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Recent reports have shown that the renin angiotensin system (RAS) plays an important 
role in the Coronavirus disease 2019 (COVID-19) because the angiotensin converting 
enzyme 2 is the receptor for the severe acute respiratory syndrome coronavirus 2. In 
addition, the balance of RAS components can be  involved in the pathogenesis and 
progression of COVID-19, especially in patients with metabolic and cardiovascular 
diseases. On the other hand, physical exercise is effective to prevent and to counteract 
the consequences of such diseases and one of the biological mediators of the exercise 
adaptation is the RAS. This review was designed to highlight the connection between 
COVID-19 and RAS, and to discuss the role of the RAS as a mediator of the benefits of 
physical exercise in COVID-19 pandemic.

Keywords: Coronavirus, molecular mechanism, angiotensin converting enzyme 2, exercise training, treatment, 
cardiometabolic diseases

INTRODUCTION

Early reports suggested that patients with severe Coronavirus disease 2019 (COVID-19) were 
more likely to have a history of hypertension, chronic kidney disease, cardiovascular disease 
(CVD), or diabetes mellitus (DM) than those with milder disease (Lai et  al., 2020; Zhou 
et  al., 2020). Due to the severe acute respiratory distress syndrome with high morbidity and 
mortality, the search for uncover the mechanisms involved in the pathogenesis and progression 
of COVID-19 has become urgent. Some evidence suggest a role of the renin angiotensin 
system (RAS), since an enzyme of the RAS named angiotensin converting enzyme 2 (ACE2) 
is the receptor for the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) protein 
in the alveolar epithelial cells in the lungs (Li et  al., 2003; Hoffmann et  al., 2020).

Because of the virus infection depend on ACE2, pharmacological manipulation of the RAS 
through angiotensin converting enzyme (ACE) inhibitors, angiotensin receptor blockers (ARBs), 
and soluble recombinant ACE2 proteins administration have been discussed as a potential 
therapy for COVID-19 (Batlle et al., 2020; South et al., 2020). While the preventive or therapeutic 
medical interventions for COVID-19 infection are still the big challenges of science, the 
recommendation to avoid social interactions is crucial as well as to maintain an adequate 
health status. Thus, the practice of physical exercise (PE) during the quarantine is a critical 
public health topic in facing the pandemic (Chen et  al., 2020; Jiménez-Pavón et  al., 2020) 
since the effectiveness of PE to prevent and to counteract the consequences of cardiovascular 
and metabolic diseases is widely recognized (Cornelissen and Smart, 2013; Madden, 2013). In 
addition, reducing sedentary behavior in times of social isolation through home-based exercise 
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programs seems to be  feasible, safe, and effective, and tools 
such as physical activity trackers and applications for 
smartwatches and phones can be used to deliver the supervised 
PE (Peçanha et  al., 2020; Schwendinger and Pocecco, 2020). 
Remotely supervised home-based exercise can be  a strategy 
to reduce health deficits arising from coping with the pandemic 
also in healthy individuals (Schwendinger and Pocecco, 2020) 
or with CVDs (Safiyari-Hafizi et  al., 2016; Avila et  al., 2018).

Evidence in the literature showed that biological mediators, 
such as the RAS pathway, are involved in the exercise adaptation 
(Frantz et  al., 2018; Echeverría-Rodríguez et  al., 2020). 
Considering that the RAS can be  carefully manipulated to 
mitigate the severe acute respiratory syndrome induced tissue 
injuries, which represents a potential target for therapeutic 
intervention (Kuba et  al., 2005), and that part of the effects 
of PE can be  mediated by the RAS, the purpose of this review 
is: (1) to highlight the connection between COVID-19 and 
RAS and (2) to discuss the role of the RAS as a mediator of 
the benefits of PE in COVID-19 pandemic.

THE CONNECTION BETWEEN COVID-19 
AND THE RAS

The RAS corresponds to a complex endocrine, paracrine, and 
autocrine system which plays an important function, controlling 
cardiovascular function and metabolic homeostasis (Figure  1). 
One of axis of the RAS includes ACE, angiotensin II (Ang  II) 
and AT1 receptor (ACE/Ang II/AT1R axis), which is associated 

to vasoconstriction, cell proliferation, organ hypertrophy, and 
sodium retention. Most effects of Ang II are mediated by 
AT1R, however, Ang II can also bind to the angiotensin type 
2 receptor (AT2R), which generally exhibits opposing effects 
to those at AT1R (Santos et  al., 2008).

The hyperactivated status of ACE/Ang II/AT1R axis is 
observed in metabolic diseases such as obesity, DM, and 
inflammation (Tabony et  al., 2011; Slamkova et  al., 2016) and 
in CVD (Putnam et  al., 2012). This axis is also associated 
with the development of pulmonary hypertension and fibrosis 
(Ferreira et  al., 2009; Shenoy et  al., 2010). Therefore, ACE 
inhibitors and ARBs are usually prescribed to patients worldwide 
to treat these diseases (Putnam et  al., 2012).

A counter-regulatory RAS axis consists of ACE2, an ACE 
homologue enzyme, angiotensin 1–7 (Ang 1–7), and the Mas 
receptor (ACE2/Ang 1–7/Mas; Figure  1). This axis, when 
activated, induces anti-inflammatory, vasodilator, antiproliferative, 
cardioprotective, and renoprotective responses (Santos et  al., 
2018). In an interstitial lung disease animal model, the increase 
of this axis can reduce the excessive deposition of pulmonary 
collagen, the systolic pressure of the right ventricle, the right 
ventricular fibrosis, and pulmonary vascular remodeling (Ferreira 
et  al., 2009; Silva et  al., 2013). Also, it reduces body weight 
and improves lipid profile, increases glucose uptake, and reduces 
oxidative stress (Santos et  al., 2010; Ramalingam et  al., 2017). 
Because of these responses, the ACE2/Ang 1–7/Mas axis 
counteracts the deleterious effect of ACE/Ang II/AT1R axis 
and has been investigated as a target for reducing metabolic 
diseases and CVD (Rabelo et al., 2011; Ramalingam et al., 2017).

