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Effect of exercise training on the
renin–angiotensin–aldosterone system in healthy
individuals: a systematic review and meta-analysis

Karla Goessler1,2, Marcos Polito1 and Véronique Ann Cornelissen3

The aim of this systematic review and meta-analysis was to evaluate the effect of exercise training on parameters of the

renin–angiotensin–aldosterone system (RAAS) in healthy adults, and to investigate the relation with training induced changes in

blood pressure. A systematic search was conducted and we included randomized controlled trials lasting ⩾4 weeks investigating

the effects of exercise on parameters of the RAAS in healthy adults (age ⩾18 years) and published in a peer-reviewed journal

up to December 2013. Fixed effects models were used and data are reported as weighted means and 95% confidence limits

(CL). Eleven randomized controlled trials with a total of 375 individuals were included. Plasma renin activity was reduced after

exercise training (n= 7 trials, standardized mean difference −0.25 (95% CL −0.5 to −0.001), P=0.049), whereas no effect

was observed on serum aldosterone ((n= 3 trials; standardized mean difference −0.79 (−1.97 to +0.39)) or angiotensin II

(n=3 trials; standardized mean difference −0.16 (−0.61 to +0.30). Significant reductions in systolic blood pressure

−5.65mmHg (−8.12 to −3.17) and diastolic blood pressure −3.64mmHg (−5.4 to −1.91) following exercise training were

observed. No relation was found between net changes in plasma renin activity and net changes in blood pressure (P40.05).

To conclude, although we observed a significant reduction in plasma renin activity following exercise training this was not related

to the observed blood pressure reduction. Given the small number of studies and small sample sizes, larger well-controlled

randomized studies are required to confirm our results and to investigate the potential role of the RAAS in the observed

improvements in blood pressure following exercise training.
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INTRODUCTION

High blood pressure (BP) is an important risk factor for cardio-
vascular diseases; about 54% of stroke, 47% of ischaemic heart disease,
and 25% of other cardiovascular diseases worldwide are attributable to
high BP.1 It is widely accepted that regular exercise reduces office BP2,3

and ambulatory BP values,3 particularly in hypertensive individuals,2,3

and is recommended in the prevention and treatment of hypertension
to assist in BP controlling.4,5 However, the BP lowering mechanisms
of exercise training remain largely elusive.2 Increased activation of the
renin–angiotensin aldosterone system (RAAS) is associated with the
development of hypertension. To date, most of the known biological
actions of the RAAS appear to be mediated by angiotensin II (AngII)
which is generated through an enzymatic cascade in which angio-
tensinogen is cleaved by renin to form angiotensin I, which, in turn,
is converted to AngII by angiotensin-converting enzyme.6 AngII has
direct action on renal tubular sodium retention and stimulates the

secretion of aldosterone in the adrenal glands, which in turn
determinates salt and water reuptake by the kidneys.6 As such the
RAAS is one of the most powerful regulators of arterial BP as it
influences sodium balance, extracellular fluid volume and renal and
systemic vascular resistance.6 Previous trials that have investigated the
effect of exercise training on parameters of the RAAS system in healthy
individuals included small sample sizes and yielded variable results,
resulting in inconclusive findings on the effect of exercise on the RAAS
system and as a BP lowering mechanism following exercise.7–16 By
contrast, a decade ago, a meta-analysis by our group suggested that the
mechanisms for the BP lowering effect of exercise training included a
reduction in systemic vascular resistance in which the renin–angio-
tensin system might have a role.2 That is, following exercise training
we observed a significant reduction both in BP and plasma renin
activity (PRA). However, this was based on eight small trials and no
metaregression analysis was performed at that time. Further, PRA was
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the only parameter related to the RAAS which was assessed. Since
then, the number of eligible trials has increased, which should allow a
more precise estimate of the overall effect of exercise training on
RAAS. Therefore, the aim of this study was to perform a systematic
review and meta-analysis (1) to investigate the effect of exercise
training on different markers of the RAAS and (2) to determine the
relation between exercise-induced changes in BP and changes in
parameters of RAAS.

