
u n i ve r s i t y  o f  co pe n h ag e n  

Effect of angiotensin-converting enzyme inhibition on cardiovascular adaptation to
exercise training

Sjúrðarson, Tórur; Bejder, Jacob; Breenfeldt Andersen, Andreas; Bonne, Thomas; Kyhl,
Kasper; Róin, Tóra; Patursson, Poula; Oddmarsdóttir Gregersen, Noomi; Skoradal, May-Britt;
Schliemann, Michael; Lindegaard, Malte; Weihe, Pál; Mohr, Magni; Nordsborg, Nikolai
Baastrup
Published in:
Physiological Reports

DOI:
10.14814/phy2.15382

Publication date:
2022

Document version
Publisher's PDF, also known as Version of record

Document license:
CC BY

Citation for published version (APA):
Sjúrðarson, T., Bejder, J., Breenfeldt Andersen, A., Bonne, T., Kyhl, K., Róin, T., Patursson, P., Oddmarsdóttir
Gregersen, N., Skoradal, M-B., Schliemann, M., Lindegaard, M., Weihe, P., Mohr, M., & Nordsborg, N. B.
(2022). Effect of angiotensin-converting enzyme inhibition on cardiovascular adaptation to exercise training.
Physiological Reports, 10(13), [e15382]. https://doi.org/10.14814/phy2.15382

Download date: 23. maj. 2023

https://doi.org/10.14814/phy2.15382
https://curis.ku.dk/portal/da/persons/torur-sjurdarson(8034a4b4-b845-4bbd-b2c6-f490767974b8).html
https://curis.ku.dk/portal/da/persons/jacob-bejder(d52831d8-80b9-4667-9d3c-245cc194eeea).html
https://curis.ku.dk/portal/da/persons/poula-patursson(12404dbb-ed88-463a-a24d-2c3cce2ffae8).html
https://curis.ku.dk/portal/da/persons/nikolai-baastrup-nordsborg(375f99fd-c332-42de-a495-27cf33762d27).html
https://curis.ku.dk/portal/da/publications/effect-of-angiotensinconverting-enzyme-inhibition-on-cardiovascular-adaptation-to-exercise-training(343f60dd-e3e0-418b-98e8-ddeba057798f).html
https://doi.org/10.14814/phy2.15382


Physiological Reports. 2022;10:e15382.     | 1 of 13
https://doi.org/10.14814/phy2.15382

wileyonlinelibrary.com/journal/phy2

Received: 3 May 2022 | Revised: 11 June 2022 | Accepted: 20 June 2022

DOI: 10.14814/phy2.15382  

O R I G I N A L  A R T I C L E

Effect of angiotensin- converting enzyme inhibition on 
cardiovascular adaptation to exercise training

Tórur Sjúrðarson1,2  |   Jacob Bejder2  |   Andreas Breenfeldt Andersen2 |   
Thomas Bonne2 |   Kasper Kyhl3 |   Tóra Róin1 |   Poula Patursson4 |   
Noomi Oddmarsdóttir Gregersen5 |   May- Britt Skoradal1 |   Michael Schliemann2 |   
Malte Lindegaard2 |   Pál Weihe1,6 |   Magni Mohr1,7 |   Nikolai B. Nordsborg2

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided 
the original work is properly cited.
© 2022 The Authors. Physiological Reports published by Wiley Periodicals LLC on behalf of The Physiological Society and the American Physiological Society.

1Center of Health Science, Faculty of 
Health Science, University of the Faroe 
Islands, Tórshavn, Faroe Islands
2Department of Nutrition, Exercise, 
and Sports (NEXS), University of 
Copenhagen, Copenhagen, Denmark
3Department of Cardiology at 
Copenhagen University Hospital 
Rigshospitalet, Copenhagen, Denmark
4Department of Surgery, The Faroese 
Hospital System, Tórshavn, Faroe 
Islands
5FarGen, The Genetic Biobank of the 
Faroe Islands, Tórshavn, Faroe Islands
6Department of Occupational Medicine 
and Public Health, The Faroese 
Hospital System, Tórshavn, Faroe 
Islands
7Department of Sports Science and 
Clinical Biomechanics, SDU Sport 
and Health Sciences Cluster (SHSC), 
Faculty of Health Sciences, University 
of Southern Denmark, Odense, 
Denmark

Correspondence
Nikolai B. Nordsborg, Department 
of Nutrition, Exercise, and Sports, 
University of Copenhagen, Nørre Alle 
51, DK- 2200 Copenhagen, Denmark.
Email: nbn@nexs.ku.dk

Funding information
Novo Nordisk Fonden, Grant/Award 
Number: NNF17OC0029134; Research 
Council Faroe Islands, Grant/Award 
Number: 0352