There are two types of ACE2: the soluble and the full-
length. The soluble type of ACE2 lacks the membrane anchor 
and circulates in small amounts in the blood (Wysocki et  al., 
2010). The full-length type, which is expressed in different 
organs including the lungs, mediates the connection between 
COVID-19 and the RAS because it contains a structural 
transmembrane domain that acts as the receptor for the SARS-
CoV-2 spike protein, which facilitates the entry of the virus 
into host cells, viral replication, and cell-to-cell transmission 
(Li et  al., 2003; Hoffmann et  al., 2020). The binding of the 
SARS-CoV-2 spike protein to ACE2 is followed by proteolytic 
cleavage and viral entry, which induces ACE2 internalization 
and shedding, and reduced expression of ACE2. Thereby, the 
effect of reducing tissue ACE2 is to decrease Ang 1–7 and 
increase Ang II levels, resulting in systemic RAS imbalance 
(South et al., 2020). In this scenario, there may be a predominance 
of pro-inflammatory function relative to the anti-inflammatory 
function of RAS, which can explain the role of the RAS in 
COVID-19 progression (Tseng et  al., 2020). Also, the higher 
mortality with COVID-19 may be  associated with elevated 
plasma Ang II levels observed in patients with chronic 
inflammatory diseases, such as pulmonary arterial hypertension, 
diabetes, and obesity, (Price et  al., 1999; South et  al., 2019; 
Sandoval et  al., 2020).

The manipulation of the RAS has been discussed as a potential 
therapy for COVID-19. An example is the use of ACE inhibitors 
and ARBs that are capable of modulating both systemic and 
tissue RAS. While in a cohort of 12 COVID-19 patients, 

FIGURE 1 | Components and effects of the renin angiotensin system (RAS). 
The angiotensinogen is cleaved by renin to form angiotensin I. 
The angiotensin-converting enzyme (ACE) cleaves angiotensin I to form the 
angiotensin II (Ang II), which can be catabolized by angiotensin converting 
enzyme 2 (ACE2) into angiotensin 1–7 (Ang 1–7), another active peptide of 
this system which typically opposes the actions of Ang II. Most effects of Ang 
II are mediated by the angiotensin type 1 receptor (AT1R), however, Ang II can 
also bind to the angiotensin type 2 receptor (AT2R), which generally exhibits 
opposing effects to those at the AT1R. Ang 1–7 acts via the Mas receptor. 
Endopeptidases and carboxypeptidase also cleave Ang II and Ang 1–9 to 
form Ang 1–7. NEP, neutral-endopeptidase; PEP, prolyl-endopeptidase; and 
PCP, prolyl-carboxypeptidase.
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circulating Ang II levels were markedly elevated compared to 
healthy controls (linearly correlated with viral load; Liu et  al., 
2020), it was showed that decreasing Ang II with ACE inhibitors 
and ARBs can improve Ang 1–7 and  attenuate inflammation, 
fibrosis, and lung injury (South et  al., 2020). In addition, the 
use of ARBs by experimental models of acute lung injury, 
including a model of SARS-CoV infection, may alleviate the 
disease by increasing ACE2 expression and attenuating Ang 
II-mediated acute lung injury (Kuba et  al., 2005). Despite the 
evidence, the RAS inhibition in COVID-19 patients with CVD 
and the use of ARBs by patients already infected by SARS-
CoV-2 need further investigation.

Another example considers the ACE2 as a target in preventing 
and treating chronic inflammation and inflammatory diseases, 
as highlighted by COVID-19 pandemic. Batlle et  al. (2020) 
hypothesized that soluble recombinant ACE2 proteins administration 
could attenuate coronavirus infection by prevent binding of the 
viral particle to the structural transmembrane domain of full-
length ACE2  in a competitive way. In addition, as discussed by 
Gheblawi et  al. (2020), maintaining ACE2 levels in patients with 
or predisposed to risk factors for CVD such as DM, hypertension, 
and obesity wards off the advancement of these comorbidities 
in instances where the patient contracts SARS-CoV-2 by maintaining 
a level of ACE2/Ang1–7/Mas negative counter-regulation.

PHYSICAL EXERCISE AND THE RAS

Regular PE is as important as staying at home during the 
COVID-19 crisis. It is a non-pharmacological tool that promotes 
beneficial effects on blood glucose level, arterial blood pressure, 
lipid profile, and body composition. PE also improves the 
balance of pro and anti-inflammatory cytokines and the immune 
system response. Thus, PE has been widely recommended to 
prevent and to treat DM, dyslipidemia, obesity, hypertension, 
and CVD (Cornelissen and Smart, 2013; Madden, 2013; Higa 
et  al., 2014). Thus, it has been recommended to maintain the 
routine daily exercise and to avoid sedentary behaviors. But 
the question is: what are the mechanisms underlying health-
related effects of PE? There are certainly several mechanisms 
and what will be  discussed here is the role of the RAS.

The effect of PE on the RAS has already been reviewed in 
the literature by different researchers (Fiorino and Evangelista, 
2014; Goessler et  al., 2016; Nunes-Silva et  al., 2017; Frantz 
et  al., 2018). The studies have shown that PE induces systemic 
and tissue ACE/Ang II/AT1R axis downregulation, ACE2/Ang 
1–7/Mas axis upregulation, and a shift in the RAS toward the 
ACE2/Ang (1–7)/Mas axis. These findings suggest that the 
benefits of PE may be  mediated by a shift of the RAS balance 
toward the protective arm ACE2/Ang 1–7/Mas axis relative 
to ACE/Ang II/AT1R axis (Figure  2). In this context, the 
effects of PE on the RAS are in line with sought by the 
pharmacological strategies of RAS manipulation for the treatment 
of COVID-19, which can possibly reduce the severity of 
clinical outcome.

