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ABSTRACT

WILLIAMS, A. G., S. H. DAY, J. P. FOLLAND, P. GOHLKE, S. DHAMRAIT, and H. E. MONTGOMERY. Circulating Angiotensin
Converting Enzyme Activity Is Correlated with Muscle Strength. Med. Sci. Sports Exerc., Vol. 37, No. 6, pp. 944–948, 2005. Purpose:
The D-variant of the angiotensin-1 converting enzyme (ACE) gene is associated with higher circulating and tissue ACE activity. Some
studies have suggested a similar association of genotype with muscle strength or the gain in strength in response to training. This study
has assessed the relationship between circulating ACE activity, strength, and the response to training. Methods: Eighty-one untrained
men were tested for quadriceps muscle strength, and 44 of these performed an 8-wk program of dynamic strength training of the
quadriceps muscle group. Venous blood was obtained for assessment of circulating ACE activity before and after the training program.
ACE genotype was also determined. Results: At baseline, circulating ACE activity was significantly correlated with isometric (r �

0.25–0.29, P � 0.02) and isokinetic (r � 0.38, P � 0.0005) quadriceps muscle strength. ACE genotype also seemed to be related to
pretraining muscle strength. However, circulating ACE activity showed no significant association with the 9–14% mean increases of
muscle strength in response to the training intervention. ACE genotype also showed no association with the training-induced change
in muscle strength. Circulating ACE activity did not change significantly after the training program. Conclusions: The data support
a role for ACE in the regulation of human skeletal muscle strength, but do not confirm a role in altering the response to short-term
training. Key Words: FORCE, TRAINING, GENETICS

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
(6). Local RAS also exist in diverse tissues (7) including
human muscle (24). ACE may modulate tissue growth pro-
cesses: both angiotensin II and kinins have growth regula-
tory effects (11,14), whereas ANG II seems axial in medi-
ating the skeletal muscle growth to mechanical load (12).
However, no study has yet evaluated directly the role of
ACE in the regulation of skeletal muscle strength or growth
in humans.

A functional polymorphism of the ACE gene has been
identified 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 (1) and
serum (25) ACE activity. Hopkinson and colleagues (13)

recently reported an association of the ACE D-allele with
baseline (untrained) skeletal muscle strength among patients
with chronic lung disease. However, neither they nor Fol-
land et al. (10) could identify this association among healthy
untrained individuals, although Folland et al. did demon-
strate an association of the ACE D-allele with a greater gain
in quadriceps strength in response to a strength-training
program, an effect not confirmed by Thomis et al. (28) in a
study of elbow flexors.

A greater understanding of the role of ACE (and the ACE
gene) in the regulation of muscle strength would be useful
for scientists and practitioners working in various fields
such as aging, rehabilitation, space travel, and sports per-
formance. The ability to identify good and poor “respond-
ers” before a training program might help the design and
prescription of training programs, or even assist in selection
procedures. In addition, an improved understanding of the
mechanisms involved in the development of muscle strength
may eventually lead to the development of pharmaceuticals
for use in a clinical setting. One means to strengthen study
power with regards to muscle strength and ACE might be to
compare strength phenotype (and its training response) by
ACE activity (as a continuous variable) in addition to that by
ACE genotype (a categorical variable). Therefore, the aims
of this study were to examine the relationships between
circulating ACE activity (as indicated by direct measure-
ment and ACE genotype), muscle strength, and the strength
response to resistance training. It was hypothesized that
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greater circulating ACE activity would be related to greater
initial muscle strength and a greater response to strength
training.

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 asses-
sors and subjects blind to the subjects’ ACE genotype and
activity.

Subjects. Subjects comprised male Caucasian recre-
ationally active volunteers drawn from the student and staff
populations of Staffordshire University. Only subjects who
had not been involved in any structured strength-training
program of the quadriceps muscle group during the previous
6 months were eligible to participate. Exclusion criteria
were medical problems (such as knee pathology or other
orthopedic conditions) that would confound their participa-
tion in the study, or the use of any nutritional supplements
or anabolic compounds.