Abstract
Angiotensin- converting enzyme (ACE) activity may be one determinant of adapt-
ability to exercise training, but well- controlled studies in humans without con-
founding conditions are lacking. Thus, the purpose of the present study was to 
investigate whether ACE inhibition affects cardiovascular adaptations to exercise 
training in healthy humans. Healthy participants of both genders (40 ± 7 years) 
completed a randomized, double- blind, placebo- controlled trial. Eight weeks of 
exercise training combined with placebo (PLA, n = 25) or ACE inhibitor (ACEi, 
n = 23) treatment was carried out. Before and after the intervention, cardiovas-
cular characteristics were investigated. Mean arterial blood pressure was re-
duced (p < 0.001) by −5.5 [−8.4; −2.6] mmHg in ACEi, whereas the 0.7 [−2.0; 
3.5] mmHg fluctuation in PLA was non- significant. Maximal oxygen uptake 
increased (p < 0.001) irrespective of ACE inhibitor treatment by 13 [8; 17] % in 
ACEi and 13 [9; 17] % in PLA. In addition, skeletal muscle endurance increased 
(p < 0.001) to a similar extent in both groups, with magnitudes of 82 [55; 113] % in 
ACEi and 74 [48; 105] % in PLA. In contrast, left atrial volume decreased (p < 0.05) 
by −9 [−16; −2] % in ACEi, but increased (p < 0.01) by 14 [5; 23] % in PLA. Total 
hemoglobin mass was reduced (p < 0.01) by −3 [−6; −1] % in ACEi, while a non- 
significant numeric increase of 2 [−0.4; 4] % existed in PLA. The lean mass re-
mained constant in ACEi but increased (p < 0.001) by 3 [2; 4] % in PLA. In healthy 
middle- aged adults, 8 weeks of high- intensity exercise training increases maximal 
oxygen uptake and skeletal muscle endurance irrespective of ACE inhibitor treat-
ment. However, ACE inhibitor treatment counteracts exercise training- induced 
increases in lean mass and left atrial volume. ACE inhibitor treatment compro-
mises total hemoglobin mass.
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1  |  INTRODUCTION

Angiotensin- converting enzyme (ACE) is abundantly ex-
pressed in pulmonary endothelial cells and catalyzes the 
conversion of angiotensin I to angiotensin II, which causes 
general vasoconstriction through the angiotensin type- 1 
receptor. ACE also breaks down the key vasodilatory pep-
tide bradykinin (Yang et al., 1970). Marked individual dif-
ferences in plasma ACE activity are partly explained by 
the ACE insertion (I)/deletion (D) polymorphism (Rigat 
et al., 1990). In the late 1990s, the ACE I/D polymorphism 
became the first genetic element shown to substantially 
impact human exercise training adaptation (Montgomery 
et al., 1998). In brief, ACE I/I homozygotes experienced 
an 11- fold greater exercise training- induced improvement 
in repetitive elbow flexion duration than ACE D/D homo-
zygotes. Since then, the ACE I/I polymorphism has been 
associated with more marked training- induced increases 
in endurance performance, while the ACE D/D poly-
morphism may increase the potential for strength and 
power performance (Bray et al., 2009; Li et al., 2017; Ma 
et al., 2013; Puthucheary et al., 2011; Williams et al., 2017). 
The underlying cause for ACE genotype to interact with 
the response to training can be hypothesized to be related 
to the genotype- associated difference in ACE activity, but 
this remains to be determined.

To determine if plasma ACE activity is a determi-
nant for exercise capacity and adaptability, ACE inhib-
itors appear as a useful tool. ACE inhibitors are widely 
prescribed to prevent and treat cardiovascular diseases 
(Mahmoudpour et al.,  2018), for which the global prev-
alence has nearly doubled from 1990 to 532 million cases 
in 2019 (Roth et al.,  2020). Exercise training is another 
widely applied treatment for cardiovascular diseases be-
cause blood pressure is lowered (Borjesson et al.,  2016) 
and all- cause mortality and cardiovascular disease events 
are reduced (Kodama et al., 2009). ACE inhibitors reduce 
circulating angiotensin II and increase plasma bradyki-
nin concentration (Su et al.,  1999). Angiotensin type- 1 
receptor and bradykinin receptor B2 are widely expressed 
(Deminice et al., 2020; Figueroa et al., 1996; Matsumoto 
et al., 2000; Minshall et al., 1995), and their activation par-
tially mediates adaptations to exercise training (Barauna 
et al., 2008; Massidda et al., 2014). Therefore, ACE inhibi-
tor treatment may affect the general adaptation to exercise 
training. In support, ACE inhibitor treatment alone has 
been demonstrated to improve 6- min walking distance in 
elderly people with functional impairment (Sumukadas 
et al., 2007) and heart failure (Hutcheon et al., 2002). In 
addition, (Buford et al., 2012) reported more pronounced 
training- induced improvements in walking speed and mo-
bility in older individuals with mild to moderate functional 
impairment receiving ACE inhibitors compared to others. 

However, more recent studies have failed to observe any 
synergistic effects between ACE inhibitor treatment and 
exercise training outcomes in functionally impaired el-
derly (Sumukadas et al.,  2014) and hypertensive elderly 
(Baptista et al., 2018). Moreover, chronic treatment with 
ACE inhibitors may even reduce aerobic endurance in hy-
pertensive older adults (Baptista et al., 2018), while oth-
ers did not find any association between ACE inhibitor 
treatment and markers of physical performance (Cesari 
et al., 2010; Spira et al., 2016). In rodents, improvements 
in performance with ACE inhibitors in combination with 
exercise but not with ACE inhibitors alone have been re-
ported (Habouzit et al., 2009), but conflicting results exist 
(Minami et al., 2007).

It is clear that existing studies yield conflicting results 
concerning the importance of ACE activity on functional 
capacity and adaptation to exercise training. Thus, a ran-
domized controlled study of normotensive untrained par-
ticipants, including physiological evaluations, is required. 
The aim of the present study is to investigate the effect of 
ACE inhibitor treatment on human adaptation to system-
atic supervised exercise training in a healthy population 
without confounding diseases and treatments.