The role of the RAS in mediating the effects of PE on 
cardiovascular response and to reduce cardiovascular risk is 

widely known in the literature. In healthy man, aerobic PE 
suppressed the plasma renin and Ang II and induced substantial 
gain of aerobic peak oxygen uptake and physical working capacity 
(Hespel et  al., 1988). Healthy animals submitted to aerobic 
moderate swimming training increased AT1R and AT2R expression, 
decreased ACE and Ang II levels, and increased ACE2 and 
Ang (1–7) levels in the heart. These results were associated with 
physiological left ventricular hypertrophy and resting bradycardia, 
which are markers of cardiac improvement (Fernandes et  al., 
2011). Lower ACE and Ang II levels can diminish the vascular 
resistance and increase cardiac flow, while higher ACE2 and 
Ang 1–7 can improve the vasodilator response by mediating 
the release of vasoactive factors, such as NO, prostaglandins, 
and bradykinin (Li et  al., 1997; Carvalho et  al., 2007).

Studies have showed the effect of aerobic PE on the RAS 
in spontaneous hypertensive rats. These animals presented Ang 
1–7 and Mas receptor upregulation in the heart and improved 
cardiac response (Gomes-Filho et  al., 2008), increased Mas 
receptor expression in aorta, thereby improving the vasodilator 
effect of Ang 1–7 (Silva et  al., 2011). They also decreased 
angiotensinogen expression and AngII/Ang 1–7 ratio in the 
renal artery, thereby reducing the vasoconstrictor axis and 
arterial blood pressure (Silva et  al., 2015). In addition, Silva 
et  al. (2017) found that aerobic PE decreased left ventricular 
and plasma Ang II and increased left ventricular and plasma 
Ang 1–7 levels, normalized oxidative stress, augmented 
antioxidant defense, and reduced both collagen deposition and 
inflammatory profile. These changes were accompanied by 
reduction in arterial blood pressure.

Gomes-Santos et  al. (2014) studied the RAS in the skeletal 
muscle of trained heart failure rats and revealed that aerobic 
PE normalized ACE2 and reduced ACE in plasma but did 
not change in the skeletal muscle. Ang 1–7/Ang II ratio increased 
in the plasma, and Ang 1–7 and Mas receptor were higher 
in the skeletal muscle. The animals did not improve 
echocardiographic parameters or peak oxygen uptake. However, 
they significantly increased tolerance to physical effort and 

FIGURE 2 | Possible effect of physical exercise in Coronavirus disease 2019 
(COVID-19) can be associated with changes in the balance of RAS axes. 
The unbalance of the RAS is observed in individuals with cardiometabolic 
diseases, which are more susceptible to severe COVID-19. Physical exercise 
improves the balance of the RAS toward the protective arm ACE2/Ang 
1–7/Mas axis, which is associated with cardiometabolic diseases reduction 
and possibly better clinical outcome of COVID-19.
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this response is a therapeutic goal for individuals and animals 
with CVD (Takada et  al., 2014; Yokota et  al., 2017).

The role of RAS in mediating the effects of PE on glucose 
metabolism and lipid profile to reduce metabolic diseases is 
described in the literature. It was shown that one bout of 
exercise (swimming) increased Ang1–7/Ang II ratio in muscle 
of healthy rats and improved the insulin sensitivity due to Ang 
1–7 acting through Mas receptor (Echeverría-Rodríguez et  al., 
2020). Furthermore, Ang 1–7 participates in the enhancement 
of vascular insulin sensitivity after an exercise session (Gallardo-
Ortiz et  al., 2020). Magalhães et  al. (2020) observed that 
individuals submitted to high-intensity interval exercise increased 
plasma ACE2 and urinary ACE and Ang 1–7 levels. However, 
moderate-intensity continuous exercise decreased ACE level in 
the plasma and elevated urinary concentration of ACE2 and 
Ang 1–7. The increase of urinary Ang 1–7 was greater in 
moderate-intensity protocol. Both protocols did not change 
plasma levels of Ang II and Ang 1–7, however, they reduced 
capillary blood glucose. The authors concluded that acute PE 
favored the balance toward the activation of ACE2/Ang 1–7 
axis, which was greater in moderate-intensity protocol.

Aerobic PE reduced body mass gain, intra-abdominal fat 
pad, and leptin levels, improved body composition and 
inflammatory cytokine, glucose tolerance, and insulin resistance 
in obese rats (Frantz et  al., 2017). The authors also showed 
reduction in total cholesterol and triacylglycerol levels. The 
protective effects against obesity, insulin resistance, and DM 
in trained animals were associated with lower AT1 receptor 
expression and ACE/ACE2 ratio, higher Mas receptor protein 
expression, and a shifted RAS balance toward the ACE2/Mas 
receptor axis in skeletal muscle (Frantz et  al., 2017).

