14.4 ± 1.4 r = –0.073 P = 0.297
GE60 (%) 56 16.7 ± 1.4 r = 0.136 P > 0.6
GE80 (%) 51 18.0 ± 1.4 r = 0.139 P > 0.6
ABS VO2max

(ml min–1) 58 2403 ± 376 r = 0.141 P > 0.6
TRAD VO2max

(ml kg–1 min–1) 58 37.0 ± 6.2 r = 0.059 P > 0.6
SCA VO2max

(ml kg–2/3 min–1) 58 149.1 ± 22.9 r = 0.134 P > 0.6

DE delta efficiency between 40 and 80 W, GE40 gross efficiency at 40 W, GE60 gross efficiency at 60 W, GE80 gross efficiency at
80 W, ABS VO2max

absolute non-scaled units of ml min–1, TRADVO2max
traditional units of ml kg–1 min–1, SCA VO2max

scaling unit
of ml kg–2/3 min–1
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(Williams et al. 2000, 2004), but neither study actually

assayed ACE activity directly. Nevertheless, these

prior studies demonstrated that DE was independent

of ACE I/D genotype prior to a training programme in

both men and women, which is now confirmed by the

lack of association with circulating ACE activity ob-

served in the current study.

ACE activity is a highly heritable trait with the

variation at the ACE I/D locus (not itself directly

functional) marking up to 40% of the interindividual

variation in circulating ACE activity. Therefore, mea-

suring ACE activity would provide greater predictive

or statistical power than ACE I/D genotype. It is

possible to conduct a power calculation based on the

results observed here to predict how many subjects

would be needed to establish statistical significance for

correlations of the magnitudes we have reported. For

example, the strongest negative correlation observed

(between DE and circulating ACE activity) was

r = –0.122. Based on r = –0.122, more than 400 subjects

would be required to establish statistical significance,

and of course even then the relationship would remain

very weak and explain extremely little of the inter-

individual variability. Therefore, it is possible that very

weak correlations exist between circulating ACE

activity and the endurance parameters we assessed

here, but our data suggest that a study of substantially

larger scale would be required to successfully identify

these correlations, and any biological significance is

unlikely.

A lack of association between circulating ACE

activity and VO2max
was also seen in this study, and this

is again the first report of a direct analysis between

directly assayed circulating ACE activity and endur-

ance-related fitness phenotypes. This lack of associa-

tion is consistent with the results of Rankinen et al.

(2000a) who found no association between ACE

genotype and pre-training aerobic fitness phenotypes

and Woods et al. (2002) who found no association

between ACE genotype and VO2max
prior to training in

military recruits. It therefore seems very unlikely that

prolonged exposure to a genotype-dependent level of

circulating ACE activity influences the maximal rate of
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(n = 58, r = 0.134, P > 0.6)

Table 2 Analyses of associations of ACE genotype with the
measures of mechanical efficiency and VO2max

Mean ± SD within
each genotype group

P value

DE (%) II 24.4 ± 2.5
ID 24.3 ± 2.5
DD 22.8 ± 2.5

0.093

GE40 (%) II 14.5 ± 1.3
ID 14.4 ± 1.3
DD
14.3 ± 1.3

0.673

GE60 (%) II 16.9 ± 1.4
ID 16.7 ± 1.4
DD16.7 ± 1.3

0.636

GE80 (%) II 18.2 ± 1.4
ID 18.0 ± 1.4
DD 17.9 ± 1.3

0.523

ABS VO2max
(ml min–1) II 2320 ± 352

ID 2418 ± 355
DD 2446 ± 347

0.298

TRAD VO2max
(ml kg–1 min–1) II 35.5 ± 5.6

ID 37.4 ± 5.6
DD 37.2 ± 5.5

0.371

SCA VO2max
(ml kg–2/3 min–1) II 143.8 ± 22.3

ID 149.8 ± 22.4
DD 151.2 ± 22.1

0.334

Data are mean ± SD, after adjustment for influences of covari-
ates. P values are for linear trend from ANCOVA. DE delta
efficiency between 40 and 80 W, GE40 gross efficiency at 40 W,
GE60 gross efficiency at 60 W, GE80 gross efficiency at 80 W,
ABS VO2max