2  |  METHODS

2.1 | Participants

Fifty- two healthy Faroese participants (26 females, 26 
males) provided written informed consent after receiving 
written and oral information. Participants were included 
in the study if they were aged 20– 50 years and healthy, 
with no signs of cardiovascular disease. Recruitment oc-
curred through the FarGen- Infrastructure in the Faroese 
health care system from May 2019 to July 2019, and the 
intervention ran from September 2019 to December 
2019. Forty- eight participants completed the intervention 
(24 females and 24 males; Table 1); see Figure 1 for the 
study consort diagram. The Faroese and Danish Ethics 
Committees (H- 18016341) approved the study protocol, 
which was in accordance with the Declaration of Helsinki. 
The study was registered at Clini calTr ials.gov (Identifier: 
NCT03949075), and the study record was first available on 
Clini calTr ials.gov on 14/05/2019.

2.2 | Sample size

Cardiovascular fitness, defined as maximal oxygen uptake 
(VO2max), correlates closely with the relative risk for cardi-
ovascular disease (Kodama et al., 2009) and is highly mal-
leable with exercise training. Likewise, muscle phenotype 

http://clinicaltrials.gov
http://clinicaltrials.gov
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is markedly improved in a health- beneficial direction by 
exercise training (McGee & Hargreaves, 2020). Therefore, 
VO2max and muscle endurance were selected as primary 
outcomes in the present study. The sample size was cal-
culated to detect changes comparable to previous exercise 
studies (Børve et al., 2017; Leon et al., 2000). A between- 
group difference of >20% in the adaptation of the primary 
outcomes was considered clinically relevant. At a power 
of 0.8 and a p = 0.05 level of significance, 23 participants 
per group were required.

2.3 | ACE genotype

ACE genotype was determined to ensure a balanced geno-
type frequency in the experimental groups. Primer design, 
amplification, and detection of the ACE I/D polymorphism 
have been described previously (Lin et al., 2001). Briefly, 
for real- time amplification and detection of the ACE 
polymorphism, SYBR Green I PCR Master Mix reagents 

(Applied Biosystems) were used on the StepOnePlus™ 
Real- Time PCR System (Applied Biosystems) in combina-
tion with a melting curve analysis.

2.4 | Experimental design

A randomized, double- blind, placebo- controlled design 
was applied. Participants were stratified by gender and 
ACE genotype to ingest either placebo (PLA: CaCO3) or 
an ACE inhibitor (ACEi: Enalapril, Krka, Novo mesto, 
Slovenia) for 8 weeks while following a supervised exercise 
training program. ACE inhibitor and placebo administra-
tion were initiated on the first day of exercise. The strati-
fied randomization was generated by a random number 
generator in SPSS (IBM SPSS Statistics, version 27.0.0), 
which included the variables subject ID, gender, ACE I/D 
genotype, and group (ACEi and PLA). Randomization 
was based on a fixed block size to ensure pre- specified 
group size. A physician not participating in experimental 
trials or data analysis performed the randomization. The 
study was double- blinded with regard to ACE genotype 
and study medication, and the blinding was kept until 
the completion of the final clinical investigation. A deep- 
phenotypical characterization was conducted <3 weeks 
before and <5 days post- intervention at the Research Park 
iNOVA and the National hospital of the Faroe Islands.

Enalapril dosage was increased gradually from 
5 mg/d on day 2 to 10 mg/d, 15 mg/d, and 20 mg/d on 
days 5, 8, and 11, respectively. A maximum of 10  mg 
ACE inhibitor was taken in the morning and evening to 
minimize the risk of side effects (Izzo & Weir, 2011). For 
safety, all participants monitored and reported resting 
blood pressure twice daily using a home- based device 
(IM101 Intermedico, Hellerup, Denmark) during Weeks 

T A B L E  1  Participant characteristics

Variable Gender ACEi Placebo

Age (Years) Male 39 ± 7 39 ± 8

Female 43 ± 6 41 ± 7

Height (m) Male 1.79 ± 0.04 1.78 ± 0.04

Female 1.64 ± 0.06 1.65 ± 0.04

Weight (kg) Male 87 ± 13 86 ± 12

Female 74 ± 10 76 ± 13

BMI (kg/m2) Male 27 ± 4 27 ± 4

Female 28 ± 3 28 ± 5

Note: Values are presented as means ± SD.
Abbreviation: ACEi, angiotensin- converting enzyme inhibitor.

F I G U R E  1  Consort diagram. 
Stratified randomization by gender and 
angiotensin- converting enzyme genotype 
(D/D, I/D, and I/I) was applied to allocate 
the study participants to angiotensin- 
converting enzyme inhibitor (ACEi) or 
placebo treatment.
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1 and 2. Treatment dosage was reduced by 50%– 75% if 
intolerable side effects occurred. Intolerable side effects 
were reported by five females and three males in ACEi 
and four females in PLA. Side effects included dizziness, 
fatigue, malaise, and blurry vision.

2.5 | Exercise training

Participants completed supervised ergometer rowing 
(Concept 2 model D w. PM5, VT, USA) sessions lasting 
~1 h, three times weekly for 8 weeks. Rowing was chosen 
to engage both upper and lower body musculature while 
inducing a marked cardio- respiratory and metabolic 
strain. Power output was registered (Table 2).

Efficient high- intensity interval training was ap-
plied to improve cardiovascular capacity (MacInnis & 
Gibala, 2017). Training consisted predominantly (~70%) of 
short- duration (≤4 min) exhaustive high- intensity bouts, 
utilizing a 1:1 work- to- rest ratio. Training adherence was 
99.9% (range 96%– 100%).