In a previous study of our group, aerobic PE prevented 
body weight gain and adiposity, glucose intolerance, and insulin 
resistance in mice fed a cafeteria diet. These responses were 
associated with lower insulin signaling proteins and higher 
lipolysis signaling proteins in the subcutaneous white adipose 
tissue. Regarding the circulating RAS, both ACE and ACE2 
activities did not change and the Ang 1–7 concentration 
increased (Américo et al., 2019). The improvement of circulating 
Ang 1–7 is related to better metabolic response since the 
chronic systemic Ang 1–7 administration tested by other authors 
provided significant reduction in body weight and adipose 
tissue mass, decreased total cholesterol and triglycerides, increased 
insulin sensitivity, glucose tolerance, and decreased the expression 
of proinflammatory cytokines mRNA (Bilman et  al., 2012; 
Santos et  al., 2012; Loloi et  al., 2018). In the subcutaneous 
white adipose tissue, no differences were found in ACE activity 
and Ang II content, however, both AT1R and AT2R expression 
were increased. Also, we  observed an increase in the ACE2 
activity and Mas receptor expression but no changes in Ang 
1–7 level. The partial modulation of the RAS axes allowed to 
conclude that the prevention of obesity and insulin resistance 
could not be  completely associated with the RAS modulation 
in the subcutaneous white adipose tissue (Américo et al., 2019). 
Because of the RAS components expression in multiple tissues, 
changes in a specific tissue do not necessarily reflect the RAS 
of whole tissues.

Disturbances in the glucose and lipid metabolism are also 
observed in other metabolic diseases, such as non-alcoholic 
fatty liver disease (NAFLD) and hepatic steatosis. Both are 
associated with obesity, increased cardiovascular risk, chronic 
kidney disease, insulin resistance, and DM. It has been shown 
that PE is an important tool to prevent and to treat NAFLD 
(Stevanovic et  al., 2020) and the RAS may be  involved in this 
response. Frantz et  al. (2017) found that aerobic PE increased 
ACE2 protein, Ang 1–7, and Mas receptor in the liver of 
animals fed a high fructose diet. They also showed normalization 
of ACE and Ang II in the liver, but the systemic RAS did 
not change. These results were associated with the prevention 
of hepatic steatosis, triacylglycerol, and glycogen accumulation 
in the liver, and reduced pro-inflammatory cytokines levels.

Studies showing the effect of PE in pulmonary RAS are 
scarce in the literature. Only one showed that aerobic PE 
associated or not with an ACE2 activator (Diminazene) reduced 
pulmonary fibrosis in an interstitial lung disease animal model 
(Prata et al., 2017). The effectiveness of isolated PE as a treatment 
was evident, however, the conclusion highlighted that PE 
associated with the activation of ACE2 potentially reduces 
pulmonary fibrosis. Despite providing important findings, the 
study did not evaluate the RAS components in the blood and 
lungs. There are still gaps about the effects of PE on pulmonary 
RAS and the association with morphological and functional 
characteristics in physiological and pathological situations.

Given the consistent data demonstrating the effects of PE, 
it is possible to highlight two ways in which PE can have 
important implications for COVID-19: first, reducing the 
metabolic and cardiovascular risk factors, and second, improving 
the balance of the RAS by increasing the ACE2/Ang (1–7)/
Mas axis and reducing the ACE/Ang II/AT1R axis. Further 
experimental and clinical studies are needed to clarify the 
precise mechanisms of PE in COVID-19, but these findings 
strengthen the recommendation for PE during the pandemic 
period and should be  considered a critical public health in 
facing the pandemic.

CONCLUSION

Collectively, the evidence presented here allows to reinforce the 
importance of PE to improve the health status, and to prevent 
and to treat diseases that are determinant in the clinical outcome 
of individuals with COVID-19. Furthermore, the elucidation of 
the RAS balance improvement as a mechanism induced by PE 
corroborate the therapeutics targets that are under investigation 
for COVID-19 and it should be  considered by clinicians and 
epidemiologists. Finally, further investigations still need to be done 
about the effect of PE on COVID-19, which will certainly 
contribute to the progress of clinical management.

AUTHOR CONTRIBUTIONS

FE contributed to the conceptualization, preparation of the 
original draft, and final editing.

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Evangelista Physical Exercise, ACE2, and COVID-19

Frontiers in Physiology | www.frontiersin.org 5 October 2020 | Volume 11 | Article 561403

 

REFERENCES

Américo, A. L. V., Muller, C. R., Vecchiatto, B., Martucci, L. F., 
Fonseca-Alaniz, M. H., and Evangelista, F. S. (2019). Aerobic exercise training 
prevents obesity and insulin resistance independent of the renin angiotensin 
system modulation in the subcutaneous white adipose tissue. PLoS One 
14:e0215896. doi: 10.1371/journal.pone.0215896

Avila, A., Claes, J., Goetschalckx, K., Buys, R., Azzawi, M., Vanhees, L., et al. 
(2018). Home-based rehabilitation with telemonitoring guidance for patients 
with coronary artery disease (short-term results of the TRiCH study): 
randomized controlled trial. J. Med. Internet Res. 20:e225. doi: 10.2196/
jmir.9943

Batlle, D., Wysocki, J., and Satchell, K. (2020). Soluble angiotensin-converting 
enzyme 2: a potential approach for coronavirus infection therapy? Clin. Sci. 
134, 543–545. doi: 10.1042/CS20200163

Bilman, V., Mares-Guia, L., Nadu, A. P., Bader, M., Campagnole-Santos, M. J., 
Santos, R. A., et al. (2012). Decreased hepatic gluconeogenesis in transgenic 
rats with increased circulating angiotensin-(1–7). Peptides 37, 247–251. doi: 
10.1016/j.peptides.2012.08.002

Carvalho, M. B., Duarte, F. V., Faria-Silva, R., Fauler, B., Machado, L. T. M., 
de Paula, R. D., et al. (2007). Evidence for Mas mediated bradykinin potentiation 
by the angiotensin-(1–7) nonpeptide mimic AVE 0991  in normotensive 
rats. Hypertension 50, 762–767. doi: 10.1161/HYPERTENSIONAHA.107.094987

Chen, P., Mao, L., Nassis, G. P., Harmer, P., Ainsworth, B. E., and Li, F. (2020). 
Coronavirus disease (COVID-19): the need to maintain regular physical 
activity while taking precautions. J. Sport Health Sci. 9, 103–104. doi: 10.1016/j.
jshs.2020.02.001