We aimed to have at least 80% power to detect a signif-
icant one-tailed correlation of magnitude r � 0.40 (which
would require 40 subjects) for both baseline and training
analyses. In the initial phase of the study, 52 subjects were
recruited. This gave us 80% power to detect a significant
correlation of r � 0.35 at the pretraining stage. Eight sub-
jects, whose baseline characteristics did not differ from
those who continued, subsequently withdrew from the study
before reaching the end of the training program. Thus, 44
subjects completed the training, giving us 80% power to
detect a significant correlation of r � 0.38. Initial data
analyses showed correlations of approximately r � 0.30
approaching statistical significance on the 52 subjects tested
at the pretraining stage. Therefore, we recruited a further 29
subjects from the same population (who in no way differed
significantly from the original 52) for baseline testing only,
giving us a power of 80% to detect a significant correlation
of r � 0.28.

Strength testing. One leg of each subject was ran-
domly chosen for strength training and testing. Subjects
were asked to refrain from exercise and alcohol intake for
24 h before testing. Baseline measurements were taken
twice within a 7-d period (at least 3 d apart), and posttrain-
ing measurements were taken once between 3 and 7 d after
the final training session. The reported baseline strength
data are the highest values observed on either of the two test
days. On all test days, isometric strength at knee angles of
1.57 and 1.05 rad, and isokinetic strength at an angular
velocity of 1.05 rad·s�1 were assessed using a Kin-Com
125AP dynamometer (Rehab World, Chattanooga, TN).
Each isometric measurement involved at least 3 practice
trials, and then at least three maximum voluntary contrac-
tions (MVC) with at least 30 s of rest between each. If
values were seen to increase during the test session, more
than 3 MVC were used until values reached a plateau. The
isokinetic measurement involved at least three practice tri-

als, and then one set of three consecutive repetitions. For
each maximal trial, subjects were given verbal encourage-
ment and instructed to produce as much force as possible for
at least 3 s (isometric) or throughout the duration of the
contraction (isokinetic).

In addition, on the first pretraining test day and posttrain-
ing, percutaneous electrical stimulation was used during
isometric testing of unilateral leg extension strength at 1.57
rad on a conventional strength-testing chair (21) to calculate
the level of voluntary muscle activation (26). Twitches were
50-�s square wave pulses delivered automatically at 1 Hz
via two carbon rubber electrodes placed over the proximal
and distal anterior surface of the thigh, and were generated
by a Digitimer DS7AH stimulator (Digitimer, UK). Use of
a linear reciprocal extrapolation of the twitch force–volun-
tary force relationship facilitated calculation of muscle ac-
tivation levels and true muscle strength (TMS) from the
MVC measurements (20). Both MVC and TMS data at 1.57
rad were used for analysis.

Strength training. During a familiarization session,
each subject’s 10-repetition maximum (10-RM) load for
unilateral knee extension on the training device (WLCE-
365, Body-Solid Inc., IL) was determined. Each training
session consisted of one warm-up set of 10 repetitions at
75% 10-RM load followed by four sets of 10 repetitions at
100% 10-RM load, with 1-min rest periods between sets.
Each repetition required 1 s to lift the weight, and 1 s to
lower the weight. The resistance was adjusted appropriately
on each set so that, as much as possible, 10 repetitions (i.e.,
10-RM) could be performed for all sets. The training was
performed 3 wk�1 for 8 wk, that is, a total of 24 training
sessions. All training sessions were supervised, with con-
tinual verbal encouragement given throughout. Daily per-
formance was recorded.