2.6 | Deep phenotype characterization

Before and after the eight- week intervention, each par-
ticipant underwent an extensive evaluation of training- 
sensitive physiological parameters. Participants reported 
to the laboratory in a post- absorptive state (<3 h) and re-
frained from vigorous exercise 24 h before all assessments. 
Alcohol, tobacco, and caffeine were avoided on the evalu-
ation days.

2.6.1 | Exercise capacity

Exercise capacity can be determined in several ways. 
VO2max determined by stepwise increased workload 
on a cycle ergometer is often used (Snell et al.,  2007). 

Additionally, the capacity to complete physical work with 
a large active muscle mass (e.g., rowing) in a given time 
frame (e.g., 6  min) is the result of both VO2max and the 
ability to sustain a high percentage of VO2max, which is de-
termined by muscular endurance (Joyner & Coyle, 2008). 
Finally, muscle group- specific endurance, independent of 
cardiorespiratory fitness, can be evaluated by engaging a 
limited muscle mass in an endurance exercise protocol, 
where the results are highly dependent on local muscular 
oxidative capacity and muscle mass (Saltin et al.,  1976). 
All three aspects of exercise capacity were evaluated in the 
present study. Furthermore, maximal voluntary contrac-
tion force was assessed using a handgrip dynamometer.

Firstly, maximal voluntary handgrip contraction force 
was determined in a fixed seated position. After 6 min light 
squeezing of a JAMAR hand dynamometer (Performance 
Health), three maximal 3 s contractions were completed, 
separated by 30 s of rest. The maximal value was recorded.

Following 5 min rest, skeletal muscle endurance was 
assessed. Participants pulled a handle from a stretched 
arm position to a 90- degree elbow flexion (Sygnum Plate- 
Loaded Seated Rowing Machine, Gym80, Germany) in a 
consistent 60 bpm rhythm until exhaustion, and the time 
was recorded. Resistance was set at ~40% of maximal vol-
untary elbow flexion.

After 15 min of rest, VO2max and cycling (Excalibur 
Sport, Lode, Groningen, Netherlands) peak workload 
(Wmax) were determined. Warm- up for 4 min at 40 or 50 W 
and 6 min at 80 or 100 W for females and males, respec-
tively, was followed by a workload increase of 20 (females) 
or 25 (males) W/min until exhaustion. Wmax was noted. 
Oxygen uptake (Cosmed, Quark b2, Milan, Italy) and 
heart rate (HRM- Dual, Garmin, Olathe, KS, USA) were 
measured continuously. VO2max was defined as the highest 
30 s average recorded.

On a separate day, a 6 min all- out rowing- ergometer ef-
fort was completed, and mean power output was recorded.

The exercise capacity assessments were organized in 
the order mentioned above to minimize the impact on 

Training Treatment Active time
Average 
power output

Average relative 
power output

Warm- up ACEi 6 min/session 128 ± 36 W 85% ± 17%

PLA 129 ± 32 W 86% ± 18%

Intervals ACEi 16 min/session 169 ± 49 W 111% ± 11%

PLA 175 ± 46 W 114% ± 14%

Cool down1 ACEi 5 min/session 113 ± 33 W 75% ± 19%

PLA 113 ± 28 W 75% ± 17%

Note: Values are presented as means ± SD. 1Cool down was included in 12 sessions. The average relative 
power output is the average power output normalized to the average power participants could sustain 
during a 6 min all- out rowing- ergometer effort performed prior to the first training session.
Abbreviation: ACEi, angiotensin- converting enzyme inhibitor.

T A B L E  2  Training volume and 
intensity
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each other. The recovery time for maximal force genera-
tion following ≤3 maximal isometric contractions is less 
than 5 min (Watanabe et al., 2005). As for the upper- body 
skeletal muscle endurance assessment, the involved mus-
cle groups were arguably not fully recovered for the sub-
sequent assessment of whole- body VO2max. However, the 
direct impact of upper- body musculature fatigue on the 
assessment of VO2max was expected to be negligible, be-
cause VO2max was evaluated during cycling. In addition, 
the 15 min recovery between the assessments should be 
sufficient to revert the majority of metabolic disturbances 
(i.e. blood lactate, pH, and HCO3−). Following the eval-
uation of VO2max, severe fatigue must be expected, and 
therefore the 6 min all- out rowing test was completed on 
a separate day.

2.6.2 | Blood pressure

Blood pressure was measured two times 1 min apart and 
in accordance with the American Heart Association's 
guidelines (Pickering et al.,  2008). Briefly, after ≥5  min 
of rest, blood pressure was measured in a seated position 
with the back supported and the feet flat on the floor. The 
arm was supported on a flat surface, with the upper arm 
at heart level and the bottom of the cuff directly above the 
elbow bend.

2.6.3 | Hemoglobin mass and blood volume

Hemoglobin mass is one of several determinants of car-
diovascular capacity (Montero & Lundby,  2019). Total 
hemoglobin mass was determined by carbon monox-
ide rebreathing as previously described (Schmidt & 
Prommer,  2005). Based on the total hemoglobin mass, 
calculations of blood volume (total hemoglobin mass [g]/
hemoglobin concentration [g/L]), red cell volume (blood 
volume × hematocrit), and plasma volume (blood volume –  
red cell volume) were performed.