Cornelissen, V. A., and Smart, N. A. (2013). Exercise training for blood pressure: 
a systematic review and meta-analysis. J. Am. Heart Assoc. 2:e004473. doi: 
10.1161/JAHA.112.004473

Echeverría-Rodríguez, O., Gallardo-Ortíz, I. A., Del Valle-Mondragón, L., and 
Villalobos-Molina, R. (2020). Angiotensin-(1-7) participates in enhanced 
skeletal muscle insulin sensitivity after a bout of exercise. J. Endocr. Soc. 
4:bvaa007. doi: 10.1210/jendso/bvaa007

Fernandes, T., Hashimoto, N. Y., Magalhães, F. C., Fernandes, F. B., Casarini, D. E., 
Carmona, A. K., et al. (2011). Aerobic exercise training–induced left ventricular 
hypertrophy involves regulatory micrornas, decreased angiotensin-converting 
enzyme-angiotensin II, and synergistic regulation of angiotensin-converting 
enzyme 2-angiotensin (1-7). Hypertension 58, 182–189. doi: 10.1161/
HYPERTENSIONAHA.110.168252

Ferreira, A. J., Shenoy, V., Yamazato, Y., Sriramula, S., Francis, J., Yuan, L., 
et al. (2009). Evidence for angiotensin-converting enzyme 2 as a therapeutic 
target for the prevention of pulmonary hypertension. Am. J. Respir. Crit. 
Care Med. 179, 1048–1054. doi: 10.1164/rccm.200811-1678OC

Fiorino, P., and Evangelista, F. S. (2014). Complications of type 1 diabetes 
mellitus are associated with renin angiotensin system: the role of physical 
exercise as therapeutic tool. Pancr. Dis. Ther. 4, 1–7. doi: 10.4172/2165- 
7092.1000133

Frantz, E. D. C., Medeiros, R. F., Giori, I. G., Lima, J. B. S., Bento-Bernardes, T., 
Gaique, T. G., et al. (2017). Exercise training modulates the hepatic renin-
angiotensin system in fructose-fed rats. Exp. Physiol. 102, 1208–1220. doi: 
10.1113/EP085924

Frantz, E. D. C., Prodel, E., Braz, I. D., Giori, I. G., Bargut, T. C. L., Magliano, D. C., 
et al. (2018). Modulation of the renin–angiotensin system in white adipose 
tissue and skeletal muscle: focus on exercise training. Clin. Sci. 132, 1487–1507. 
doi: 10.1042/CS20180276

Gallardo-Ortiz, I. A., Villalobos-Molina, R., and Echeverría-Rodríguez, O. (2020). 
Potential role of angiotensin-(1-7) in the improvement of vascular insulin 
sensitivity after a bout of exercise. Exp. Physiol. 105, 600–605. doi: 10.1113/
EP088464

Gheblawi, M., Wang, K., Viveiros, A., Nguyen, Q., Zhong, J. C., Turner, A. J., 
et al. (2020). Angiotensin converting enzyme 2: SARS-CoV-2 receptor and 
regulator of the renin angiotensin system. Circ. Res. 126, 1456–1474. doi: 
10.1161/CIRCRESAHA.120.317015

Goessler, K., Polito, M., and Cornelissen, V. A. (2016). Effect of exercise training 
on the renin-angiotensin-aldosterone system in healthy individuals: a 
systematic review and meta-analysis. Hypertens. Res. 39, 119–126. doi: 
10.1038/hr.2015.100

Gomes-Filho, A., Ferreira, A. J., Santos, S. H., Neves, S. R. S., Camargos, E. R. S., 
Becker, L. K., et al. (2008). Selective increase of angiotensin (1–7) and its 
receptor in hearts of spontaneously hypertensive rats subjected to physical 
training. Exp. Physiol. 93, 589–598. doi: 10.1113/expphysiol.2007.014293

Gomes-Santos, I. L., Fernandes, T., Couto, G. K., Ferreira-Filho, J. C., Salemi, V. M., 
Fernandes, F. B., et al. (2014). Effects of exercise training on circulating 
and skeletal muscle renin-angiotensin system in chronic heart failure rats. 
PLoS One 9:e98012. doi: 10.1371/journal.pone.0098012

Hespel, P., Lijnen, P., Van Hoof, R., Fagard, R., Goossens, W., Lissens, W., 
et al. (1988). Effects of physical endurance training on the plasma renin-
angiotensin-aldosterone system in normal man. J. Endocrinol. 116, 443–449. 
doi: 10.1677/joe.0.1160443

Higa, T. S., Spinola, A. V., Fonseca-Alaniz, M. H., and Evangelista, F. S. (2014). 
Remodeling of white adipose tissue metabolism by physical training prevents 
insulin resistance. Life Sci. 103, 41–48. doi: 10.1016/j.lfs.2014.02.039

Hoffmann, M., Kleine-Weber, H., Schroeder, S., Krüger, N., Herrler, T., Erichsen, S., 
et al. (2020). SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and 
is blocked by a clinically proven protease inhibitor. Cell 181, 271–280. doi: 
10.1016/j.cell.2020.02.052

Jiménez-Pavón, D., Carbonell-Baeza, A., and Lavie, C. J. (2020). Physical exercise 
as therapy to fight against the mental and physical consequences of COVID-19 
quarantine: special focus in older people. Prog. Cardiovasc. Dis. 63, 386–388. 
doi: 10.1016/j.pcad.2020.03.009

Kuba, K., Imai, Y., Rao, S., Gao, H., Guo, F., Guan, B., et al. (2005). A crucial 
role of angiotensin converting enzyme 2 (ACE2) in SARS coronavirus-
induced lung injury. Nat. Med. 11, 875–879. doi: 10.1038/nm1267