Determination of plasma ACE activity. Fasting
10-mL blood samples were obtained from a superficial
forearm vein before and after the training program. All
subjects abstained from alcohol and caffeine intake, and
from exercise, for at least 24 h before blood sampling.
Plasma was separated immediately from 10 mL of the whole
blood by centrifugation at 1500 g for 10 min, and stored at
below �20°C until analysis. ACE activity was assayed
using a modified fluorometric method using carbobenzoxy-
phenyl-alanyl-histidyl-leucine (Z-phe-his-leu) as a substrate
(3,29).

Determination of ACE genotype. An additional
5-mL EDTA sample of whole blood was drawn pretraining,
from which leukocyte DNA was extracted by salting out.
ACE genotype was determined using a three-primer poly-
merase chain reaction (PCR) amplification as previously
described (18), with products resolved on a 7.5% polyacryl-
amide gel by two independent staff blind to all subject data.

Statistical analysis. All data were analyzed using the
SPSS for Windows (Release 11.0) statistical software pack-
age (SPSS Inc., Chicago, IL). The effects of the strength-
training program on muscle strength and circulating ACE
activity were assessed using Student’s paired t-tests. One-
tailed partial correlations were used to investigate the rela-
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tionships between baseline ACE activity and baseline mus-
cle strength (controlling for baseline body mass, stature, and
body mass index (BMI)), and baseline ACE activity and the
adaptations to strength training (controlling for baseline
body mass, stature, BMI, and strength). The effects of ACE
genotype on baseline characteristics (with baseline body
mass, stature, and BMI as covariates) and on the adaptations
to strength training (with baseline body mass, stature, BMI,
and strength as covariates) were assessed for linear trend
using ANCOVA. The accepted level of significance was set
at P � 0.05 for all statistical tests. The partial eta squared
effect size statistic (which indicates the proportion of the
effect and error variance that is attributable to the effect)
was obtained during ANCOVA. Data are expressed as
mean � SD unless otherwise stated.

RESULTS

A total of 81 subjects were studied, whose mean � SD
baseline characteristics were: age, 22.2 � 3.9 yr; body mass,
77.2 � 12.5 kg; stature, 1.80 � 0.08 m; body mass index,
23.9 � 3.6 kg·m�2; activity level, 5.2 � 3.5 h of exercise
per week; ACE genotype II, 23 (28%); ID, 35 (43%); and
DD, 23 (28%), ACE activity 33.3 � 8.7 nM His-Leu-mL�1.
ACE genotype distribution was in Hardy–Weinberg equi-
librium (a fact also true of the subset that underwent the
training program). Subject characteristics were independent
of ACE genotype or activity.

For those completing the training program, baseline ACE
activity (31.0 � 8.0 nM His-Leu-mL�1) did not alter with
training (31.0 � 8.5 posttraining, P � 0.885 by paired
t-test). As a result, analyses were performed with regard to
pretraining ACE activity alone.

Pretraining strength measures correlated significantly
with circulating ACE activity. This applied to isometric
strength at 1.57 rad (687 � 156 N) and at 1.05 rad (809 �
155 N) (r � 0.253, P � 0.013; and r � 0.289, P � 0.005,
respectively; Fig. 1), isokinetic strength at 1.05 rad·s�1

(178 � 34 N�m) (r � 0.375, P � 0.0005; Fig. 2), and TMS
at 1.57 rad (r � 0.252, P � 0.014).

The characteristics of the 44 subjects who completed the
training program (mean � SD age, 22.6 � 3.8 yr; body
mass, 76.8 � 11.8 kg; stature, 1.80 � 0.07 m; body mass
index, 23.8 � 3.3 kg·m�2; activity level, 4.8 � 3.9 h of
exercise per week, ACE genotypes II, 16 (36%); ID, 17
(39%); and DD, 11 (25%)) did not differ from the group
overall. Among these, training produced significant in-
creases in isometric strength at both 1.57 and 1.05 rad and
isokinetic strength (Table 1). Similarly, quadriceps muscle
activation was 94.3 � 4.1% before training and rose signif-
icantly (to 96.0 � 2.8%, P � 0.008) after training. The
changes in strength were unrelated to circulating ACE ac-
tivity (Table 1).