2.6.4 | Cardiovascular magnetic 
resonance imaging

Cardiac dimensions and function closely reflect exercise 
capacity and are highly responsive to exercise training 
(Arbab- Zadeh et al., 2014; Fujimoto et al., 2010). Cardiac 
images were obtained on a 1.5- Tesla MRI scanner 
equipped with a 16- channel cardiac coil and sequences 
gated to the ECG (Aera, Siemens Medical Solutions). 
Multiple short- axis cine covering the entire cardiac fossa 
were obtained (SSFP, thickness 8 mm, no gap, echo 

time 1.5  ms, repetition- time 3.0– 3.2  ms; flip- angle 60°; 
192 × 192 matrix; parallel imaging technique and 25 
phases). Cardiac volumes were determined by an expe-
rienced medical doctor using semi- automated software 
(CVi42, v5.2.1, Circle Cardiovascular Imaging Inc., 11) 
(Kyhl et al., 2013). End- diastolic and end- systolic volume 
were defined as the maximum and minimum ventricular 
volume, respectively. Stroke volume was the difference 
between end- diastolic and end- systolic volume. Ejection 
fraction was stroke volume divided by end- diastolic vol-
ume (%).

2.6.5 | Echocardiography

Echocardiography was performed using Vivid E9 ul-
trasound systems (GE Healthcare) with a S5, 2.5- MHz 
transducer by an experienced medical doctor. All 
echocardiograms were analyzed using dedicated software 
(EchoPac, GE Medical). A 2D and color TDI echocardi-
ography was applied. In the parasternal long- axis view, 
2- dimensional images were used to quantify the myocar-
dial thickness and the dimensions of the left ventricle. 
Evaluation of left ventricular ejection fraction was calcu-
lated using the modified Simpson's rule. The mitral inflow 
velocity was measured using pulsed- wave Doppler in the 
apical 4- chamber position at the tips of the mitral valve 
leaflets and peak velocity of early (E) and atrial (A) dias-
tolic filling and deceleration time of the E- wave (DT) were 
measured. In the apical 4- chamber position, color TDI 
tracings with the range gate at the septal and lateral mitral 
annular were acquired to determine the peak longitudinal 
early diastolic (eʹ) velocity as the average between lateral 
and septal velocities. The left atrial size was determined 
from apical 4-  and 2- chamber images. M- mode of the tri-
cuspid annular systolic motion was performed to access 
right ventricular function.

2.6.6 | Body composition

Total body fat and lean tissue was assessed using dual- 
energy x- ray absorptiometry (DXA) (Norland XR- 800, 
Norland Corporation).

2.7 | Statistics

Data are presented as means and 95% confidence inter-
vals unless otherwise stated. Continuous endpoints were 
compared between treatment groups by a mixed- model 
repeated- measures approach using the SPSS MIXED 
procedure (Cnaan et al.,  1997). The analysis included 
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treatment (ACEi vs. PLA), time (before vs. after interven-
tion), and a time×treatment interaction as fixed effects. 
The difference in response between treatment groups was 
assessed by the interaction effect. Repeated measures and 
random factor was defined from individual participants. A 
significant effect of time or interaction was further evalu-
ated by a Sidak- adjusted pairwise comparison.

The independence of the obtained data was assumed 
in the model. All data were subjected to visual inspection 
of normality of the residuals and homogeneity of residual 
variance. Data outside the mean ± 3 × standard deviations 
were excluded, resulting in the omission of one left atrial 
volume data point in PLA. The level of statistical signif-
icance was set to p  < 0.05. SPSS was used for statistical 
analyses (IBM SPSS Statistics, version 27.0.0).

3  |  RESULTS

PLA and ACEi had similar gender and ACE genotype dis-
tribution (Figure 1) and were comparable in age, height, 
weight, and body mass index (Table  1). Except for left 
atrial volume, all outcome measures were similar in the 
two groups at baseline.

3.1 | Exercise capacity

VO2max and upper- body muscle endurance increased 
(p < 0.001) similarly in both groups by 304 [201; 408] ml/
min and 82 [55; 113] %, respectively, in ACEi and by 310 
[210; 409] ml/min and 74 [48; 105] %, respectively, in 
PLA (Figure 2a,b). Both groups also demonstrated similar 

improvements (p < 0.001) in rowing performance, with 
magnitudes of 55 [44; 65] W in ACEi and 59 [49; 69] W in 
PLA (Figure 2c), and in cycling Wmax, with magnitudes of 
21 [16; 26] W (n = 23) in ACEi and 26 [21; 31] W (n = 25) 
in PLA. Maximal isometric hand- grip strength remained 
unchanged in both ACEi (0.0 [−1.7; 1.7] kg [n = 23]) and 
PLA (1.2 [−0.4; 2.8] kg [n = 25]).

3.2 | Blood pressure

Home- based mean arterial pressure (MAP) recordings 
were reduced in ACEi from day two and onwards, while 
no changes were observed in PLA (time × treatment: 
p < 0.001; Figure  3a). Likewise, laboratory determined 
MAP measurements were reduced (p < 0.001) by −5.5 
[−8.4; −2.6] mmHg from pre-  to post- intervention in ACEi, 
whereas no changes were apparent in PLA (time × treat-
ment: p < 0.01; Figure 3b).

3.3 | Cardiovascular characteristics

A time×treatment interaction (p < 0.05) existed for all ob-
tained hematological measurements (Figure  4). In PLA, 
exercise training increased (p < 0.05) total blood volume 
by 178 [41; 314] ml (Figure 4a), which was primarily re-
lated to the 136 [30; 241] ml plasma volume expansion 
(p < 0.05) (Figure 4b) as red cell volume and hemoglobin 
mass was unaffected (Figure 4c,d). In contrast, blood vol-
ume and plasma volume did not increase in ACEi, but a 
reduction (p < 0.05) in total hemoglobin mass of −23 [−40; 
−6] g and red cell volume of −69 [−121; −17] ml existed.