METHODS

Search strategy and study selection
We performed a systematic literature search in the electronic Pubmed database

from its inception to December 2013. Search terms included a mix of Medical

Subject Headings (MeSH-terms) and free- text words for key concepts related

to exercise training and the RAAS in clinical trials. These were combined with a

sensitive search strategy to identify ‘randomized controlled trials’ performed in

‘humans’. The search criteria for the database search (PubMed) are shown in

Supplementary File 1. In addition, we reviewed the reference lists of the original

articles and reviews within this field of study to identify other possible eligible

trials. The inclusion criteria for this meta-analysis were as follows:

(1) randomized, controlled trials involving exercise training (aerobic, resistance

or combined) of at least 4 weeks duration as the sole intervention;

(2) participants were healthy adults (age ⩾ 18 years) with an optimal BP,

prehypertension or hypertension and with no other concomitant disease;

(3) data on PRA, plasma aldosterone and/or AngII were available; and finally,

(4) the article was published in a peer-reviewed journal up to December 2013.

Exclusion criteria included any studies not meeting all criteria above.

Studies included in the review
Our initial search identified 1246 papers, and through manual searching we
identified a further six manuscripts.10–13,17 Out of 1252 trials, 1198 were
excluded after reading titles or abstracts; of the remaining 54 we excluded an
additional 43 studies for various reasons (including two studies which did not
provide data that could be included in our analysis),18,19 leaving 11 studies for
the final analysis (Figure 1).

Data extraction and quality assessment
Data on study source, study design, study quality, sample size, characteristics of
participants and exercise programs and outcomes of the interventions were
extracted independently by two authors (KG and VAC) using a specific
developed electronic data extraction sheet. Using Cohen’s kappa statistic,
the overall agreement rate prior to correcting discrepant items was 0.92.
Subsequently, disagreements were resolved by discussion. A priori, the primary
outcomes were changes in measures of the RAAS system (PRA, serum
aldosterone, AngII).
Study quality was assessed using an adapted PEDro-scale.20 That is, we

regarded the quality criteria ‘blinding of participants’ and ‘blinding of
therapists’ as not applicable in the included exercise studies, and omitted both
criteria. All questions were bipolar (yes or no). The minimum score was 0 and
the maximum was 8, with a higher number reflecting a better study quality.
The PEDro-scale has been reported to be valid21 and reliable.22 All assessments
were conducted in duplicate, independent of each other. Disagreements were
resolved through consensus. Trials were not excluded on the basis of quality.

Statistical analyses
Descriptive analyses were performed using SAS version 9.3 (SAS Institute, Inc.,
Cary, NC, USA), reliability statistics using Excel 2010 and meta-analytic
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(N=11)

Records identified through
database searching 

(N=1246)

Full-text articles assessed for
eligibility 

(N=54)

Full text articles excluded with
reasons (N=43) 

- No exercise only group:11
- No control group: 8
- No biochemical data of 

RAAS:14
- No healthy population:2
- Acute exercise:6
- No variability measures 

available:2

Id
en

tif
ic

at
io

n
S

cr
ee

ni
ng

E
lig

ib
ili

ty
In

cl
ud

ed

Records screened based on
title and abstract 

(N=1252)

Records excluded based on
review of title and/or abstract 

(N=1198)