absolute non-scaled units of ml min–1, TRAD
VO2max

traditional units of ml kg–1 min–1, SCA VO2max
scaling

unit of ml kg–2/3 min–1
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oxygen uptake in healthy but relatively sedentary

individuals. Recently, Bahi et al. (2004) also observed

no difference in endurance capacity in rats treated for

at least 10 weeks with an ACE inhibitor compared to a

non-inhibited control group, suggesting that a moder-

ate duration of exposure to a lower level of circulating

ACE activity also fails to influence endurance in

healthy animals.

All participants were pre-menopausal, although they

were not standardized with respect to menstrual cycle

status or contraceptive pill usage. Current literature

suggests that many determinants of VO2max
are not

influenced by menstrual cycle status (Janse de Jonge

2003) and consequently this factor was not considered

with regard to the study design. Additionally it has

been found that low dose oral contraceptives do not

influence endurance performance (Bryner et al. 1996).

However, it is acknowledged that aerobic capacity is

reduced in female athletes using triphasic oral contra-

ceptives (Lebrun et al. 2003) and the possibility re-

mains that this may have had an influence on the

results of this study.

The present study also investigated any associations

of ACE genotype with the endurance parameters

measured—thus taking the approach of the previous

studies in this field. Similarly to the results regarding

the ACE activity data, the ACE genotype results failed

to demonstrate an association between ACE genotype

and the endurance variables in sedentary subjects,

which further supports the findings of the various

previous authors (Rankinen et al. 2000a; Williams et al.

2000; Woods et al. 2002). Although the power of this

study was not great to detect genotype associations

(and was designed with analyses of circulating ACE

activity in mind, rather than genotype), the sample was

nevertheless easily large enough to detect an associa-

tion between circulating ACE activity and ACE

genotype (P < 0.0005) once again (Rigat et al. 1990;

Williams et al. 2005).

The only study thus far demonstrating a significant

association between ACE genotype and VO2max
is that

of Hagberg et al. (1998) who observed an association

between VO2max
and the I allele in habitual exercisers

from a specialist group of postmenopausal women.

Therefore, the subject characteristics from that study

were different to this and other previous studies, which

might partly explain that unusual finding. Indeed, it is

possible that any associations between endurance

parameters and circulating ACE activity or ACE

genotype are only unmasked following periods of in-

tense endurance training. For example, an over-rep-

resentation of the I allele has been observed in elite

endurance athlete populations (Gayagay et al. 1998;

Myerson et al. 1999), although this has not been

reproduced in all studies (Rankinen et al. 2000b). In

addition, Williams et al. (2000) found that DE in mil-

itary recruits significantly increased in those individuals

homozygous for the I allele following an 11-week

training programme, despite no association with

genotype before training. It would therefore be useful

in future work to examine the influence of circulating

ACE activity on the magnitude of response to endur-

ance training.

Another possible explanation for the lack of asso-

ciation observed in this study between ACE activity

and the endurance phenotypes may be related to the

fact that we examined circulating ACE activity rather

than local ACE activity in skeletal muscle (Reneland

and Lithell 1994). Circulating ACE accounts for only a

small proportion of total body ACE (Cushman and

Cheung 1971) and local tissue ACE has greater phys-

iological and pathological significance (Dzau et al.

2001). It may be that inter-individual variability in local

ACE activity is more important in mediating differ-

ential endurance capacity than circulating ACE activ-

ity. This aspect requires further examination using

studies that combine appropriately large sample sizes

with the time-consuming and invasive procedures re-

quired to glean the necessary data. Future studies

should also consider the role of ACE in kinin metab-

olism, given that the ACE I allele is associated with

increased kinin activity (Murphey et al. 2000) and the

recently published evidence suggesting that at least

some of any associations between ACE status and

endurance phenotypes seems to be mediated through

alterations in kinin activity at the bradykinin B2

receptor (Williams et al. 2004).