F I G U R E  2  Exercise capacity adaptations. Values are presented as means (with 95% confidence intervals) from a linear mixed- model 
with time, treatment, and time × treatment as explanatory variables. The figure shows maximal oxygen uptake (a), skeletal muscle 
endurance (b), and rowing performance (c) measured pre- and post- intervention in participants treated with an angiotensin- converting 
enzyme inhibitor (ACEi) or placebo. If a significant effect of time × treatment or time existed, the result of the post hoc analysis is indicated 
by *p < 0.05, **p < 0.001 compared with pre- intervention.
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In addition, the applied intervention affected dia-
stolic function (Table 3). Left atrial volume was increased 
(p < 0.01) by 5.5 [1.9; 9.0] ml in PLA and decreased (p < 0.05) 
by −4.2 [−7.6; −0.7] ml in ACEi (time × treatment: 

p < 0.01; Table  3). In addition, mitral valve deceleration 
time velocity remained unaltered in PLA but decreased 
(p < 0.05) by −28.1 [−50.1; −6.1] ms in ACEi (time × treat-
ment: p < 0.01; Table 3).

F I G U R E  3  Treatment efficiency. Values are presented as means (with 95% confidence intervals) from a linear mixed- model with time, 
treatment, and time × treatment as explanatory variables. The figure shows mean arterial blood pressure measured at home during the first 
2 weeks of the intervention (a) and mean arterial blood pressure measured in a clinical setting pre- and post- intervention (b) in participants 
treated with an angiotensin- converting enzyme inhibitor (ACEi) or placebo. If a significant effect of time × treatment or time existed, the 
result of the post hoc analysis is indicated by **p < 0.001 compared with pre- intervention, and †p < 0.05 compared with placebo.

F I G U R E  4  Hematological 
adaptations. Values are presented as 
means (with 95% confidence intervals) 
from a linear mixed- model with time, 
treatment, and time × treatment as 
explanatory variables. The figure shows 
total blood volume (a), plasma volume (b), 
hemoglobin mass (c), and red cell volume 
(d) measured pre- and post- intervention in 
participants treated with an angiotensin- 
converting enzyme inhibitor (ACEi) 
or placebo. If a significant effect of 
time × treatment or time existed, the result 
of the post hoc analysis is indicated by 
*p < 0.05 compared with pre- intervention.
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3.4 | Body composition

Exercise training increased (p < 0.01) lean body mass 
by 1.5 [1.0; 2.0] kg in PLA, whereas it was unaffected in 
ACEi (time × treatment: p < 0.01; Figure  5a). However, 
body fat mass was reduced similarly in both groups by 
−1.4 [−2.1; −0.6] kg (p < 0.001) in ACEi and − 0.9 [−1.6; 
−0.2] kg (p < 0.05) in PLA (Figure 5b). In addition, both 

groups reduced body fat percentage to a similar extent 
(Figure 5c).

4  |  DISCUSSION

The present randomized, double- blind, placebo- controlled 
trial determined whether exercise adaptations are affected 

T A B L E  3  Cardiac characteristics

ACEi Placebo

Outcome pre post n pre post n time × treatment

Cardiac remodeling assessed by cardiac magnetic resonance imaging

LVEDV (ml) 150 [138; 163] 146 [134; 159] 23 148 [136; 160] 150 [138; 163] 25 p = 0.05

LVSV (ml) 91.7 [83.8; 99.7] 91.3 [83.3; 99.2] 23 89.8 [82.2; 97.5] 92.5 [84.9; 100.2] 25 p = 0.25

LVEF (%) 61.2 [59.0; 63.5] 62.8 [60.5; 65.0] 23 60.9 [58.8; 63.1] 61.4 [59.3; 63.6] 25 p = 0.51

LV mass (g) 127 [116; 139] 126 [115; 138] 23 131 [120; 142] 133 [122; 144] 24 p = 0.24

Diastolic function assessed by echocardiography

LAV (ml) 46.9 [42.6; 51.1]† 42.7 [38.5; 46.9]* 21 40.1 [35.7; 44.4] 45.5 [41.2; 49.9]* 20 p < 0.01

MV E/A 1.30 [1.15; 1.46] 1.44 [1.29; 1.59] 21 1.35 [1.21; 1.50] 1.30 [1.15; 1.44] 23 p = 0.06

MVDT (ms) 198 [178; 217] 170 [150; 189]*† 21 191 [172; 209] 208 [190; 227] 23 p < 0.01

e′ (cm/s) 12.76 [11.86; 13.67] 12.69 [11.78; 13.60] 21 12.72 [11.85; 13.58] 12.37 [11.50; 13.24] 23 p = 0.57

MV E/e′ 6.5 [5.8; 7.3] 7.0 [6.3; 7.7] 21 6.5 [5.8; 7.1] 6.9 [6.2; 7.6] 23 p = 0.98

TRmax 
(mmHg)

22.1 [20.0; 24.1] 21.1 [19.1; 23.1] 14 19.5 [17.6; 21.5] 20.9 [18.9; 22.8] 15 p = 0.09

Note: Values are presented as means (with 95% confidence intervals) from a linear mixed- model with time, treatment, and time × treatment as explanatory 
variables. If a significant effect of time × treatment or time existed, the result of the post hoc analysis is indicated by *p < 0.05 compared with pre- intervention, 
and †p < 0.05 compared with placebo.Abbreviations: ACEi, angiotensin- converting enzyme inhibitor; eʹ, early diastolic mitral annulus velocity; LAV, left atrial 
volume; LV mass, left ventricular mass; LVEDV left ventricular end- diastolic volume; LVEF, left ventricular ejection fraction; LVSV, left ventricular stroke 
volume; MV E/A, mitral valve E/A ratio; MV E/e′, mitral valve E/é ratio; MVDT, mitral valve deceleration time; TRmax, tricuspid regurgitation peak velocity.