Additional records identified
through manual search 

(N=6)
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statistics were performed by means of Comprehensive Meta-Analysis software
(version 2.2, Biostat, Englewood, NJ). Data are reported as mean± s.d., median
(range) or weighted mean and 95% confidence intervals (CI). Effect sizes for
each study group from each parallel trial were calculated by subtracting the pre-
exercise value from the post-exercise value (post–pre) for both the exercise
(Δ1) and control groups (Δ2). The net treatment effect was then obtained as
Δ1−Δ2. For cross-over trials,12 the net treatment effect was calculated as the
difference at the end of the exercise and sedentary periods, respectively. Each
effect size was weighted by the inverse of its variance. For studies with multi-
intervention groups,9,12 data from the exercise group that were reported to have
generated the largest effect on the studied parameter in their respective trials
were included. As the RAAS-parameters were assessed and reported by different
methods/units, the mean differences were standardized by dividing them by the
within-group s.d. The standardized mean difference (SMD) values in each trial
were pooled with a fixed effects model. According to Cohen guidelines, SMD
values of 0.2, 0.5 and 0.8 represent small, medium and large effect sizes,
respectively. We statistically assessed inconsistency using I2. The I2 statistic
between 25 and 50% represents small amounts of inconsistency, whereas
between 50 and 75%, and 475% represents medium to large amounts of
heterogeneity. As no significant heterogeneity was found for any of the outcome
measures, the results are reported on the basis of fixed-effects models, except
for aldosterone for which we used a random-effects model.
Univariate weighted meta-regressional analyses were conducted to determine

the association among effect size changes in PRA and participants age, baseline
resting BP, net changes in BP, net changes in weight and the duration of the
intervention.
To evaluate the included studies for publication bias, we visually explored

funnel plots for asymmetry. In addition, Begg's test23 and Egger's test24 were
performed. Two-sided Po0.05 was considered statistically significant.

RESULTS

Trial characteristics
Figure 1 shows the total number of studies that were identified and
excluded at different stages of the selection process. Ultimately, we
identified 11 trials7–16 that fulfilled the inclusion criteria. Detailed
characteristics of each study included in the meta-analysis are provided
in Table 1. The trials were conducted between 1986 and 2011. Subjects
in five studies came from the USA, one included subjects from South
America, three included subjects from Asia and two studies selected
subjects from Australia. The sample size of the trials at baseline ranged
from 12 to 90 participants (median 27), totaling 375 randomized
participants. The median age of the participants was 52.5 years
(range 22–68 years). One trial included only women,16 whereas the
other 10 trials included both men and women. In the final analysis 112
participants were men, 181 female and 20 unknown gender.10 Resting
BP was reported in 10 trials and averaged 136mmHg (range
105–155mmHg)/78mmHg (range 51–99mmHg) at baseline. In
relation to medication, seven trials reported that none of the
participants used antihypertensive medications,7,9,12–14,16 in two trial
patients were withdrawn from antihypertensive medication before the
start of the trial10,15 whereas two other trials did not report on
medication.8,11 Participants in eight trials were considered sedentary at
baseline, whereas the remaining three trials did not report on levels of
habitual physical activity of their participants before engaging in the
study.10,13,14 The duration of the interventions varied from 4 to
37 weeks (median 12) and frequency of exercise ranged from 3 to
6 days per week (median 3). Mode of exercise was isolated aerobic
endurance training in eight trials,10–16 dynamic resistance training was
performed in one trial7 and another two trials used a combination
of endurance and dynamic resistance training.8,9 Seven trials had
participants perform only supervised training,7,10,12–15 whereas one
trial reported that participants performed one out of four session on
their own9 and participants of another trial underwent two supervisedT
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and additional one to three home-based sessions.16 Two other trials
did not specifically report whether exercise was supervised or home
based.8,11 None of the studies specifically reported whether the
physical activity habits of the participants in the exercise and control
groups changed outside the intervention itself, but all investigators
instructed their participants (exercise and control) not to modify
their usual lifestyle, including nutrition and physical activity. Further,
three trials7,9,15 reported that they tried to control for placebo effect
by offering a placebo treatment including, supervised stretching
sessions7,9 or isometric calisthenics.15

Study quality
Table 2 shows the results of the study quality using the adapted
PEDro-score. Overall, the study quality of the included studies was
high with a median PEDro-score of 6, (range 5 to 7). However, none
of the included studies reported using concealed allocation and
intention-to-treat analysis was only used in 45% of the studies.