In conclusion, the results of this study suggest that

it is unlikely that long-term exposure to a particular

level of circulating ACE activity influences mechanical

efficiency or maximal oxygen uptake in sedentary

individuals.

Acknowledgments This study was supported by a grant from
The Sir Jules Thorn Charitable Trust. SSD was supported by
British Heart Foundation Grant FS/2001044, with work carried
out at the Centre for Cardiovascular Genetics, British Heart
Foundation Laboratories, Royal Free & University College
London Medical School, London, UK.

References

Bahi L, Koulmann N, Sanchez H, Momken I, Veksler V, Bigard
AX, Ventura-Clapier R (2004) Does ACE inhibition
enhance endurance performance and muscle energy metab-
olism in rats? J Appl Physiol 96:59–64

BASES (1997) The British Association of Sport and Exercise
Sciences Physiological Testing Guidelines. BASES, Leeds

16 Eur J Appl Physiol (2007) 99:11–18

123



Brouwer E (1957) On simple formulae for calculating the heat
expenditure and the quantities of carbohydrate and fat
oxidised in metabolism of men and animals, from gaseous
exchange (oxygen intake and carbonic acid output) and
urine-N. Acta Physiol Pharmacol Neerlandica 6:795–802

Bryner RW, Toffle RC, Ullrich IH, Yeater RA (1996) Effect of
low dose oral contraceptives on exercise performance. Br J
Sports Med 30:36–40

Cox R, Bouzekri N, Martin S, Southam L, Hugill A, Golamaully
M, Cooper R, Adeyemo A, Soubrier F, Ward R, Lathrop
GM, Matsuda F, Farrall M (2002) Angiotensin-1-converting
enzyme (ACE) plasma concentration is influenced by
multiple ACE-linked quantitative trait nucleotides. Hum
Mol Genet 11:2969–2977

Cushman DW, Cheung HS (1971) Concentrations of angioten-
sin-converting enzyme in tissues of the rat. Biochim Biophys
Acta 250:261–265

Danser AH, Schalekamp MA, Bax WA, van den Brink AM,
Saxena PR, Riegger GA, Schunkert H (1995) Angiotensin-
converting enzyme in the human heart. Effect of the
deletion/insertion polymorphism. Circulation 92:1387–1388

Depierre D, Roth M (1975) Fluorimetric determination of
dipeptidyl carboxypeptidase. (angiotensin- I-converting en-
zyme). Enzyme 19:65–70

Dzau VJ (1988) Tissue renin–angiotensin system: physiologic
and pharmacologic implications. Introduction. Circulation
77:I1–I3

Dzau VJ, Bernstein K, Celermajer D, Cohen J, Dahlof B,
Deanfield J, Diez J, Drexler H, Ferrari R, van Gilst W,
Hansson L, Hornig B, Husain A, Johnston C, Lazar H, Lonn
E, Luscher T, Mancini J, Mimran A, Pepine C, Rabelink T,
Remme W, Ruilope L, Ruzicka M, Schunkert H, Swedberg
K, Unger T, Vaughan D, Weber M (2001) The relevance of
tissue angiotensin-converting enzyme: manifestations in
mechanistic and endpoint data. Am J Cardiol 88:1L–20L

Fagard R, Lijnen P, Vanhees L, Amery A (1982) Hemodynamic
response to converting enzyme inhibition at rest and
exercise in humans. J Appl Physiol 53:576–581

Gaesser GA, Brooks GA (1975) Muscular efficiency during
steady-rate exercise: effects of speed and work rate. J Appl
Physiol 38:1132–1139

Gayagay G, Yu B, Hambly B, Boston T, Hahn A, Celermajer
DS, Trent RJ (1998) Elite endurance athletes and the ACE I
allele–the role of genes in athletic performance. Hum Genet
103:48–50

Geisterfer AA, Peach MJ, Owens GK (1988) Angiotensin II
induces hypertrophy, not hyperplasia, of cultured rat aortic
smooth muscle cells. Circ Res 62:749–756