F I G U R E  5  Body composition adaptations. Values are presented as means (with 95% confidence intervals) from a linear mixed- model 
with time, treatment, and time × treatment as explanatory variables. The figure shows lean body mass (a), body fat mass (b), and body 
fat percentage (c) measured pre- and post- intervention in participants treated with an angiotensin- converting enzyme inhibitor (ACEi) or 
placebo. If a significant effect of time × treatment or time existed, the result of the post hoc analysis is indicated by *p < 0.05, **p < 0.001 
compared with pre- intervention.
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by concurrent ACE inhibitor treatment. Training- induced 
adaptations in exercise capacity occurred, to a large ex-
tent, independently of ACE inhibitor treatment. However, 
ACE inhibitor treatment impaired the exercise- induced 
increase in lean mass and left atrial volume and caused 
a reduction in hemoglobin mass. These novel findings 
are relevant in patients treated with ACE inhibitors 
and further add to understanding the role of the renin- 
angiotensin- aldosterone system in driving adaptation to 
exercise training.

4.1 | Cardiovascular adaptations

Exercise capacity, determined as cardio- respiratory fit-
ness or whole- body VO2max, is a robust predictor of all- 
cause mortality and cardiovascular disease (Kodama 
et al., 2009). In the present study, all measures of exercise 
capacity increased similarly in both groups. VO2max in-
creased by ~13%, corresponding to a ~ 1- MET higher level 
of maximal aerobic capacity, which is associated with 
a 13% lower risk of all- cause mortality and a 15% lower 
risk of cardiovascular disease events in healthy individu-
als (Kodama et al.,  2009). Prior evidence demonstrat-
ing a positive impact of ACE inhibitor treatment alone 
on markers of exercise capacity (Hutcheon et al.,  2002; 
Sumukadas et al.,  2007) has led to more recent inves-
tigations of the potential additive effects of ACE inhibi-
tion on exercise adaptability (Baptista et al., 2018; Buford 
et al., 2012; Habouzit et al., 2009; Sumukadas et al., 2014). 
In accordance with our findings, (Sumukadas et al., 2014) 
reported no synergistic effect of ACE inhibitor treatment 
on training- induced improvements in exercise capacity in 
functionally impaired elderly. Similar observations have 
recently been replicated in hypertensive elderly (Baptista 
et al.,  2018). In contrast, (Buford et al.,  2012) reported 
enhanced exercise responsiveness in walking speed and 
chair- rise ability in elderly ACE inhibitor users compared 
to users of other antihypertensive drugs or nonusers. 
These contradictory observations should be interpreted 
carefully as the inclusion of participants with comorbidi-
ties, and the concomitant use of various medical treat-
ments (Buford et al., 2012; Sumukadas et al., 2014), as well 
as the use of different types of ACE inhibitors (Baptista 
et al., 2018), might potentially mask the isolated effect of 
ACE inhibitor treatments on exercise adaptability. These 
confounding factors were controlled for in the present 
study by administrating mono- dose enalapril treatment 
to a healthy population without confounding diseases and 
medical treatments. Our results confirm that ACE inhibi-
tor treatment does not impact adaptations in exercise ca-
pacity after a period of high- intensity training. In addition, 
previous studies assessing the impact of ACE inhibitor 

treatment on exercise adaptations have not controlled 
for the ACE I/D genotype, which has been strongly asso-
ciated with plasma ACE activity (Rigat et al.,  1990) and 
purported to play a significant role in exercise capacity 
adaptations (Bray et al., 2009; Puthucheary et al., 2011). 
The present study determined the ACE I/D genotype to 
ensure a balanced ACE II/ID/DD genotype frequency in 
the treatment groups. To assess the possible isolated ef-
fect of ACE I/D genotype on exercise capacity adapta-
tions, a sub- analysis constituting ACE genotype, time, and 
a time  ×  genotype interaction as fixed effects was com-
pleted. However, no interaction was detected from the 
obtained markers of exercise capacity (data not shown). 
Similarly, no time × genotype × treatment interaction was 
evident, indicating no confounding effect of the ACE I/D 
genotype on the interaction between ACE inhibitor treat-
ment and exercise capacity adaptations (data not shown).

Improved aerobic capacity following ~6 weeks of en-
durance training arguably relates to an increased hemo-
globin mass and red cell volume in healthy untrained 
volunteers (Montero & Lundby,  2019). However, the re-
duced hemoglobin mass after ACE inhibitor treatment 
in the present study demonstrates that VO2max and ex-
ercise capacity can improve even with a concomitant 
red cell volume reduction. The reduction in hemoglobin 
mass with exercise training and ACEi treatment may ap-
pear surprising. However, low- dose (5 mg/day) Enalapril 
treatment reduces plasma erythropoietin ~20% in healthy 
volunteers (Pratt et al., 1992), and 6 months of Enalapril 
treatment reduces red blood cell mass in kidney trans-
plant erythrocytosis patients (Perazella et al.,  1995), po-
tentially as a result of an angiotensin- II mediated genetic 
regulation of erythropoietin synthesis in human kidney 
cells via angiotensin- II receptor type 1 (Kim et al., 2014; 
Montero & Lundby, 2019). Therefore, the current obser-
vation likely reflects a balance between Enalapril- induced 
inhibition and exercise training induction of erythropoie-
sis. Thus, the addition of exercise training to ACE inhibi-
tor treatment appears advisable to counteract a potential 
reduction in blood volume.