Effect of exercise on the renin–angiotensin–aldosterone system and
blood pressure
As shown in Figures 2,3,4, exercise significantly lowered PRA
(−0.254 (−0.50 to− 0.001), P= 0.049; n= 7 studies; I2= 8; p for
heterogeneity= 0.37), but did not significantly affect levels of AngII
(−0.16(−0.61 to +0.30); n= 3 studies; I2= 0; P for heterogeneity=
0.68)) or serum aldosterone (−0.79 (−1.97 to +0.39); n= 3 studies;
I2= 86.1; P for heterogeneity= 0.001). Heterogeneity and inconsis-
tency were low for all parameters, except serum aldosterone.

Table 3 shows the results of exercise training on BP for all the
included studies and for studies reporting on each of the
RAAS-components. Overall, we observed a significant reduction
in SBP − 5.65mmHg (−8.12 to − 3.17) and DBP − 3.64mmHg
(−5.4 to − 1.91) following exercise training. Finally, weighted single
metaregression analysis showed no significant associations between
baseline BP, age, duration of the intervention, net changes in resting
BP, net changes in weight and changes in renin activity (P40.5 for all;
data not shown).

Publication bias
Funnel plots for AngII, PRA and aldosterone did not show any
significant publication bias for all of the outcomes, meaning that there
was no asymmetric relationship between treatment effects and study
size (Supplementary Figures S1–S3).

DISCUSSION

The present meta-analysis of 11 RCT’s identified a significant
reduction in PRA following exercise training in healthy adults which
went along but was not associated with reductions in SBP and DBP.
Further, no effect of exercise training was observed on levels of AngII
and aldosterone.
Plasma renin activity can be affected by a number of lifestyle factors,

among which are acute and chronic physical exercises. Cross-sectional
studies have shown that PRA is lower in athletes than in untrained
subjects.25,26 Further, an inverse relationship has been demonstrated
between PRA and levels of physical activity in healthy mildly

Table 2 PeDro Scores of the included studies

Reference

Eligibility

criteria

Randomly

allocated

Allocation

concealed

Baseline

similar

Blinding

assessors

Key outcome

85%

Intention to

treat

Between

group

Point and Variability

measure

Total PEDro

Score

Jennings et al.,12 0 1 0 1 1 1 1 1 0 6

Nelson et al.,32 0 1 0 1 1 1 1 1 0 6

Urata et al.,14 0 1 0 1 1 1 1 1 1 7

Hagberg et al.,10 0 1 0 1 1 1 0 1 1 6

Carroll et al.,8 0 1 0 1 1 0 0 1 1 5

Sakai et al.,13 0 1 0 1 1 1 1 1 1 7

Higashi et al.,11 0 1 0 1 1 1 1 1 1 7

Anton et al.,7 0 1 0 1 1 1 0 1 1 6

Cortez-Cooper

et al.,9
1 1 0 1 1 1 0 1 1 6

Yoshizawa

et al.,16
0 1 0 1 1 1 1 1 1 7

Waib et al.,15 0 1 0 1 1 1 0 1 1 6

Figure 2 Forest plot for mean standardized changes in plasma renin activity in 7 randomized controlled trials.
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hypertensive individuals27 and PRA and levels of physical fitness.28

However, results from longitudinal prospective trials12 and individual
randomized controlled trials7–16 are less conclusive with some studies
reporting a decrease12 in PRA following chronic exercise training
whereas others did not.7,8,10–16,29 The present observation of reduced
PRA following exercise training is in line with the results of our
previous meta-analysis2 on the effect of exercise training on BP where
we showed 20% lower values of PRA following exercise training in
healthy adults with normal BP, prehypertension and hypertension.
Further we also observed a significant reduction in BP following these
exercise programs. However, no relation between changes in BP and
changes in PRA could be established with metaregression analysis. The
latter does however not exclude a potential role for the RAAS in the
BP response post training. A combination of local endothelial derived
factors, sympathetic nervous system, changes in endocrine secretions
and last but not least changes in renal hemodynamics are responsible
for the control of BP. Training induced changes in BP appear to be the
result of a combination of these different mechanisms,30 although
many questions still remain about causal relations and might be
different in different populations and following different exercise
program characteristics. With regard to the latter we were not able to
demonstrate a relation between training duration and changes in PRA.
Further, as all included studies involving PRA had their participants
exercising at moderate intensity (that is, between 50 and 70%