Lai, C. C., Shih, T. P., Ko, W. C., Tang, H. J., and Hsueh, P. R. (2020). Severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and coronavirus 
disease-2019 (COVID-19): the epidemic and the challenges. Int. J. Antimicrob. 
Agents 55:105924. doi: 10.1016/j.ijantimicag.2020.105924

Li, P., Chappell, M. C., Ferrario, C. M., and Brosnihan, K. B. (1997). 
Angiotensin-(1–7) augments bradykinin-induced vasodilation by competing 
with ACE and realizing nitric oxide. Hypertension 29, 394–400. doi: 10.1161/01.
hyp.29.1.394

Li, W., Moore, M. J., Vasilieva, N., Sui, J., Wong, S. K., Berne, M. A., et al. 
(2003). Angiotensin-converting enzyme 2 is a functional receptor for the 
SARS coronavirus. Nature 426, 450–454. doi: 10.1038/nature02145

Liu, Y., Yang, Y., Zhang, C., Huang, F., Wang, F., Yuan, J., et al. (2020). Clinical 
and biochemical indexes from 2019-ncov infected patients linked to viral 
loads and lung injury. Sci. China Life Sci. 63, 364–374. doi: 10.1007/
s11427-020-1643-8

Loloi, J., Miller, A. J., Bingaman, S. S., Silberman, Y., and Arnold, A. C. (2018). 
Angiotensin-(1-7) contributes to insulin-sensitizing effects of angiotensin 
converting enzyme inhibition in obese mice. Physiology 315, E1204–E1211. 
doi: 10.1152/ajpendo.00281.2018

Madden, K. M. (2013). Evidence for the benefit of exercise therapy in patients 
with type 2 diabetes. Diabetes Metab. Syndr. Obes. 26, 233–239. doi: 10.2147/
DMSO.S32951

Magalhães, D. M., Nunes-Silva, A., Rocha, G. C., Vaz, L. N., Faria, M. H. S., 
Vieira, E. L. M., et al. (2020). Two protocols of aerobic exercise modulate 
the counter-regulatory axis of the renin-angiotensin system. Heliyon 6:e03208. 
doi: 10.1016/j.heliyon.2020.e03208

Nunes-Silva, A., Rocha, G. C., Magalhães, D. M., Vaz, L. N., de Faria, M. H. S., 
Silva, A. C. S. S., et al. (2017). Physical exercise and ACE2-angiotensin-
(1-7)-Mas receptor axis of the renin angiotensin system. Protein Pept. Lett. 
24, 809–816. doi: 10.2174/0929866524666170728151401

Peçanha, T., Goessler, K. F., and Gualano, B. (2020). Social isolation during 
the COVID-19 pandemic can increase physical inactivity and the global 
burden of cardiovascular disease. Am. J. Physiol. Heart Circ. Physiol. 318, 
H1441–H1446. doi: 10.1152/ajpheart.00268.2020

Prata, L. O., Rodrigues, C. R., Martins, J. M., Vasconcelos, P. C. V., Oliveira, F. M. S., 
Ferreira, A. J., et al. (2017). ACE2 activator associated with physical exercise 
potentiates the reduction of pulmonary fibrosis. Exp. Biol. Med. 242, 8–21. 
doi: 10.1177/1535370216665174

Price, D. A., De’Oliveira, J. M., Fisher, N. D., Williams, G. H., and Hollenberg, N. K. 
(1999). The state and responsiveness of the renin-angiotensin-aldosterone 
system in patients with type II diabetes mellitus. Am. J. Hypertens. 12, 
348–355. doi: 10.1016/S0895-7061(00)86960-5

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1371/journal.pone.0215896
https://doi.org/10.2196/jmir.9943
https://doi.org/10.2196/jmir.9943
https://doi.org/10.1042/CS20200163
https://doi.org/10.1016/j.peptides.2012.08.002
https://doi.org/10.1161/HYPERTENSIONAHA.107.094987
https://doi.org/10.1016/j.jshs.2020.02.001
https://doi.org/10.1016/j.jshs.2020.02.001
https://doi.org/10.1161/JAHA.112.004473
https://doi.org/10.1210/jendso/bvaa007
https://doi.org/10.1161/HYPERTENSIONAHA.110.168252
https://doi.org/10.1161/HYPERTENSIONAHA.110.168252
https://doi.org/10.1164/rccm.200811-1678OC
https://doi.org/10.4172/2165-7092.1000133
https://doi.org/10.4172/2165-7092.1000133
https://doi.org/10.1113/EP085924
https://doi.org/10.1042/CS20180276
https://doi.org/10.1113/EP088464
https://doi.org/10.1113/EP088464
https://doi.org/10.1161/CIRCRESAHA.120.317015
https://doi.org/10.1038/hr.2015.100
https://doi.org/10.1113/expphysiol.2007.014293
https://doi.org/10.1371/journal.pone.0098012
https://doi.org/10.1677/joe.0.1160443
https://doi.org/10.1016/j.lfs.2014.02.039
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.pcad.2020.03.009
https://doi.org/10.1038/nm1267
https://doi.org/10.1016/j.ijantimicag.2020.105924
https://doi.org/10.1161/01.hyp.29.1.394
https://doi.org/10.1161/01.hyp.29.1.394
https://doi.org/10.1038/nature02145
https://doi.org/10.1007/s11427-020-1643-8
https://doi.org/10.1007/s11427-020-1643-8
https://doi.org/10.1152/ajpendo.00281.2018
https://doi.org/10.2147/DMSO.S32951
https://doi.org/10.2147/DMSO.S32951
https://doi.org/10.1016/j.heliyon.2020.e03208
https://doi.org/10.2174/0929866524666170728151401
https://doi.org/10.1152/ajpheart.00268.2020
https://doi.org/10.1177/1535370216665174
https://doi.org/10.1016/S0895-7061(00)86960-5