Giudicelli JF, Richer C, Richard C, Thuillez C (1991) Angio-
tensin converting enzyme inhibition. Systemic and regional
hemodynamics in rats and humans. Am J Hypertens 4:258S–
262S

Gordon SE, Davis BS, Carlson CJ, Booth FW (2001) ANG II is
required for optimal overload-induced skeletal muscle
hypertrophy. Am J Physiol 280:E150–E159

Hagberg JM, Ferrell RE, McCole SD, Wilund KR, Moore GE
(1998) VO2 max is associated with ACE genotype in
postmenopausal women. J Appl Physiol 85:1842–1846

Ishigai Y, Mori T, Ikeda T, Fukuzawa A, Shibano T (1997) Role
of bradykinin-NO pathway in prevention of cardiac hyper-
trophy by ACE inhibitor in rat cardiomyocytes. Am J
Physiol 273:H2659–H2663

Janse de Jonge XA (2003) Effects of the menstrual cycle on
exercise performance. Sports Med 33:833–851

Jeunemaitre X, Lifton RP, Hunt SC, Williams RR, Lalouel JM
(1992) Absence of linkage between the angiotensin con-

verting enzyme locus and human essential hypertension. Nat
Genet 1:72–75

Lebrun CM, Petit MA, McKensie DC, Taunton JE, Prior JC
(2003) Decreased maximal aerobic capacity with use of a
triphasic oral contraceptive in highly active women: a
rendomised controlled trial. Br J Sports Med 37:315–320

McArdle WD, Katch FI, Katch VL (2001) Exercise physiology:
energy, nutrition and human performance. Lippincott,
Williams and Wilkins, Philidelphia

Mittleman KD (1996) Influence of angiotensin II blockade
during exercise in the heat. Eur J Appl Physiol Occup
Physiol 72:542–547

Montgomery HE, Clarkson P, Dollery CM, Prasad K, Losi MA,
Hemingway H, Statters D, Jubb M, Girvain M, Varnava A,
World M, Deanfield J, Talmud P, McEwan JR, McKenna
WJ, Humphries S (1997) Association of angiotensin-con-
verting enzyme gene I/D polymorphism with change in left
ventricular mass in response to physical training. Circulation
96:741–747

Montgomery HE, Marshall R, Hemingway H, Myerson S,
Clarkson P, Dollery C, Hayward M, Holliman DE, Jubb
M, World M, Thomas EL, Brynes AE, Saeed N, Barnard M,
Bell JD, Prasad K, Rayson M, Talmud PJ, Humphries SE
(1998) Human gene for physical performance. Nature
393:221–222

Montgomery H, Humphries S, Danilov S (2002) Is genotype or
phenotype the better tool for investigating the role of
ACE in human cardiovascular disease? Eur Heart J
23:1083–1086

Murphey LJ, Gainer JV, Vaughan DE, Brown NJ (2000)
Angiotensin-converting enzyme insertion/deletion polymor-
phism modulates the human in vivo metabolism of brady-
kinin. Circulation 102:829–832

Myerson S, Hemingway H, Budget R, Martin J, Humphries S,
Montgomery H (1999) Human angiotensin I-converting
enzyme gene and endurance performance. J Appl Physiol
87:1313–1316

Nevill AM, Atkinson G (1997) Assessing agreement between
measurements recorded on a ratio scale in sports medicine
and sports science. Br J Sports Med 31:314–318

Nevill AM, Ramsbottom R, Williams C (1992) Scaling physio-
logical measurements for individuals of different body size.
Eur J Appl Physiol Occup Physiol. 65(2):110–117

Rankinen T, Perusse L, Gagnon J, Chagnon YC, Leon AS,
Skinner JS, Wilmore JH, Rao DC, Bouchard C (2000a)
Angiotensin-converting enzyme ID polymorphism and fit-
ness phenotype in the HERITAGE Family Study. J Appl
Physiol 88:1029–1035