The distribution of ACE genotypes for the 81 subjects
tested at baseline was II 23 (28%), ID 35 (43%), and DD 23
(28%), which is in Hardy–Weinberg equilibrium. As antic-
ipated, ACE activity was significantly associated with ACE
genotype, being 26.3 � 7.6, 33.5 � 6.4, and 39.9 � 7.5 nM

His-Leu-mL�1 for those of II, ID, and DD genotype, re-
spectively (P � 0.0005, partial eta squared � 0.354). Linear
trend analysis showed that ACE genotype had a significant
effect on baseline isometric strength at 1.05 rad (P � 0.026,
partial Eta squared � 0.067; Fig. 3). The linear trend effect
of ACE genotype on baseline isometric strength at 1.57 rad
approached statistical significance whether expressed as
MVC data (P � 0.081, partial eta squared � 0.042; Fig. 3)
or TMS data (P � 0.096). Similarly, the linear trend effect
of ACE genotype on isokinetic strength approached statis-
tical significance (P � 0.052, partial eta squared � 0.050;
Fig. 3). Training-related changes in muscle strength were
independent of ACE genotype (0.147 � P � 0.757), cor-
responding with the results for ACE activity.

DISCUSSION

Circulating ACE activity is positively correlated with both
static and dynamic muscle strength measures of the quadriceps
muscle in healthy Caucasian males naı̈ve to strength training.

FIGURE 1—Relationship between pretraining circulating ACE activ-
ity and isometric strength (MVC data) at 1.57 rad (N � 81, r � 0.253,
P � 0.013).

FIGURE 2—Relationship between pretraining circulating ACE activ-
ity and isokinetic strength at 1.05 rad·s�1 (N � 81, r � 0.375, P <
0.0005).
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This small to moderate correlation is significant, with ACE
activity associated with 6–14% of the observed variation in
baseline strength. These findings have value for two reasons.

First, these data help clarify the association of ACE geno-
type and activity with skeletal muscle performance character-
istics, an issue subject to some considerable debate. Neither
Folland et al. (10) nor Thomis et al. (28) could identify an
association of ACE genotype with pretraining strength of quad-
riceps and elbow flexors, respectively. However, neither study
was powered to detect such an association. Conversely, Hop-
kinson et al. (13) showed quadriceps strength to be associated
with the D-allele, but only among patients with chronic ob-
structive lung disease. Our data suggest that ACE activity is
associated with quadriceps strength, and extend the observation
by Hopkinson et al. to the young and healthy.

Second, in keeping with the established literature, ACE
genotype was associated with circulating ACE activity.
Given that ACE activity is associated with strength, we
might expect genotype to be similarly associated. This was
indeed observed, with the partial Eta squared statistic indi-
cating that 4–7% of the variation in strength could be
attributed to ACE genotype. However, the tighter statistical
association of ACE activity (rather than genotype) with
strength reflects the added power of seeking association
with a continuous variable (ACE activity) rather than a
categorical surrogate of ACE activity (ACE genotype) and
support the use of ACE activity measures over genotype in
the conduct of such studies (17). This view is emphasized by

the stability in circulating ACE activity over the training
period, a finding that fits well with similar stability over
time identified by other investigators (2,5).

The association of circulating ACE activity with strength
may be mediated through circulating ACE activity itself. How-
ever, ACE genotype influences both circulating and tissue
ACE activity (1,25), and ACE is expressed in human skeletal
muscle (24). Thus, the strength differences might be mediated
through the effects of skeletal muscle ACE expression.