Evangelista Physical Exercise, ACE2, and COVID-19

Frontiers in Physiology | www.frontiersin.org 6 October 2020 | Volume 11 | Article 561403

Putnam, K., Shoemaker, R., Yiannikouris, F., and Cassis, L. A. (2012). The 
renin-angiotensin system: a target of and contributor to dyslipidemias, altered 
glucose homeostasis, and hypertension of the metabolic syndrome. Am. J. 
Physiol. Heart Circ. Physiol. 302, H1219–H1230. doi: 10.1152/ajpheart.00796.2011

Rabelo, L. A., Alenina, N., and Bader, M. (2011). ACE2–angiotensin-(1–7)–Mas 
axis and oxidative stress in cardiovascular disease. Hypertens. Res. 34, 
154–160. doi: 10.1038/hr.2010.235

Ramalingam, L., Menikdiwela, K., Lemieux, M., Dufour, J. M., Kaur, G., 
Kalupahana, N., et al. (2017). The renin angiotensin system, oxidative stress 
and mitochondrial function in obesity and insulin resistance. Biochim. Biophys. 
Acta Mol. Basis Dis. 1863, 1106–1114. doi: 10.1016/j.bbadis.2016.07.019

Safiyari-Hafizi, H., Taunton, J., Ignaszewski, A., and Warburton, D. E. (2016). 
The health benefits of a 12-week home-based interval training cardiac 
rehabilitation program in patients with heart failure. Can. J. Cardiol. 32, 
561–567. doi: 10.1016/j.cjca.2016.01.031

Sandoval, J., Del Valle-Mondragon, L., Masso, F., Zayas, N., Pulido, T., Teijeiro, R., 
et al. (2020). Angiotensin converting enzyme 2 and angiotensin (1–7) axis 
in pulmonary arterial hypertension. Eur. Respir. J. 56:1902416. doi: 
10.1183/13993003.02416-2019

Santos, S. H., Braga, J. F., Mario, E. G., Mario, E. G., Porto, L. C. J., 
Rodrigues-Machado, M. G., et al. (2010). Improved lipid and glucose 
metabolism in transgenic rats with increased circulating angiotensin-(1–7). 
Arterioscler. Thromb. Vasc. Biol. 30, 953–961. doi: 10.1161/ATVBAHA.109.200493

Santos, S. H., Fernandes, L. R., Pereira, C. S., Guimaraes, A. L. S., Paula, A. M. B., 
Campagnole-Santos, M. J., et al. (2012). Increased circulating angiotensin-(1-7) 
protects white adipose tissue against development of a proinflammatory 
state stimulated by a high-fat diet. Regul. Pept. 178, 64–70. doi: 10.1016/j.
regpep.2012.06.009

Santos, R. A., Ferreira, A. J., Simoes, E., and Silva, A. C. (2008). Recent 
advances in the angiotensin-converting enzyme 2–angiotensin(1–7)–Mas axis. 
Exp. Physiol. 93, 519–527. doi: 10.1113/expphysiol.2008.042002

Santos, R. A. S., Sampaio, W. O., Alzamora, A. C., Motta-Santos, D., Alenina, N., 
Bader, M., et al. (2018). The ACE2/angiotensin-(1-7)/MAS axis of the renin-
angiotensin system: focus on angiotensin-(1-7). Physiol. Rev. 98, 505–553. 
doi: 10.1152/physrev.00023.2016

Schwendinger, F., and Pocecco, E. (2020). Counteracting physical inactivity 
during the COVID-19 pandemic: evidence-based recommendations for home-
based exercise. Int. J. Environ. Res. Public Health 11:3909. doi: 10.3390/
ijerph17113909

Shenoy, V., Ferreira, A. J., Qi, Y., Fraga-Silva, R. A., Díez-Freire, C., Dooies, A., 
et al. (2010). The angiotensin-converting enzyme 2/angiogenesis-(1-7)/Mas 
axis confers cardiopulmonary protection against lung fibrosis and pulmonary 
hypertension. Am. J. Respir. Crit. Care Med. 182, 1065–1072. doi: 10.1164/
rccm.200912-1840OC

Silva, D. M., Gomes-Filho, A., Olivon, V. C., Santos, T. M. S., Becker, L. K., 
Santos, R. A. S., et al. (2011). Swimming training improves the vasodilatador 
effect of angiotensin 1-7 in the aorta of spontaneous hypertensive rat. J. Appl. 
Physiol. 111, 1272–1277. doi: 10.1152/japplphysiol.00034.2011

Silva, S. D., Jara, Z. P., Peres, R., Lima, L. S., Scavone, C., Montezano, A. C., 
et al. (2017). Temporal changes in cardiac oxidative stress, inflammation 
and remodeling induced by exercise in hypertension: role for local angiotensin 
II reduction. PLoS One 12:e0189535. doi: 10.1371/journal.pone.0189535

Silva, A. C. S., Silveira, K. D., Ferreira, A. J., and Teixeira, M. M. (2013). 
ACE2, angiotensin (1-7) and Mas receptor axis in inflammation and fibrosis. 
Br. J. Pharmacol. 169, 477–492. doi: 10.1111/bph.12159

Silva, S. D. Jr., Zampieri, T. T., Ruggeri, A., Ceroni, A., Aragao, D. S., 
Fernandes, F. B., et al. (2015). Downregulation of the vascular renin-
angiotensin system by aerobic training—focus on the balance between 
vasoconstrictor and vasodilator axes. Circ. J. 79, 1372–1380. doi: 10.1253/
circj.CJ-14-1179

Slamkova, M., Zorad, S., and Krskova, K. (2016). Alternative renin-angiotensin 
system pathways in adipose tissue and their role in the pathogenesis of 
obesity. Endocr. Regul. 50, 229–240. doi: 10.1515/enr-2016-0025