In relation to cardiac adaptations to exercise training, 
we observed a 14% increase in left atrial volume in PLA, 
whereas a 9% reduction was observed in ACEi. Left atrial 
volume expansion is an expected adaptation to exercise 
training (Mahjoub et al.,  2019), and enlarged chamber 
dimensions are considered a typical finding of the ath-
lete's heart (Maron & Pelliccia, 2006). In conjunction with 
the tendency for interaction (time × treatment: p = 0.05) 
for left ventricular end- diastolic volume to be increased 
~1% in PLA and decreased ~2.5% in ACEi, the current 
findings indicate that ACE inhibitor treatment compro-
mises expected exercise training- induced adaptation in 
cardiac dimensions. However, the effects are relatively 
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small, and the long- term effects are unknown. Notably, 
more pronounced cardiac adaptations must be expected 
with exercise protocols lasting more than 3 months 
(Arbab- Zadeh et al., 2014; Fujimoto et al., 2010). Indeed, 
3 months of intensive endurance exercise can induce con-
centric remodeling, including increased left ventricular 
mass and wall- thickness in young, healthy, previously 
sedentary participants (Arbab- Zadeh et al., 2014). If train-
ing is continued for 12 months, left ventricular dilation 
and restoration of mass to volume ratio occurs in young 
(Arbab- Zadeh et al., 2014) but not necessarily in older in-
dividuals (Fujimoto et al., 2010). Thus, the present find-
ings warrant further investigation in a prolonged exercise 
training and ACE inhibitor treatment trial in relevant pa-
tient groups.

4.2 | Body composition

Lean body mass increased by 1.5 kg in PLA but remained 
unchanged in ACEi. Augmented lean body mass is an 
important adaptation to exercise training, especially for 
sedentary and elderly individuals, as it likely reflects 
an increased muscle mass (Scafoglieri & Clarys, 2018). 
Since ACE inhibitors are widely prescribed for several 
lifestyle- and age- related cardiovascular indications such 
as hypertension, heart failure, and myocardial infarction 
(Mahmoudpour et al.,  2018), practitioners must con-
sider the potential negative interaction between treat-
ment with ACE inhibitors and exercise- induced muscle 
hypertrophy. Consistent with our findings, ACE inhibi-
tor treatment has been associated with reduced, relative 
BMI- adjusted muscle mass in older individuals (Spira 
et al., 2016). In addition, evidence from animal studies 
suggests that angiotensin II, which is reduced by ACE 
inhibitor treatment, is necessary for optimal overload- 
induced hypertrophy, most likely mediated through an 
angiotensin type- 1 receptor- mediated signaling path-
way (Gordon et al.,  2001; McBride,  2006; Westerkamp 
et al., 2005). Moreover, human studies have shown that 
individuals with an innate disposition towards higher 
levels of serum ACE and thus higher production of angio-
tensin II, demonstrate greater strength gains in response 
to exercise training (Folland et al.,  2000; Giaccaglia 
et al., 2008; Puthucheary et al., 2011). Periodization of 
ACE inhibitor treatment and strength training may be 
considered but warrants further investigation. However, 
it must be noted that the observed between- group dif-
ference in lean body mass adaptation did not manifest 
in a significant between- group difference in hand- grip 
strength in the present study. In accordance, Spira 
et al.  (2016) reported no negative association between 
the intake of ACE inhibitors and hand- grip strength 

despite the reduced BMI- adjusted muscle mass in ACE 
inhibitor users.

4.3 | Strengths and limitations

The present study has several strengths. Firstly, mean ar-
terial pressure reductions only occurred after ACE inhibi-
tor treatment, demonstrating that the pharmacological 
intervention was successful. Secondly, the 99.9% adher-
ence to the exercise training intervention is an apparent 
strength, and marked training- induced improvements 
in markers of cardiovascular health and exercise capac-
ity confirm the efficiency of the applied exercise regime. 
Limitations of the study also exist. The present findings 
are based on normotensive participants and require pa-
tient group- specific validation. However, the inclusion 
of healthy participants likely provides the most generally 
translational observations since patient groups often will 
be subjected to other pharmacological treatments and fre-
quently exhibit comorbidities.

Moreover, monitoring blood pressure daily at home 
during the initial 2 weeks of the intervention may have 
revealed group allocation to participants, as blood pres-
sure would have decreased in the ACEi participants. In 
an attempt to circumvent this issue, all participants were 
informed that reduced blood pressure is also an expected 
outcome of physical training.

5  |  CONCLUSIONS

In conclusion, 8 weeks of high- intensity physical activity 
increases whole- body maximal oxygen uptake and skel-
etal muscle endurance independent of ACE inhibitor 
treatment in normotensive adults. However, the admin-
istration of ACE inhibitor impairs the exercise- induced 
increase in lean mass and left atrial volume and compro-
mises total hemoglobin mass. Consequently, ACE inhibi-
tor treatment can be advised simultaneously with exercise 
training to improve cardiovascular health, but the impli-
cation for lean mass adaptation and red cell mass must be 
considered. Furthermore, research is needed to examine 
whether specific patient group considerations are relevant 
and if treatment periodization may enhance the outcome 
when ACE inhibitor treatment and exercise training is 
combined.
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