VO2max) metaregression analysis could not be performed. On the
other hand, Matsusaki et al. showed earlier that 10 weeks of exercise
training at 50% VO2max decreased PRA whereas exercise at an
intensity larger than 75% VO2max increased PRA in hypertensive
patients.31 However, future randomized controlled studies are needed
to confirm their findings. Because all included PRA studies involved
aerobic type of exercises, it also remains to be elucidated whether
resistance training will induce similar effects on PRA. Finally,
Nelson et al. and Jennings et al.12,32 did not find a significant
difference in PRA following either three times per week or seven
times per week cycling at moderate intensity. This is in line with the
effect of training frequency on BP where we showed earlier that
training frequency did not affect BP responses.33

The RAAS is considered as an endocrine system with kidney-
derived renin regulating the production of AngII.34 It is of note that
renin by itself does not really affect the resting BP. Instead, it floats
around and converts inactive forms of angiotensin into angiotensin I.
Angiotensin I is able to alter BP to some degree but most angiotensin I
is converted to AngII, a much more powerful hormone that induces
large changes in BP as it acts on adrenals to stimulate the production
of aldosterone and on cardiovascular and other tissues to regulate
BP.6,34 Whereas we observed a significant decrease in PRA after
training, this could not be established for AngII or aldosterone. The
reason for this is not clear. However, the fact that only three small

Figure 3 Forest plot for mean standardized changes in plasma angiotensin in 3 randomized controlled trials.

Figure 4 Forest plot for mean standardized changes in serum aldosterone in 3 randomized controlled trials.

Table 3 Mean net changes in SBP and DBP for studies reporting data on Angiotensin II, plasma renin activity, serum aldosterone

concentrations

Systolic blood pressure Diastolic blood pressure

N Mean net change ( 95% CL) Q (p) I2 Mean net change ( 95% CL) Q (p) I2

Overall 11 −5.65 (−8.12 to −3.17) 14.2 (0.16) 29.7 −3.64 (−5.4 to −1.91) 12.6 (0.24) 20.6

Studies with data on PRA10–15,17 7 −7.50 (−10.3 to −4.66) 6.55 (0.36) 8.39 −4.71 (−6.76 to −2.66) 8.34 (0.21) 28.1

Studies with data on AngII7,9,16 3 +0.26 (−5.39 to þ5.90) 0.68 (0.71) 0 −1.53 (−5.94 to þ2.88) 0.30 (0.86) 0

Studies with data on aldosterone8,14,15 3 −2.94 (−8.24 to þ2.36) 3.85 (0.15) 48 −0.53 (−3.76 to þ2.70) 0.39 (0.82) 0