South, A. M., Nixon, P. A., Chappell, M. C., Diz, D. I., Russell, G. B., 
Shaltout, H. A., et al. (2019). Obesity is associated with higher blood pressure 
and higher levels of angiotensin II but lower angiotensin-(1–7) in adolescents 
born preterm. J. Pediatr. 205, 55–60. doi: 10.1016/j.jpeds.2018.09.058

South, A. M., Tomlinson, L., Edmonston, D., Hiremath, S., and Sparks, M. A. 
(2020). Controversies of renin-angiotensin system inhibition during the 
COVID-19 pandemic. Nat. Rev. Nephrol. 16, 305–307. doi: 10.1038/
s41581-020-0279-4

Stevanovic, J., Beleza, J., Coxito, P., Ascensão, A., and Magalhães, J. (2020). 
Physical exercise and liver fitness: role of mitochondrial function and 
epigenetics-related. Mol. Metab. 32, 1–14. doi: 10.1016/j.molmet.2019.11.015

Tabony, A. M., Yoshida, T., Galvez, S., Higashi, Y., Sukhanov, S., Chandrasekar, B., 
et al. (2011). Angiotensin II upregulates PP2Cα and inhibits AMPK signaling 
and energy balance leading to skeletal muscle wasting. Hypertension 58, 
643–649. doi: 10.1161/HYPERTENSIONAHA.111.174839

Takada, S., Hirabayashi, K., Kinugawa, S., Yokota, T., Matsushima, S., 
Suga, T., et al. (2014). Pioglitazone ameliorates the lowered exercise 
capacity and impaired mitochondrial function of the skeletal muscle in 
type 2 diabetic mice. Eur. J. Pharmacol. 740, 690–696. doi: 10.1016/j.
ejphar.2014.06.008

Tseng, Y. H., Yang, R. C., and Lu, T. S. (2020). Two hits to the renin-angiotensin 
system may play a key role in severe COVID-19. Kaohsiung J. Med. Sci. 
36, 389–392. doi: 10.1002/kjm2.12237

Wysocki, J., Ye, M., Rodriguez, E., González-Pacheco, F. R., Barrios, C., Evora, K., 
et al. (2010). Targeting the degradation of angiotensin II with recombinant 
angiotensin-converting enzyme 2: prevention of angiotensin II-dependent 
hypertension. Hypertension 55, 90–98. doi: 10.1161/HYPERTENSIONAHA. 
109.138420

Yokota, T., Kinugawa, S., Hirabayashi, K., Suga, T., Takada, S., Omokawa, M., 
et al. (2017). Pioglitazone improves whole-body aerobic capacity and skeletal 
muscle energy metabolism in patients with metabolic syndrome. J. Diabetes 
Investig. 8, 535–541. doi: 10.1111/jdi.12606

Zhou, F., Yu, T., Du, R., Fan, G., Liu, Y., Liu, Z., et al. (2020). Clinical course 
and risk factors for mortality of adult inpatients with COVID-19  in Wuhan, 
China: a retrospective cohort study. Lancet 395, 1054–1062. doi: 10.1016/
S0140-6736(20)30566-3

Conflict of Interest: The author declares that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Copyright © 2020 Evangelista. This is an open-access article distributed under the 
terms of the Creative Commons Attribution License (CC BY). The use, distribution 
or reproduction in other forums is permitted, provided the original author(s) and 
the copyright owner(s) are credited and that the original publication in this journal 
is cited, in accordance with accepted academic practice. No use, distribution or 
reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1152/ajpheart.00796.2011
https://doi.org/10.1038/hr.2010.235
https://doi.org/10.1016/j.bbadis.2016.07.019
https://doi.org/10.1016/j.cjca.2016.01.031
https://doi.org/10.1183/13993003.02416-2019
https://doi.org/10.1161/ATVBAHA.109.200493
https://doi.org/10.1016/j.regpep.2012.06.009
https://doi.org/10.1016/j.regpep.2012.06.009
https://doi.org/10.1113/expphysiol.2008.042002
https://doi.org/10.1152/physrev.00023.2016
https://doi.org/10.3390/ijerph17113909
https://doi.org/10.3390/ijerph17113909
https://doi.org/10.1164/rccm.200912-1840OC
https://doi.org/10.1164/rccm.200912-1840OC
https://doi.org/10.1152/japplphysiol.00034.2011
https://doi.org/10.1371/journal.pone.0189535
https://doi.org/10.1111/bph.12159
https://doi.org/10.1253/circj.CJ-14-1179
https://doi.org/10.1253/circj.CJ-14-1179
https://doi.org/10.1515/enr-2016-0025
https://doi.org/10.1016/j.jpeds.2018.09.058
https://doi.org/10.1038/s41581-020-0279-4
https://doi.org/10.1038/s41581-020-0279-4
https://doi.org/10.1016/j.molmet.2019.11.015
https://doi.org/10.1161/HYPERTENSIONAHA.111.174839
https://doi.org/10.1016/j.ejphar.2014.06.008
https://doi.org/10.1016/j.ejphar.2014.06.008
https://doi.org/10.1002/kjm2.12237
https://doi.org/10.1161/HYPERTENSIONAHA.109.138420
https://doi.org/10.1161/HYPERTENSIONAHA.109.138420
https://doi.org/10.1111/jdi.12606
https://doi.org/10.1016/S0140-6736(20)30566-3
https://doi.org/10.1016/S0140-6736(20)30566-3
http://creativecommons.org/licenses/by/4.0/

	Physical Exercise and the Renin Angiotensin System: Prospects in the COVID-19
	Introduction
	The Connection Between COVID-19 and the RAS
	Physical Exercise and the RAS
	Conclusion
	Author Contributions

	References