Rankinen T, Wolfarth B, Simoneau J-A, Maier-Lenz D, Raura-
maa R, Rivera MA, Boulay MR, Chagnon YC, Perusse L,
Keul J, Bouchard C (2000b) No association between the
angiotensin-converting enzyme ID polymorphism and elite
endurance athlete status. J Appl Physiol 88:1571–1575

Reneland R, Lithell H (1994) Angiotensin-converting enzyme in
human skeletal muscle. A simple in vitro assay of activity in
needle biopsy specimens. Scand J Clin Lab Invest 54:105–
111

Rigat B, Hubert C, Alhenc-Gelas F, Cambien F, Corvol P,
Soubrier F (1990) An insertion/deletion polymorphism in
the angiotensin I-converting enzyme gene accounting for
half the variance of serum enzyme levels. J Clin Invest
86:1343–1346

Shen W, Xu X, Ochoa M, Zhao G, Bernstein RD, Forfia P,
Hintze TH (2000) Endogenous nitric oxide in the control of
skeletal muscle oxygen extraction during exercise. Acta
Physiol Scand 168:675–686

Eur J Appl Physiol (2007) 99:11–18 17

123



Silvestre JS, Bergaya S, Tamarat R, Duriez M, Boulanger CM,
Levy BI (2001) Proangiogenic effect of angiotensin-con-
verting enzyme inhibition is mediated by the bradykinin
B(2) receptor pathway. Circ Res 89:678–683

Tiret L, Poirier O, Nicaud V, Barbaux S, Herrmann SM, Perret
C, Raoux S, Francomme C, Lebard G, Tregouet D,
Cambien F (2002) Heterogeneity of linkage disequilibrium
in human genes has implications for association studies of
common diseases. Hum Mol Genet 11 419–429

Unger T, Schull B, Rascher W, Lang RE, Ganten D (1982)
Selective activation of the converting enzyme inhibitor MK
421 and comparison of its active diacid form with captopril in
different tissues of the rat. Biochem Pharmacol 31:3063–3070

Williams AG, Rayson MP, Jubb M, World M, Woods DR,
Hayward M, Martin J, Humphries SE, Montgomery HE
(2000) The ACE gene and muscle performance. Nature
403:614

Williams AG, Dhamrait SS, Wootton PTE, Day SH, Hawe E,
Payne JR, Myerson SG, World M, Budgett R, Humphries
SE, Montgomery HE (2004) Bradykinin receptor gene

variant and human physical performance. J Appl Physiol
96:938–942

Williams AG, Day SH, Folland JP, Gohlke P, Dhamrait S,
Montgomery HE (2005) Circulating angiotensin converting
enzyme activity is correlated with muscle strength. Med Sci
Sports Exerc 37:944–948

Woods DR, World M, Rayson MP, Williams AG, Jubb M,
Jamshidi Y, Hayward M, Mary DASG, Humphries SE,
Montgomery HE (2002) Endurance enhancement related to
the human angiotensin I-converting enzyme I-D polymor-
phism is not due to differences in the cardiorespiratory
response to training. Eur J Appl Physiol 86:240–244

Zannad F, van den Broek SA, Bory M (1992) Comparison of
treatment with lisinopril versus enalapril for congestive
heart failure. Am J Cardiol 70:78C–83C

Zhang B, Tanaka H, Shono N, Miura S, Kiyonaga A, Shindo M,
Saku K (2003) The I allele of the angiotensin-converting
enzyme gene is associated with an increased percentage of
slow-twitch type I fibers in human skeletal muscle. Clin
Genet 63:139–144

18 Eur J Appl Physiol (2007) 99:11–18

123


	No correlation between circulating ACE activity and {{\user2 V}}{{\bf O}}_{{{{\bf 2}}_{{{{\bf max}}}} }}  �or mechanical efficiency in women
	Abstract
	Introduction
	Methods
	Subjects
	Gross and delta efficiency during cycle ergometry
	Maximal rate of oxygen uptake  (V{\text{O}}_{{{\text{2}}_{{{\text{max}}}} }} ) 
	Determination of plasma ACE activity
	Determination of ACE genotype
	Statistical analysis

	Results
	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