Abbreviations: N, number of studies; CL, confidence limits, PRA, plasma renin activity; I2, percentage inconsistency statistic; Q, Cochran’s Q statistic for heterogeneity.
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studies included in this review reported on these parameters most
likely has resulted in a lack of power to detect changes following
exercise training. Further two of the three studies reporting on AngII
adapted a dynamic resistance training protocol which has been shown
to result in smaller reductions in BP33 compared to endurance
training, as was also observed here. So it might be that the exercise
programs investigating the effect on AngII and aldosterone were not
the most appropriate to induce significant changes in these para-
meters. Further, Kohno et al.35 demonstrated that individuals with the
highest basal renin levels showed larger reductions in BP and PRA
post-exercise. They concluded that exercise training acts on BP by
suppressing activity of RAAS only in individuals in which the system is
more activated.35 The absence of a change in both AngII and
aldosterone might suggest that there is no hyperactivity of the system.
Further, reductions or increases in the concentrations of renin do not
necessarily entail changes in other components of the RAAS. Earlier,
Vanhees et al.36 and Geyssant A et al.37 found no effect on plasma
AngI, plasma AngII or plasma aldosterone concentrations in coronary
artery disease patients36 and healthy controls37 following exercise
training despite a significant reduction in renin. Also, older cross-
sectional studies found normal plasma AngII and aldosterone con-
centrations in spite of a reduced PRA in well-trained athletes
compared to healthy controls.38 Contrary, Braith et al. 39 reported
significant reductions in AngII and aldosterone following 16 weeks of
endurance training in 19 heart failure patients; unfortunately no data
were provided on PRA. However, it is well accepted that in this
particular patient population progression of chronic heart failure is
associated with activation of the RAAS that might result in a different
response to exercise training compared with healthy individuals.
Finally, in recent years it has gradually become clear that the
physiology of the RAAS is by far more complex and multilayered
than once thought.34,40 There are different pathways that make up the
system (that is, AngI, AngII, AngIII, AngIV, Ang1-7 and Ang1-9) in
combination with different receptors that trigger divers responses.34,40

Further studies are needed to investigate the possible effects of exercise
training on alternative pathways of the RAAS.
However, it is known that some RAAS polymorphisms are

associated with the BP response to exercise, or at least acute
exercise.41,42 Therefore, a role for the RAAS cannot be ruled out, at
least in some genetically predisposed individuals. For example,
individuals with DD genotype showed higher ACE concentration
compare to heterozygotes individuals.43 Thus, higher ACE levels
promoted increase on AngII formation and parallel lower formation
or degradation of bradykinin and nitric oxide, favoring BP increase.
Further, in response to exercise training, DI/II individuals demon-
strated greater reductions in SBP compared with DD individuals.44

Finally, although PRA levels are usually higher in overweight
individuals,29,45 no relation between changes in weight and changes
in PRA could be established here. Future studies should also
investigate whether weight loss is a mechanisms of training induced
changes in parameters of the RAAS as has been observed earlier.46

Finally, the results of this meta-analysis should be seen within the
context of its limitations. First of all, the number of randomized
controlled trials that have investigated the effect of exercise on
parameters of the RAAS is limited and the sample sizes were small.
Further, it should be acknowledged that AngI and AngII are
structurally similar and the concentrations of AngII in the plasma
are low making it difficult to obtain pure methods.47 And although
Hikada et al.48 showed that their developed radioimmunoassay
method is highly sensitive to detect small concentrations of AngII it
might still be that the method used in two of our trials is not sensitive

enough to detect even smaller changes in AngII following exercise. In
addition, it is well-known that salt intake is one of the most important
determinants of PRA levels. However, as we only included randomized
controlled trials it seems reasonable to assume that salt intake at
baseline and/or changes in salt intake would be the same in the
exercise and control group throughout the trial. The latter was
confirmed by five8,10,13,14,32 of the included studies reporting similar
levels of urinary sodium excretion in both groups suggesting that salt
intake remained unchanged.49 Hence, we believe that our results with
regard to PRA can be explained by exercise and are not due to changes
in salt intake.
In conclusion, we observed a significant reduction in BP and PRA

following exercise training, but this could not be established for AngII
and aldosterone. Further, metaregression revealed no relation between
exercise-induced changes in BP and exercise-induced changes in BP.
Larger and more rigorous studies are definitively needed to elucidate
the role of the RAAS in exercise-induced changes in BP. These future
RCTs should ensure sound methodology and reporting, mainly
adequate sample size, adequate randomization, allocation conceal-
ment, intention to treat analysis. They should evaluate the effect of
exercise on multiple components of the RAAS and taking into account
different exercise program variables and patient characteristics.
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