Such effects may be mediated through ACE-dependent
synthesis of Ang II and subsequent differences in muscle
size. Ang II is a potent growth factor in cardiac muscle (4)
and, in skeletal muscle, seems necessary for the transduction
of mechanical forces to yield growth (12). Such effects are
probably mediated through the Ang II Type 1 (AT1) recep-
tor (4,12). Second, such effects may be mediated through
alterations in skeletal muscle fiber type: Zhang and col-
leagues (31) have recently demonstrated an association of
the ACE D allele with a greater proportion of Type II fibers
in human vastus lateralis. Such fibers may produce greater
force per unit of cross-sectional area (27). Third, it currently
remains possible (although unlikely in our opinion) that any
effect of ACE via Ang II on muscle strength may occur via
neural mechanisms (30).

ACE may also influence muscle strength through the
degradation of kinins. Indeed, skeletal muscle contains a
complete kallikrein–kinin system (16), can liberate kinins
locally (15), and expresses functional bradykinin B2 recep-
tors (9,23). Kinins inhibit growth processes (8,14), and thus
elevated circulating ACE for a prolonged period may influ-
ence muscle strength via this alternative pathway.

We were unable to identify an association of the training
response with ACE activity (�0.14 � r � 0.02, all P �
0.198), or indeed genotype, thus agreeing with previous
nonsignificant results from studies that have used dynamic
training (10,28). With our 44 subjects who completed the
training, we were powered statistically at the 80% level to
detect a significant moderate correlation coefficient of 0.38
between circulating ACE activity and the responses of
strength to training. However, our interim power calculation
(of the original 44 individuals) showed that more than 300
subjects would be required to establish statistical signifi-
cance for correlations of the magnitudes we observed.
Therefore, it is possible that a very weak correlation exists
between circulating ACE activity and the response of mus-
cle strength to training, although a study of substantially
larger scale would be required to identify this given our
initial data. Moreover, the added power of seeking associ-
ation with a continuous variable (ACE activity) rather than

FIGURE 3—Effect of ACE genotype on pretraining isometric strength
at 1.05 rad (linear trend P � 0.026), isometric strength at 1.57 rad
(MVC data; linear trend P � 0.081) and isokinetic strength at 1.05
rad·s�1 (linear trend P � 0.052). N � 81 (NII � 23, NID � 35, NDD �
23). Data are mean � SE.

TABLE 1. Pre- and posttraining values of isometric strength and isokinetic strength for the 44 subjects who completed the training.

Pre Post Change % Change P pre-post

Pearson Correlation
between Strength

Change and ACE Activity

MVC at 1.57 rad (N) 701 � 161 787 � 184 86 � 130 13.8 � 18.8 � 0.0005 r � �0.0495 P � 0.381
TMS at 1.57 rad (N) 746 � 180 822 � 196 75 � 138 11.9 � 19.3 0.001 r � �0.0280 P � 0.432
MVC at 1.05 rad (N) 798 � 152 861 � 170 63 � 120 8.8 � 16.1 0.001 r � �0.1379 P � 0.198
Isokinetic strength at 1.05 rad·s�1 (N·m) 174 � 36 195 � 41 21 � 23 13.1 � 14.5 � 0.0005 r � 0.0167 P � 0.459

P values pre-post are from Student’s paired t-test; data are mean SD.
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a categorical surrogate of ACE activity (ACE genotype)
suggests that a sample size of much greater than 300 would
be required to identify a very weak effect of ACE genotype
on the training response. Either isometric training (10) or a
longer duration of dynamic training (19), including peri-
odization, may assist by producing a greater degree of
hypertrophy that would facilitate a prospective examination
of the effect of ACE on training-induced changes in skeletal
muscle strength and size. Given the substantial evidence
base demonstrating the role of ANG II as a growth factor in
muscle tissue (4,11,12,22) and our own positive findings
regarding ACE activity and baseline strength, further such
research is indeed warranted.

In conclusion, circulating ACE activity has been associ-
ated directly with human muscle strength for the first time.
This new finding supports the idea that ANG II is likely to
act as a growth factor in human skeletal muscle. Although
circulating ACE activity was assessed in this study, local
ACE activity (and ANG II production) in skeletal muscle
may be even more important in influencing muscle proper-
ties and should be investigated.
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